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PREFACE
A few words of explanation seem desirable regarding the ground covered by this book and
to make acknowledgement of help received.
As the title indicates, the book gives an account of the mosquito AL;desaegypti (L.).
Such an account of an important and much-studied speciesof mosquito it is hoped may be
of interest and useful as a,work of reference to those engaged in work on the mosquito in
the laboratory or in the many connections in which A. aegypti now has a place.
As a type for much that is known about mosquitoes A. aegypti has many qualifications.
Its history is closely linked with that of early research on mosquitoes and their systematic
study. Its distribution and possiblesource of origin are still subjectsof great interest. More
than any other single speciesof mosquito, A. aegypti has been cultivated and used in the
laboratory for research on mosquito structure and bionomics and on mosquito behaviour
and reactions. The speciesis extensively used as a test insectin the evaluation of insecticides
and repellents and in general as a useful type for a variety of forms of research. In public
health work it is notorious as the vector of urban yellow fever and is also the common
vector of dengue. In both these latter capacitiesit has been and still is the object of control
measureson an immense scale and has largely formed the basisfor quarantine regulations
in ports and in aeroplane traffic in many parts of the world.
In the present volume the author has attempted to give a full and up-to-date account of
what is known of this species. In chapter I is given an account of the history of research on
mosquitoes with a section on that of early work on A. aegypti. In chapter II is discussedthe
systematicsof the speciesincluding its known distribution and the influences responsible
for this. Chapter III givesa general account of the life history of A. aegypti and of the
natural enemiesand parasites of mosquitoes. In chapter IV are describedthe relation of the
speciesto disease transmission and the methods used in its control. A chapter is then
devoted to technique, describing how the speciescan be reared and used in the laboratory
with an account of useful apparatus to this end. There follows a chapter on the egg and its
structure with changesfollowing oviposition and one on the complicated issuesconnected
with hatching, with a further chapter giving a full and detailed description of the embryology of the mosquito. In succeedingchapters are described the different larval instars, the
pupa and the imago with their physical characters, mechanisms, reactions and structure,
including much new information such as data regarding weights and measurementsof the
different stages,critical studies of head sclerites and other systems. Here, for example,is
given the first published description ever given of the mosquito brain.
There are chapters on growth, on flight, on viability, on the action of insecticidesand
other subjectspertaining to mosquitoes and in the last chapter are brief accounts of recent
work on such subjects as hormones, reserves and other physiological processes in
mosquitoes.
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HISTORICAL
(a) THE

NAME

‘MOSQUITO’

Mosquito is now the name in common use in English for biting flies of the family Culicidae,
suborder Nematocera, order Diptera. Formerly the name for the mosquito in this country
was ‘gnat’ (O.E. gnaet). The change took place about 1900, when as a result of Ross’s
discovery of the mosquito cycle in malaria the importance of these insectsto man became
realised for the first time and knowledge concerning mosquitoes more generally diffused.
Thus Kirby and Spence (1870) in their People’s Edition are not at all sure that the foreign
‘ mosquito ’ is the same genusas our English Culex pipiens. Hurst (1890) usesfor his paper
the title The Life Developmentand History of a Gnat (Culex) and Giles (1900) entitles his
book Handbook of Gnats or Mosquitoes. But Theobald (1901) and practically all English
writers sinceuse simply the name mosquito. It is well to remember therefore when looking
up old literature that the reference in the index may be to gnats or Culex. If the name
mosquito is used, it probably meant something believed to be fiercer than our English
gnats, namely the mosquito of travellers’ tales.
The French name is now ‘moustique’, according to the Oxford English Dictionary the
metathetic equivalent of the Spanish ‘ mosquito ‘. But prior to about 1900, unlessdescribed
as Culex or Culicidae, mosquitoes were almost invariably referred to by French writers as
‘ Les cousins’ or sometimes ‘Les moucherons’. Another French name still given in some
dictionaries is ‘maringouins ‘. In German the name ‘ Stechmiicken’ is now in general use,
the equivalent meaning to our mosquito. But formerly ‘Miicke’ or ‘Schnacke’ or sometimes ‘ Gelse’ were not infrequently used. The Italian name ‘zanzare’ is still used in the
literature, though Italian dictionaries mostly give ‘muskito ‘. Other names seenin the older
literature and still to be found in dictionaries are: myg (Dano-Norwegian); mygga
(Swedish) ; cinife, cenzalo, zancuda (Spanish); comaro, konops (Russian) ; konopus
(Greek). The word ‘empis’ in Aristotle has usually been taken by translators as referring
to the mosquito (translated as Miicke or gnat according to the language of the translation).
It is interesting to trace the origin and history of this word mosquito and why it of all
others should have come to be used. Clearly the word mosquito is of Spanishor Portuguese
origin and it is probably correct to say that it must have come originally from Spanish or
Portuguese America. It is perhaps more probable that its modern use has come from
North America. We first find the name, often with variations in spelling, used in accounts
of travellers. Such use dates back to the sixteenth century, for Phillips (1583) in Hakluyt’s
Voyages (1589), p. 568, is quoted in the Oxford English Dictionary as saying W
‘ e were
almost oftentimes annoyed with a kind of flie, the Spaniards call musketas’, and a number
of other such early instances of the use of the word by travellers is given under the word
mosquito in this dictionary. It is necessary, however, to be cautious in always ascribing .
suchreferencesto mosquitoesas we now usethe word. This is made very clear in Humboldt’s
travels in Equinoxial America (Orinoco). Humboldt (1819) has much to say about
I
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mosquitoes, but he is referring to Simulidae, as he definitely says, and the word used by
the natives for mosquitoes he stateswas ‘zancudos ’ and for a smaller kind ‘ tempraneros ‘.
The word mosquito he gives as meaning ‘ little fly’ and ‘zancudos ’ as ‘long-legged’. The
same confusion seemsto extend to the use of the French ‘moustique’, for Humboldt says
the French call Simulium moustiques and the zancudos ‘maringouins’. A curious example
of this inversion of names will be found in a letter by Combes (1896). Seemingly this letter
might be taken as describing mosquitoes attacking another speciesof fly as this emerged
on the water surface from the pupa. But Combes takes care to say that the ‘moustique’
is not ‘le cousin’ of France and the larva is not aquatic, and that the name for ‘le cousin’
is ‘ maringouin ‘. So that it was not the mosquito which did the attacking but the Simulium.
Indeed, one would scarcely expect the word mosquito to have any exact significance as a
native word, for anyone familiar with the usual native’s reaction to requests for names of
insectscould well understand that this might be ‘a little fly’.
The word mosquito was evidently used from very early times in North America and
often in a context that does not obviously suggestdirect origin from South America. Thus
the Oxford English Dictionary quotes Whitbourne (1623) writing of Newfoundland as
saying T‘ here is a little nimble fly which is called musket0 ‘, and Wood (1634) referring to
a pest in New England as ‘a musket0 which is not unlike our gnats in England’. Only in
America in fact does general use of the word mosquito date back as far as the literature
makes mention of these insects. Looking at a bibliography of the older literature on
mosquitoes it is possible to tell at a glance, with occasional exceptions, whether the writer
was English or American by the respectiveuse of gnat or mosquito in the title. Woodward
(1876) goes so far as to write ‘On the body scales of the English gnat and American
mosquito. . . .‘ Manson, as did Ross, always spoke of the ‘mosquito’. Manson, however,
had worked for many years in China. It is not impossible that the use of the word by these
two authors and later by those carrying out investigations on yellow fever in tropical
America played a decisive role in bringing about general adoption of the name mosquito
in modern writings.
We are on firmer ground in noting that the name Culex mosquitowas given by RobineauDesvoidy in 1827 to a mosquito from Cuba which he says ‘indigenes vacant mosquito,
sicut mihi retulit dominus Poey’. This speciesis now the AFdes aegypti of present nomenclature and Culex mosquitoDesv. was the name by which it was known to Finlay and
under which he considered on various grounds that it was the cause of yellow fever. Thus
there is some excuse for regarding A?des aegypti, the mosquito to which this volume is
dedicated, as to some extent responsiblefor the name mosquito being that which has come
into general use.*
What is the correct plural of mosquito ? The plural of the Spanish word would be
‘ mosquitos’ and this form has been used by some English writers as being more correct
than ‘ mosquitoes‘. As a thoroughly anglicised word, however, it would seem that the
latter form must be considered as sanctioned by general acceptance and usage along with
‘potatoes’ (Spanish patata) and t‘omatoes’ (Spanish tamata), these being along with
m
‘ osquitoes ’ the plurals as given in English dictionaries.
* Curiously enough the name ‘ Culex mosquito’ occurs on p. 382 of Aldrovando (1602). See next section

’ regardingthis author.
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(b) EARLY

WRITINGS

WRITINGS

ON THE

MOSQUITO

Among the earliest references in the literature to the mosquito are certain passagesin
Aristotle (384-322 B.C.) relating to empis, a name which as previously noted is generally
accepted as signifying the mosquito. Thus in Aristotle’s Historia AnimaZium* it is stated
that many animals live at first in water and afterwards change their form as is the casewith
empis (Book I, cap. I as given in parallel column with the Greek text in Aubert and Wimmer,
p. 197, lines 8-12). In another passage (Peck, p. 47), this time in De Generatione Animalibus, empis is given as being among certain creatures which, coming from putrifying
liquids, are neither produced out of other animals nor do they copulate, i.e. they were
thought to arise by spontaneousgeneration of life, a belief in regard to the mosquito larva
which still held some two thousand years later.?
About 350 years after Aristotle are the writings of the Roman author C. Plinius Secundus
(A.D. 23-79). In the thirty-seven books of his great natural history are some dozen or so
referencesto ‘ culices‘. One passagedescribesthe gnat as an example of the wonderfulness
of nature in providing on such a small scale the organs required for the five sensesand
other life requirements, and among other things comments on the finenessand perfection
of the small and sharp sucking tube used to suck in and convey the blood. Other references
are to swallows feeding on gnats: t‘hat gnats love sour things, but to sweet things they do
not come near. . . ; that gnats keep a foul stir in gardens with some small trees where water
runneth through-but can be chased away by burning a little galbanum’. This reference
to water is the nearest to any mention by the author that the insects have an aquatic
stage.$
From A.D. 200 to A.D. 1200 has been describedas the dark agesfor biology, and following
on Plinius Secundusit is not until the seventeenth century that naturalists again begin to
write about the mosquito. Though from now till Ross’s discovery the mosquito was never
considered of any importance it still had features which gave it a special interest to the
early naturalists. These centred especially about the origin of the fly from the worm-like
aquatic stage, its complicated organ of puncture, the proboscis, and a character for which
the insect has always been notorious, its hum. It will be seen from what follows that each
of these in its turn has been the subject of observation and comment.
The earliest work dealing with the mosquito in what may perhaps be called medieval
literature is Aldrovando (1602), a massive work entitled De Animalibus Znsectis a copy of
which is in the University Library, Cambridge. Though the earliest work of any seen in
this period, it more than any other of these early works approaches in arrangement a
modern text-book of entomology. It dealswith insectsgenerally, but is divided into chapters
one of which is headed ‘De Culicibus’. This again is subdivided into sections such as
‘ Synonymia ‘, ‘ Locus ‘, ‘ Genus’, ‘Differentia descriptio’ and others. It is illustrated with
text-figures consistingof coarsely executed but very life-like ‘sketches’ of insects,in one of
* Those interestedin Aristotle should consult Nordenskiold (1929) who gives a very good account of the works
of this author. There are ten books of the Historia Animalium (threeconsidered spurious); four of De Partibus
AnimaZium; five of the De Generatione Animalibus; and three on the Psyche. Other accountsof Aristotle and other
early naturalists are given by Miall (1912) and by Singer (1931). An English translation of the De Generatione
Animalibus is given by Peck (1943). The standard German translation of the Historia Animalium is that of Aubert
and Wimmer (1868). For details seereferences.
t See referenceslater to Bonanni, Joblot, Hooke and others.
5 An English translation is The History of the World commonly called the Natural History of C. Plinius Secundus,
Adam Islip, London, 1601. A copy is in the Balfour Library, Cambridge.
3
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which along with easily recognised figures of Panorpids, Ephemerids, etc. is the figure of
a mosquito in flight given as Culex communis.There seem to be no figures depicting the
larva such as are so characteristic of later publications.
Another early work is Moufet, Insectorum sive minimorum animalium theatrum (1639,
with a chapter of seven pages also headed ‘De Culicibus’. He collects references to
mosquitoes made by various classical authors including Herodotus and Pausanias.
Another author mentioned by Howard, Dyar and Knab (19 12) * giving classicalreferencesis
Cowan (1865), who quotesfrom Ammianus Marcellinus a statement describinghow swarms
of mosquitoes in Mesopotamia by attacking the eyes of lions cause these to seek refuge
in the rivers and to drown or become mad.
So far such works as have been mentioned are mainly collections of statements about
mosquitoes from classical and other authors. Of a different character are the text and
plates of Hooke published in 1665. This author, writing at a time when the use of lenses
was first revealing new and exciting fields of observation, sets out to describe and figure a
great variety of objects as these were seen with the aid of magnifying glasses. Among
such he describes and figures the CuZex larva, seemingly the first author to do so. He
describesthis as having jaws rather like a crustacean,which can be seenextracting invisible
nourishment from the water. The plate of the larva shows this about a foot long, somewhat crude but unmistakeable. The pupa is also depicted and the author observed the
sequence of larva, pupa and imago. The adult figured, however, is Chironomuswhich is
given as the brush-horned gnat. The copper plates were republished with fresh text anonymously in 1745 under the title Micrographia restaurata.?
Other early writers are Wagner (1684) ; P. Bonanni (1691) ; San Gallo (1712) and
Reviglas (1737). The papers by Wagner, San Gallo and Reviglas are all in the same German
journal which in the course of time has several times changed its name, though usually
retaining the word curiosa. All the papers are short, a few pages only. Wagner, besides
giving referencesto earlier classicalauthors, describesthe stagesof metamorphosis, though
the eggs described are those of Chironomus. San Gallo describes the larva and figures
the male and female adult. Reviglas deals with the structure of the proboscis as does
Barth (1737). P. Bonanni figures the larva and pupa of Culex and discussesthe
question of spontaneous generation, a belief which died hard. Hooke also refers to
spontaneous generation, but thinks it more likely that the mosquito drops its eggs
upon the water. Another author named Bonanni (F. Bonanni, 1773) has also written on
the mosquito and has described mosquito scales,but almost unrecognisable as such and
very different to the clear drawing given by Hogg, referred to later as the first to
describe these structures. Another early account is that by Godeheu de Riville (1760),
who was the first to describe copulation in the mosquito, an observation that has
a special interest in that from the author’s description the specieswas almost certainly
AL;desaegypti.
A more modern approach is seen in the work of the great naturalist Swammerdam.
Even as early as 1669, in his Historia insectorumgeneralis, he figures the larva, pupa and
adult. In his famous work Biblia naturae (1737) he deals systematically with the larva and
nymph of various insects, showing that the parts of the imago are already present beneath
* These authors give a very full account of the early history of mosquitoesin their first volume which is all the
more valuable as they quote in extensotranslationsfrom many of the authors cited.
t A copy of Hooke’s original work is in the library of the Royal Society and one of the Micrographiarestaurata
with the copper plates in the Balfour Library, Cambridge.
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the skin and can be shown by dissection.* His description of the mosquito and its life
history is remarkably like what might have been written as a short account at the present
time. A footnote to the description of the larva is of special interest in relation to later
work on insect physiology and is almost prophetic. In the English translation of the work
this footnote reads as follows:
There is not in all the insect world a creature more happily suited to show the several operations
of life than this. A moderate microscope discovers to us very clearly what passeswithin the transparent body.-At this time [i.e., as he explains, when the larva is especially transparent at ecdysis]
the beats of the heart and the motion of the stomach and intestines are perfectly seen and the two
principal pulmonary tubes may be traced along their whole length.
The most complete account among the early writers is, however, that by Reaumur
(1738). Reaumur’s M&moire XIII. Histoire descousinsappeared to leave little to be further
observed, and for many years remained unchallenged by any other work of a like nature
dealing with the mosquito.

(c) THE

MOSQUITO

AS A NATURAL

HISTORY

OBJECT

During the period comprised in the latter half of the eighteenth and first half of the
nineteenth century, roughly 1750-l 850, the mosquito was mostly written about as a natural
history object, being dealt with sometimes in a few lines, sometimes more extensively, in
the many natural histories that characterised this period in zoology. Its systematic position, its life history and storiesas to its attacks upon travellers were given with monotonous
samenesswhen its place in the Diptera called for its mention. Among accounts more
especially deserving of notice is the section ‘Des Cousins’ in the work of De Geer (1776)
figuring the larva of a speciesof AL;des. Goldsmith (1779) gives a very original account
(seven pages) including reference to mosquitoes retiring into caves and with the curious
statement that they are capable of parthenogenetic development. In a supplement to
Rosel’s Insecten Belustigungenare additions to Reaumur’s work with plates by Kleeman
(1792). In the first two editions of Cuvier’s great natural history, Le r2gne animal (18 17,
1829) are some few pages by Latreille. In the third edition of 1849 (the so-called Apostle’s
Edition) is a section containing some observations on the structure of the proboscis
by E. Blanchard. A quite interesting account of the ‘gnat ’ is given in an addendum by
Griffith and Pidgeon in the English edition of the same work, 1832.
Many other short accounts of gnats, culices, cousins or other names occur during this
period in the literature,? many of them little more than a page or two in encyclopaedias or
natural histories. The larva is now frequently referred to, often as a grub or worm-like
creature, for example, ‘Der Schnackenwurm’ (Ledermuller, 1761), ‘Wurm von der
Singschnacke’ (Slabber, 1781), ‘Ver du cousin’ (Joblot, 1754). Joblot figures the Culex
larva in several stagesof growth, saying that he only recognisedthat they were the aquatic
stage of ‘le cousin’ when he had hatched out ‘moucherons’. Joblot in the same paper was
* Swammerdam usesthe term nymph for the pre-imaginal stageof insectsas do many other early authors. The
term pupa now used for this stagein holometabolousinsectswas given by Linnaeus to the chrysalisof Lepidoptera
from its resemblanceto a baby that is swathed or bound up as is customary with many peoples (pupa= Latin for
a girl or doll). (Cornstock, 1920, p. 186.)
7 See: Geoffrey (1764), Olivier (1791), Jordens (1801), Latreille (1805-25), GuCrin (1835), Packard (1869),
Pagenstecher(1874).
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the first to describe the larva of Anopheleswith a large and excellent figure such as might
have been a recent representation, of this now much studied form. According to Burmeister (1832) the larva of Anopheles was first described by Goeze (1775) and later by
Lichtenstein (1800), but was only identified as the larva of Anophelesby Fischer (1812).
There can be no doubt, however, but that Joblot, as given above, figured the Anopheles
larva as early as 1754. Apart from his figure, he states that the head of the new creature
was ‘ tres mobile, tournant a droite & a gauche comme sur un pivot ‘. It was over 100 years
later that Jourdain (1893) described as the larva of a culicine of which he had not determined the genus or speciesa creature with such a singular movement of rotation of the
head. Furthermore, according to Howard (1900), what Fischer described as the larva and
pupa of Culex claviger Fabr. were those of a species of Corethra. Dobell in his life of
Leeuwenhoek states that Leeuwenhoek in a letter dated 1700, besidesgiving a description
of the gnat larva, distinguished the attitude of the larva of Anophelesfrom that of Culex,
but no details are given by the biographer. Brauer (1883) is stated by Nuttall and Shipley
(1901), p. 48, to have mistaken the larva of Anophelesfor that of Dixa. Brauer gives an
excellent line drawing of an Anopheleslarva showing the palmate hairs. He gives it, however, as the larva of Dixa sp. (Culex nemorosusHeeg). The genus Anopheleswas erected
by Meigen, 1818, and the larvae of the two forms clearly described by Mienert, 1886.
Characteristic of the period 1850-1900 are accounts of mosquitoes as encountered in
northern latitudes and in the tropics by travellers. Many of the referencesto polar regions
really say very little except that mosquitoes were found extremely tormenting. Regarding
the tropics one of the most important travellers’ descriptions are passagesin Humboldt
when describing experiencesin the Orinoco. The passagesare given in extensoby Howard,
Dyar and Knab (19 12). Another feature of the literature are references to ’ swarms’ of
mosquitoes. Those interested will find many accounts of such in the various editions of
Kirby and Spence, especially the People’s Edition (1870).
Whilst the above gives an outline of the general trend in the literature on mosquitoes
prior to what may be called the modern period, such an account would be incomplete if
it failed to take note of letters and brief communications to journals more especially from
1850 to 1900, such as Nature, Science Gossip, Entomologist’s Monthly Magazine, and
especially Insect Life. At first sight these brief and often ephemeral communications may
seem of little value. Historically, however, they cannot be neglecte’d,for though a considerable proportion relate to seemingly rather trivial matters, some give the first indication of
observations or ideas which have later become important. Among such may be mentioned
references by Howard to the first use of oil against larvae, the first use of larvivorous fish,
the first reference to natural enemiesof mosquitoes and early observations on remedies and
preventives against mosquito bites.
These communications further show very strikingly how complete has been the change
in character of the literature on mosquitoes from the year 1900 or so onwards. This is very
notably so in relation to the subject of our present study, the now notorious vector of yellow
fever. For, apart from various names given by systematists,often without any significance
attaching to the mosquito they were naming, almost the only author attaching special
importance to this specieswas Finlay, who as early as 1881 had associatedit and another
mosquito with the transmission of yellow fever and had made observations on its habits.
The larva does not seem ever to have been described or figured until it was depicted by
James in 1899 as the larva of the t‘iger’ mosquito. From 1900 onwards, however, whilst
6
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Anophelesbecame widely known as ‘ the malarial mosquito’ and has become the subject of
an enormous literature, Stegomyiafasciata from about the same time became t‘he yellow
fever mosquito’ and under this name and that of A&leesaegypti has since acquired a
literature almost as great.
(d) EARLY

OBSERVATIONS

ON STRUCTURE

Reference has already been made to the fact that one of the features relating to the mosquito
that had a special interest for the early naturalists was the structure of the proboscis, and
in the early literature are many references to the number and nature of its components.
Most of these observations are now purely of historical interest, being made under
conditions very different to those of the present day with the modern miscroscope.”
Swammerdam (1737-8) describes without naming five stylets plus the sheath. All the
stylets are shown ending similarly with fusiform swollen ends devoid of any further detail.
Authors up to a century or more later gave little more detail than this and in the naming
of the parts were not always correct. Thus Blanchard (1849) in his figure of the mouthparts of Culex pipiens shows labrum (upper lip), labium (lower lip), maxillae (labelled as
mandibles) and a central bifid structure labelled machoires (maxillae). Gerstfeldt (1853)
describesa sheath formed of the lower lip only, containing six setae, but like many other
writers also gives the maxillae as mandibles. Many other authors have referred to or given
some description of the mouth-parts, including Becher (1882) who summarises work to
that date in this respect. For all practical purposes, however, the first describer of the
mouth-parts in any adequate modern sensewas Dimmock (188 1) in his classical treatise
on the mouth-parts of some Diptera, and later in his paper in Psyche on the mouth-parts
and suctorial apparatus of Culex. After surveying work already done in some detail this
author goes on to describe fully and accurately all the parts and gives a plate showing
sections through the proboscis at different levels. He describes also the mouth-parts in
the male (1884). The parts were briefly described in the same year by Meinert and more
fully later by Macloskie (1887,1888). There are also contributions by Muir (1883) ; Murphy
(1883) ; Smith (1890, 1896) ; and Kellog (1899) ; the last mentioned two authors tracing the
parts through their development from the larva. The complete working out of the problems
connected with the minute structure and functioning of the parts was not, however,
achieved until much later as described in a subsequentchapter.
Beyond drawings of the egg-raft of Culex pipiens by Reaumur and others little is to be
found in the literature as to any details of egg structure until Howard (1900) and Theobald
(1901) figure the eggs of one or two speciesof Culicines, and Grassi, Nuttall and Shipley
and others give descriptions of the eggs of Anopheles.That the eggsof Stegomyiafasciata
were laid singly on the water was noted by Finlay in 1886, by Daniels and by Ross (both
in Theobald, 1901), the figure of the egg by Daniels being one of the first, if not the first,
to be published. It showsthe chorionic bodies on the outline of the egg, but incorrectly as
air chambers as many at first thought them to be.
In spite of many representationsof the larva in the early literature accurate and detailed
figures are not given until relatively late. The siphon appears to have been first described
in detail by Haller (1878). In 1886 came the classicby Meinert on the eucephalouslarvae
of Diptera giving descriptions of mosquito larval structure. A paper in quite modern style
* See: Barth (1737), Sulzer (1761), Roffredi (1766-g), Savigny (1816), Durkee (1855).
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is that by Raschke (1887) in which he describes the mouth-parts and other structural
features of the larva of Culex (now AL;des)nemoralis.The plate accompanying the paper is
noticeable for the delineation given of the sclerites at the base of the flabella or feeding
brushes. At the end of his paper he gives a list of some sixteen referencesto earlier writers
on larval structure. Other authors giving early descriptions of larval characters or
structure are: Lacordaire (1838), one of the very early writers on structure of the mosquito
and one who has even described the micropilar apparatus on the egg of Culex; Pouchet
(1847); Kraepelin (1882); Brauer (1883); Wielowiejski (1886); Miall (1895); Howard
(1900). Pouchet describes the eight vesicular stomachs (caeca) of the larva. Wielowiejski
describes the pericardial cells, oenocytes and fat body. Howard’s figures of the larval
parts were widely copied and like his figures of the adult will be found repeated in many
authors’ works. Nuttall and Shipley’s study of the Anopheleslarva, as also Grassi’s work,
more correctly fall in the modern period and will be referred to later.
An outstanding contribution which will be extensively referred to later is that of Hurst
(1890) on the structure of the larva and pupa of CuZexand the anatomical changes connected with pupal ecdysisand emergence.
Of works relating to the structure of the adult may be mentioned Dufour (1851) on the
structure of the digestive tract and generative organs of CuZex(now Theobaldia) annulata;
Schindler (1878) who first described the mid-gut and Malpighian tubules; Lecaillon (1899)
on the filamentous processesin the latter structures and, 1900, on structure of the ovary;
and later others whose work will be noted when dealing with the adult structure. Of papers
of outstanding character are those by Johnston (1855) and Child (1894) describing the
organ at the base of the antenna now known as Johnston’s organ, and that by A. M. Mayer
(1874) showing that the hairs of the male antenna responded to particular notes and that
the antennae acted as sensory organs enabling the male to locate the female. An author,
P. Mayer (1879), has also written on certain antenna1 senseorgans in Diptera in Italian,
but I have so far been unable to seethis work. Mention should also be made of Kowalevsky
(1889) who described the pericardial cells, and Hogg (1854, 1871) who describedthe scales
of mosquitoes, followed by Anthony (1871), Newman (1872) and Woodward (1876). In
1899 Ficalbi had given an account of the external structure describingmany of the characters
used later by systematists,such as those of the palpi, tarsal claws, wing venation and even
some indication of genitalic characters. With the discovery of the part played by the
mosquito as intermediary host in the life history of the malaria parasite the internal
structure of the mosquito assumedan enhanced importance and, at the close of the period
we have taken as covering early research, was dealt with for the first time systematically in
accounts by Grandpre and Charmoy (1900) ; Grassi (1900) ; Christophers (190 1) ; and very
fully by Nuttall and Shipley (1901).

(e) EARLY

SYSTEMATIC

WORK

ON MOSQUITOES

The main objectives of systematistsmay be given as : (1) the correct naming of speciesin
accordance with the rules of zoological nomenclature; (2) their identification; and (3) their
natural classification. The naming of mosquitoes on the binomial system, as does that for
all forms of animal life, dates from 1758, the year of publication of the 10th edition of
Linnaeus’s SystemaNaturae. It may be worth while mentioning in this respectthat a photo8

SYSTEMATIC

WORK

stat facsimile of the relevant first volume of this work has been published by the British
Museum (Brit. Mus. Publ., 1939), a form in which this famous work may be studied for all
practical purposesin the original. Some mosquitoes it is true had been given names before
this crucial date, and some of these look very like names on the binomial system, though
these must be considered as descriptive names only and invalid. This point has some
interest in connection with the synonymy of our species,because in the first edition of
Hasselquist A&!es aegypti had already been described as ‘Culex (aegypti) articulationibus
candidis etc.‘. But it is only in the second edition (Reise nach Palestina, 1762) edited in
respect to nomenclature by Linnaeus that the name given as Culex aegypti is valid in form
and date. * In 1805 Fabricius in his revision of the Diptera, classified on the basis of their
mouth-parts, gives a list of described speciesof mosquitoes. They number fifteen, including
one or two that were possibly not mosquitoes. In 1818 Meigen described thirteen more
speciesand erected two further genera in addition to the original genus Culex of Linnaeus,
namely Anopheles and AEdes, the latter for the European speciesAi;des cinereuswhich
remained almost the only speciesin the genus for many years until, following Dyar and
Knab (1906), Dyar (1922) and Edwards (1932), the genusAC;deswas expanded to cover as
subgenera a large number of previously erected genera, so that it now includes probably
a quarter or more of the known speciesof mosquito. By 1889 about fifty-six species of
mosquito had been described from Europe, North Africa and Egypt.
In the same period a number of specieshad been added to the list by Wiedemann (1821)
from the East; Robineau-Desvoidy (1827) from South and Central America; Walker
(1848-65) f rom material received at the British Museum from various countries; Skuse
(1889) from Australia; Arribalzaga (1891) from South America; which with a certain
number described by Loew, Van der Wulp, Macquart, Doleschall, Coquillett and others
brought the total number of valid speciesas given by Theobald prior to publication of his
first two volumes (1901) to about 164, that is, something like a tenth of the number now
known. To these may be added about eighty-two names placed by Theobald as synonyms,
thus giving a total of about 250 namings prior to 1901, though this number might have to
be added to somewhat on a close study of the literature.
This summary, however, gives no hint of the confusion and lack of co-ordination regarding the tropical species. The reasons for this are not far to seek. Almost the only
systematic work devoted wholly to mosquitoes prior to Theobald was a small volume of
reprinted papers by Ficalbi (1899) giving a revision of the European forms. The descriptions given by dipterologists were commonly quite inadequate. Those given by Walker for
the considerable number of specieshe described averaged four to seven lines. Synoptic
tables such as are now in such extensive use scarcely existed, and had such existed they
would have been useless,for they could have included but a small fraction of the species
actually existing. It is not surprising therefore that AFdes aegypti as a world species
escaped recognition. It had been described often enough, but the trouble was that it had
so many aliases, almost one for every country and systematist, that as a speciesit is no
exaggeration to say that up to 1900 it was still virtually unknown.
On the discovery of the mosquito cycle of malaria by Ross and the work of Grassi and
other Italian workers, followed within a year or so by the proof by Reed and his co-workers
that Ak;desaegypti was the agent in transmission of yellow fever, interest in mosquitoes
became general. Collections began to pour in from different tropical countries. Medical
* See, however, remarks later under synonymy of this species.
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men and others interested in the new developments not only collected but intensively
studied the many speciesin their natural surroundings. For the first time careful detailed
descriptions were given and structural characters studied and made use of in identification
and classification.
The first to attempt to correlate the mass of published descriptions in a treatise on world
specieswas Giles, who in 1900 published his Handbook of the Gnats or Mosquitoesand himself added some seventeen new speciesmostly from India. There can be no doubt, however, that it was Theobald who, in his gigantic task of grappling with the Culicidae of the
world, in the five volumes of his monograph published over the years 190l-l 0 opened up the
study of mosquitoes to workers all over the world. We have already noted that in his first
two volumes this author records 164 previously described valid specieswith eighty-two
synonyms. To these were added in his first two volumes 132 new speciesunder his own
name, which with twenty-eight described by Giles and some other contemporary authors
brought the total of speciesdescribed in the two years 1900 and 1901 to about as many as
had been described in the previous century and a half. The total of known speciesat this
time was about 320 or with synonyms 400 namings.
Though we are here not so much concerned with systematicsas such it is perhaps of
interest to note that the final number of speciesas given by Smart (1940) for Theobald’s
revision (19 10) was 1050, and that in Edwards’s Genera Insectorum(1932) 1400. Probably
the number at the present time is about 2000. This great increase in the number of known
species is especially noticeable in the case of certain countries. The number of species
described from Africa and its islands prior to 1900 was five. In 1941 the number listed in
Edwards’s monograph of Ethiopian mosquitoes was 405 (Anopheles, 86; Acdes, 132;
Culex, 99; other genera, 88). The number known from India before 1900 (that is before
Giles’s 1st edition) seems to have been about three. In Barraud’s revision (1934) it was
245 (sixty-eight being new speciesunder that author’s name).
Besidesthis increase in the number of described speciesmuch more attention has been
given to classification. To some seven genera described prior to 1900, mostly relating to
outstandingly distinct forms (Megarhinus,Sabethesand Psorophoraby Robineau-Desvoidy ;
Janthinsoma,Taeniorhynchusand Uranotaeniaby Arribalzaga; Haemagogusby Williston),
Theobald in his first two volumes added some ten further genera (subject, however, to
considerable modification later), among which occurs for the first time the now familiar
name Stegomyia, a name which though later subordinated to the rank of a subgenusis
still valid.
It was as the type species of this genus and as Stegomyia fasciata Fabr. that A?des
aegypti was first introduced to the world by Theobald in its proper perspective, a name by
which it was familiarly known until those changesin nomenclature took place which are
discussedin the section on synonymy and which after many vicissitudesfinally by general
agreement ended in the present designation of Aedes aegypti.
(J’) RESEARCH
ITS

ON Al?DES
ROLE

IN

AEGYPTI

AND

DISEASE

As already noted there is a large literature relating to AZdes aegypti, its systematics, its
distribution, its breeding places, its bionomics, its relation to disease,its control, its use in
the laboratory as a test animal and much else. All these subjects will be dealt with in
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detail later in this volume. We may, however, here follow briefly the general course of
research on the species,thus completing our historical survey.
There can be no doubt but that it was the discovery that they were vectors of diseasethat
stimulated and was responsible for the immense amount of research on mosquitoes that
dates from the opening of what has been referred to as the modern period of research on
these insects. And whilst this applies pre-eminently to the subfamily Anophelini owing to
their role as vectors of malaria, it no lessapplies to the Culicini and especially to the genera
Culex and ASZes,both of which include important vectors of diseasein man and animals.
Moreover, this applies especially to the singlespeciesA. aegypti, for it is almost world-wide
within the tropical and subtropical zones, and of the four important human diseasestransmitted by mosquitoes, namely malaria, yellow fever, dengue and filariasis, A. aegypti is the
usual vector speciesfor two, and has been the subject of considerable research before it
could be known that it did not play an important role asvector of a third, filariasis. Further,
its reputation as the yellow fever mosquito has given it an importance to the sanitarian,
especially in the New World, possessedby scarcely any other single speciesof mosquito.
Knowledge that insectsand other arthropods were concerned in the spread of diseases
came relatively late. Translated extracts are given by Agramonte (1908) from an article by
Beauperthuy (1854) in which this author points to the mosquito ‘hypothetically considered’ as the agent responsible for yellow fever. Beauperthuy in this and some other
writings held that yellow fever (and the intermittents, etc.) were the result of the direct
injection of a poison by mosquitoes much on the analogy of snake-bite, though he did not
regard this poison as due to the mosquito itself but as a virus derived from swamps.
However mistaken he may have been he was correct in the deduction that mosquitoes were
responsible for yellow fever, and presumably his theory applied also to malaria. In regard
to the former disease it is interesting that he specifically mentions what is evidently
A. aegypti, namely as the ‘zancudo bobo’ with legs striped with white which he says may
be regarded as more or less the house-haunting kind, one of the earliest references to this
species in the tropics. Possibly other hypothetical deductions regarding mosquitoes as
conveyers of disease exist even before this. But when King in two rather remarkable
papers (1882,1883) had given reasonsfor regarding mosquitoes as responsiblefor malaria,
he did not supposethat these were agents in man-to-man infection, as is now understood,
but as conveying diseasefrom some outside source. Even as late as the early days following
the discovery of the mosquito malaria cycle the true appreciation of the essentially infectious nature of malarial infection was still a new idea.
The first concrete evidence that mosquitoes were concerned in the transmission of
diseasewas the discovery by Manson in 1878” in China, confirmed in the same year by
Lewis in India (who first discovered Filaria in the blood), that the Filaria sanguinishominis
underwent development in a brown mosquito which laid its eggsin masses(Culex fatigans).
Manson observed the early developmental changes of Filaria with casting of the sheath,
the change to inert sausage-likebodies and a later and larger active form one-fifteenth of
an inch in length. By 1884 Manson, and later (1899) Bancroft, had followed development
to all but the last eventual location of the fully developed embryo in the proboscis, a dis* Or more correctly 1877, since Paul Russell in his recent book Man’s Mastery of Malaria gives Manson’s
discovery of development of Filaria in the mosquito as having been first published in the China Customs Medical
Reports (1877). Manson’s paper given in the list of referencesas published in 1879 in the Journal of the Linnean
Society was read in March 1878 and reviewed in the Medical Times and Gazette and in Nature in the same year.
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covery later made independently by Low (1900) in Culex in England from material sent
by Bancroft from Australia, and by James in the same year in India in both Culex and
Anopheles. In 1893 Smith and Kilbourne discovered the hereditary transmission of piroplasmosis of cattle (Texas fever) by the tick. In 1895 the trypanosome of nagana, the
tsetse-fly disease,was discovered by Bruce. The discovery of the mosquito cycle of malaria,
which revolutionised the outlook on mosquitoes and other biting insects and practically
founded modern tropical medicine, was made by Ross in 1898.* The discovery by Reed
and his collaborators that yellow fever was transmitted by Ai;desaegypti followed in 1901.
For a summary of what was known of insect transmission of disease at this time with
bibliography seeNuttall’s classicalpaper ‘On the role of insects,arachnids and myriapods
as carriers in the spread of bacterial and parasitic diseasesof man and animals ‘. See also
Stiles who gives a list of workers. A useful bibliography is given by Doane in his book
Insects and Disease (1910). See also Mackerras (1948). For another recent account see
Brumpt, ‘ P&is de parasitologie’.
Though the discovery that A. aegypti conveyed yellow fever by its bite after an interval
was solely the work of Reed, Carroll, Agramonte and Lazear, who first conveyed the
diseaseto volunteers by the bite of A. aegypti previously fed on casesof the disease,it is
impossible to overlook the work of Finlay, who from 1881 onwards was led to investigate
the habits and bionomics of the speciesthrough his belief that it was this mosquito which
conveyed yellow fever by its bite and that many facts in the epidemiology of the diseasewere
to be explained in relation to its life history. He says (1886) that two speciesof mosquito
were common in Havana, Culex cubensisLa Sagra, laying boat-shaped egg-rafts, and
C. mosquito Rob.-Desv., laying its eggs singly. He says that he was told that the latter
specieshad lately been described as C. fasciatus. He describesthe chief structures of the
proboscis, the bending back of the sheath (labium) when biting, the usual distance of
penetration, the time taken for engorgement, the effect of temperature on the mosquito’s
activity and other features of its life history, seemingly the first systematic observations
ever made on the bionomics of any tropical speciesof mosquito. Following on the work
of the American Commission in Havana was that of the observersin the French Commission, Marchoux, Salimbeni and Simond, and somewhat later of the German observers
Otto and Neumann working in Brazil. Much of the main facts as we now know them
regarding transmission of the diseasewas established at this time, further advances being
chiefly in the direction of increasedknowledge of the properties of the virus and the findings
in respect to transmission by other speciesthan Aedes aegypti in jungle yellow fever.
That dengue was conveyed by A. aegypti has followed as the result of many observations
in different parts of the world, but especially in Australia where Bancroft in 1906 gave
strong reasons for regarding A. aegypti as the vector and had infected two volunteers,
though in an area where infection might have been otherwise contracted. Complete proof
was given in the 1916 epidemic in Australia by Clelland, Bradley and McDonald, who
infected volunteers in a dengue-free area by the bites of mosquitoes fed on dengue cases
elsewhere.
In regard to filariasis the onus of proof has lain rather with showing that A. aegypti is
not an efficient vector of human filariasis, which is mainly conveyed by Culex fatigans.
* Ross published the complete cycle in bird malaria in November 1898, having previously seen pigmented
oocystsin human malaria in Anophelesin August 1897. A very full and interesting account of this great discovery
is given by Russell (1955).
12

RESEARCH

AND

DISEASE

RELATIONSHIP

It has, however, been found to be the usual vector of DiroJZaria immitis of the dog. For
further information regarding diseasestransmitted by Ai;des aegypti see the chapter on
relation to disease.
With the knowledge that mosquitoes were important vectors of disease there came a
greatly increased interest in methods by which they might be prevented from breeding or
destroyed and in means of protection from their bites. Reference to a writer (Delboeuf)
who in 1847 speaksof destroying mosquitoes by pouring oil on water where they breed is
made by Howard, Dyar and Knab (19 12). The same suggestionis made by Southey (18 12).
The first recorded experiments, however, in this direction appear to have been those by
Howard (1893-4) who observed the effect of such treatment upon a small selectedpond.
Oil was for many years the chief method used in the treatment of breeding places, but has
now been largely replaced by more effective larvicides. It was not long after the discovery
of the role of A. aegypti in the transmission of yellow fever before control measureswere
undertaken on a large scale in seaports and towns in the yellow fever zone of America and
later elsewhere. Still more recently measuresdirected especially against the adult mosquito
have been greatly developed in connection with aeroplane traffic. These measures have
involved organisation and legislation, as also research into the methods of using sprays,
lethal gases, aerosols, the effectivenessof different larvicides, use of larvivorous fish and
increasingly effective insecticidesused against the adult mosquito; also, too, research into
methods of personal and communal protection.
Whilst. the part played by mosquitoes in diseasetransmission has been a major reason
for suchresearchon methods of control, it has also emphasisedthe importance of systematic
and bionomical research, observations on geographical distribution and much else.
Reference to the many observers who have contributed in this respect to knowledge of
A. aegypti, its life history, systematics,behaviour, structure and physiology, will be found in
later chapters of this work.
A. aegypti too has been extensively used as a test animal for research in many fields. It
has been used on a large scale in testing insecticidesand repellents, in trying out essential
food requirements, in work on genetics and in other studies. For such laboratory work
A. aegypti has many outstanding advantages; its hardihood, its readinessto feed and the
ease with which it can be reared, with the great advantage that eggs can be stored for
months if necessary without losing vitality, make it almost uniquely useful for such a
purpose.
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SYSTEMATIC
(a) SYNONYMY
Though the name Aede,saegypti (L.) is now in general use and has been for more than two
decades, the species has appeared under many other names in the past. Recently the
question of nomenclature has again arisen (see Mattingly, 1957), and some account of
previous changesin this respect seemscalled for.
Identified by Theobald (1901) as Culex fasciatus Fabr. 1805 (type ?(?), non-existent,
West Indies) and made the type speciesof his genus Stegomyia, the specieswas for many
years known as Stegomyiafasciata. As early as 1905, however, Blanchard had contended
that the name fasciata was pre-occupied by fasciatus given to a mosquito by de Villers
(1789) and that the name had also been previously used by Meigen (1804) for a European
species,Culex fascia&s Meigen, 1804 (now thought to be A&Zescommunis(Deg.)). Therefore the name fasciata as applied by Theobald was invalid, the correct specific name being
calopus Meigen, 1818 (type 9 $, non-existent, Portugal). By 1913, too, the amended
comprehensive genus&des had been established including Stegomyia as a subgenusand
thus the name became Acdes calopus Meigen, 1818, the name Stegomyia, if used, being
placed in brackets as the subgenus.
The change of name to calopus was not, however, to escape criticism, and Theobald
(1907) pointed out that De Villers’ description was insufficient to enable his speciesto be
identified and that the type was non-existent. Further, Austen (1912) drew attention to the
fact that De Villers had not described a new species,but had referred to one described by
Mi.iller in 1764. Miiller was describing the fauna of Fridrichdal and from his description
Edwards (1933) considered Miiller’s speciesto be most probably Culex pipiens, as have
other authors since, for example Natvig (1948) in his excellent work on the Scandinavian
mosquito fauna. There remained, however, little doubt but that the name fasciatus as
applied to the specieswas invalid. Even if, under some special exempting clause in the
rules of nomenclature, fasciatus Fabr., removed to the genus Ai;des, could be held not to
have become permanently invalid as a homonym, it still would be invalid as antedated by
fasciatus Mg., now also in the genusAFdes.The name calopus,indeed, though never in such
familiar and universal use as the name it displaced, became increasingly employed from
about 1907, indeed generally so by the more systematically-minded observers. The name
was, however, eventually by-passed by the finding by Knab (1916) of a name and description which clearly applied to the speciesand pre-dated both fasciatus and calopus,namely
CuZexargenteusPoiret, 1787.
Poiret’s description leaves no doubt as to the speciesdescribed. After saying that it is
the commonest mosquito in Barbary he continues: ‘ 11est de la grosseurdu notre, mais si
richement pare, queje lui ai souvent pardon& sespiquures pour le plaiser de l’admirer. Tout
son corps, particulierement le dos, est couvert d’ecailles argentees, placees sur lui comme
autant de paillettes orbiculaires et brillantes. Sespattes sont or&es de bandes alternatives
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brune & argentees.’ The name Ak;desargenteus was adopted by Edwards (1921) in his
revision of Palaearctic mosquitoes and was in general use by English writers for some ten
years.
American writers, however, very largely followed Dyar, who in 1920 put forward a still
earlier name, namely aegypti given by Linnaeus in 1762, thus leaving only four years to
the date 1758, before which any name that might have been given would have no validity.
It was this last name that was eventually by general agreement accepted, being used by
Edwards in his revision in the Genera Insectorum (1932) and from 1934 being indexed in
place of argenteusin English journals. As noted in chapter I, section (e), the name aegypti
first appears in 1757 in Hassellquist’s account of his travels in Palestine as Culex (aegypti)
followed without a break by a short Latin description. In the later edition of this work in
1762, edited as to nomenclature by Linnaeus, the name appears in correct form as Culex
aegypti. In Opinions 5 and 57 of the International Committee of Zoological Nomenclature
the question of the validity of re-edited pre-Linnaean names is considered, and in the lastmentioned Opinion it was given that the German translation by Gadebusch, published in
1762, does not give validity to the names published in the original edition. A later Opinion,
Opinion 175, however, states that: ‘A work the names of which on account of date were
invalid is considered as far as nomenclatural requirements go as having never been
published.’ Opinion 5, however, still required that reprinted pre-Linnaean names should
be reinforced by adoption or acceptance by the author who published the reprint. It has
generally been accepted that Linnaeus reinforced by adoption and acceptance the name
aegypti and that the name &des aegypti is by the rules of nomenclature correct.
Nevertheless, the question of the correct nomenclature has again been raised. In the first
place, Mattingly (1953) (see also Mattingly and Knight, 1956) has expressed the opinion
(see section (c)), that was described
that it was probably the pale form, var. queenslandensis
by Linnaeus, since this form occurs in Egypt and would seem to be indicated by the
description. If this were so, it would be the pale form that was the type form and that
usually accepted as the type form that would be the variety. An even more serious objection to the name aegypti has sincebeen put forward by Mattingly (1957). This author points
out that at the time when adoption of the name aegypti was under consideration and was
used by Edwards, the objection was put forward by Patton (1933) that the speciesdescribed
by Linnaeus was more probably another speciesvery cornmon in Egypt, namely Ai;des
(Ochlerotatus) caspius. Mattingly further points out that the wording of the Latin description by Linnaeus in his opinion leaves no doubt whatever but that the speciesdescribedwas
that now known as A. (Ochlerotatus) caspiusPallas, 1771.
A few words may here be said regarding this latest point in the synonymy and the
literature relating to it. One of the earliest authors to give a systematic description of
Egyptian mosquitoes was Gough (1914). Gough in his list of species gives Stegomyia
fasciata Fabr., clearly indicating the speciesnow under consideration. He says it is not
rare in Egypt and gives localities from which it has been recorded. He also notes that a
specimen of var. queenslandensis
has been taken at Suez. The name aegypti is also given,
but having as a synonym Aedes (Ochlerotatus) dorsalis Meigen, a species very close to
A&descaspius. Later Kirkpatrick (1925) in his monograph on the mosquitoes of Egypt
records the speciesas Ai;des (Stegomyia) argenteus(the name then in general use) and in
a list of synonyms beneath the name gives ‘ ? CuZexaegypti Linne’. When later the name
argenteus was beginning to give place to aegypti an interesting discussion took place in
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1933 between Patton, who pointed out that Linnaeus’s description could not apply to the
speciesbut was a description of A&&s caspius, and Edwards, who was unwilling to change
the name aegypti and taking the various points in the description maintained that this
might well refer to the species.The name aegypti, indeed, continued to be used and has,
without further challenge, remained the accepted name up to the present time. Should the
wording of the original description indicate, as Mattingly maintains, not A. aegypti as
now known, but A. caspius, an interesting point in synonymy will arise, more especially
as to how far (1) the evidence for a change can be proven, and, should this be so, (2) how
far can long and wide use of a name in the literature be held as valid for an Opinion of the
International Committee of Zoological Nomenclature to establish retention of the name
in use.*
For the verbatim text of early descriptionsby authors seevolume 4 of Howard, Dyar and
Knab (19 17). For information regarding types seeEdwards (1941). For literature relating
to recent questions in synonymy see Seidelin (1912); Gough (1914); Knab (1916); Dyar
(1920); Kirkpatrick (1925); Patton (1933); Edwards (1933); Mattingly (1957). A useful
list of the International Rules of Zoological Nomenclature is given by Wenyon (1926).
Other names than those referred to above that have been given to the speciesare now
regarded as synonyms. About twenty-four such are listed by Dyar (1928) and are given
here in an accompanying list with the country from which the speciesunder the name was
described. For varietal names see section (c).
List giving localities of syn0nyms.t
Culex aegypti Linnaeus 1762. Egypt.
Culex argenteus Poiret 1787. North Africa.
Culexfasciatus Fabricius 1805. West Indies.
Culex calopus Meigen 1818. Portugal.
Culex mosquito Rob.-Desvoidy 1827. Cuba.
Culex frater Rob.-Desvoidy 1827. West Indies.
Culex taeniatus Wiedemann 1828. Savannah(Georgia U.S.).
Culex kounoupi Brulle 1836. Morea (Greece).
Culex niveus Eichwald 1837. Caspianarea.
Culex annulitarsis Macquart 1839. Canary Islands.
Culex viridifrons Walker 1848. Greece.
Culex excitans Walker 1848. Georgia.
Culex formosus Walker 1848. West Africa.
Culex inexarabilis Walker 1848. West Africa.
Culex exagitans Walker 1856. Para (Brazil).
Culex impatibilis Walker 1860. Makassar(Celebes).
Culex zonatipes Walker 1861. New Guinea.
Culex bancrofti Skuse1889. Australia.
Culex elegans Ficalbi 1889. Italy.
Culex rossi Giles 1899. India.
Stegomyia nigeria Theobald 1901. Nigeria.
Culex anguste-alatus Becker 1908. Canary Islands.
Culex albopalposusBecker 1908. Canary Islands.
Duttonia alboannulis Ludlow 1911. Philippines.

* Since the above was written Mattingly (Proc. R. Ent. Sot. Lond. (c), 22, 23, 1957) notes that application has
been made to the International Commissionto fix the name aegrpti by attaching it to a neotype. As noted, this will
involve somefurther problemsin connectionwith the choiceof neotype. The important point in the presentauthor’s
opinion is that so well establisheda name for this common and important mosquito should not be changed.
t For referencessee Dyar (1928).
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POSITION

aegypti is the type speciesof the subgenusStegomyia Theobald, 1901, of the genus
Ai;des Meigen, 1818, as amended by Edwards (1932) to include some fourteen previously
erected genera and about 400 species.Though Ai;des aegypti is not the type for the genus
AFdes, this being A. cinereusMg., it is very representative in many respects of this large
section of the Culicini, which contrastswith another large section, namely the genus Culex
and allied genera, notably in: (a) the retracted eighth abdominal segment in the female;
(b) the possessionof toothed claws in the female; (c) the absence of pulvilli; (d) the laying
of eggssingly and not in rafts; (e) being composed largely of dark and often highly ornamented species,especially so in the subgenusStegomyia.
Synoptic tables for distinguishing the many subgenera of AEdes are given by Barraud
(1934) for the genus as a whole, and by Edwards (1941) for subgenera occurring in the
Ethiopian Region, but precise characterisation is difficult. Distinction depends largely on
genitalic characters and the form of the male palps (Edwards, 1941, p. 107). The distinctive
characters of the subgenusStegomyia as given by Theobald are the flat scaling of the vertex,
except for a narrow row of upright scalesposteriorly, and the flat scaling of all three lobes
of the scutellum. Other characters distinguishing the subgenusStegomyia (including those
of the male genitalia) are noted by Edwards (1941) when indicating the subgenus(p. 125).
Some seventy or more specieshave been described in the subgenus,the classification
and grouping of which are discussedby Edwards (1932) and more recently by Mattingly
(1952, 1953) ; Knight and Hurlbut (1949) ; and by Marks (1954). Synoptic tables for adults
and fourth-stage larvae are given by Edwards (1941) and by Mattingly (1952) for Ethiopian
species; by Barraud for species from India and Burma; by Bonne-Wepster and Brug
(1932) for speciesof the Malay Archipelago ; and by Marks for the scutellarisgroup of the
eastern Oriental and Australasian Regions. For larvae of the Ethiopian Region seealso
Hopkins (1936, 1951).
Recent work has added very greatly to knowledge of many of the less-known species,
and this applies to speciesclosely related to or closely resembling ACdesaegypti such as are
discussedunder Identification, as also to some of the varietal forms dealt with later. But
much regarding some of these forms has still to be worked out, making the subject one
that must be regarded as yet to some extent still under review (see Mattingly, 1952, 1953).

AZdes

IDENTIFICATION

Fortunately identification of A. aegypti normally offers few difficulties, since it has very
characteristic thoracic markings that almost alone serve to distinguish it. In addition the
marking of the mid-femur, namely a white line on the anterior surface extending from the
base almost to the tip, is peculiar to this speciesof Stegomyia, as is almost equally so the
patch of white scales on each side of the clypeus in the female. The clypeus of the male is
usually, however, bare or has only a few scales.
The thoracic markings as normally present consist of two crescentic patches of white
scales, one on each side of the anterior half of the scutum, between which in the middle
line of the thorax and passing back nearly to the scutellum are two narrow parallel white
lines (Fig. 46). In addition there are two fine white lines passingfrom the posterior ends
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of the crescenticmarks to the lateral lobes of the scutellum, thus completing the so-called
‘ lyre-shaped ’ ornamentation. In the pale form, var. queenslandensis(see next section),
markings may be obscured by pale scaling and, though this would appear to be unusual,
Edwards refers to the white median lines as being sometimes yellowish.
A number of other speciesof Stegomyia have white shoulder marks and some approximation to the ornamentation in Ai;desaegypti. But in most specieswhere such resemblance
occurs the shoulder marks are more wedge-shapedor rounded, and, in place of the twin
median parallel white lines, these are yellow or a single median white line is present. Some
useful figures showing the thoracic ornamentation of a number of speciesare given by
Edwards (1941). A figure of the markings of the common African species,A. africanus,
with one of A. pseudo-ajiicanus,is given by Mattingly and Bruce-Chwatt (1954). The species
most nearly resembling A. aegypti in their thoracic markings are: A. subargenteusEdw.,
1925, and its varietal form, or possibly a distinct species, var. kivuensis Edw., 1941;*
A. woodi Edw., 1922; certain species that might be confused with the pale variety of
A. aegypti, namely A. mascarensisand A. vinsoniboth from Mauritius.?
In A. subargenteusthe crescenticshoulder marks are described as abbreviated anteriorly
and the fine lines passingfrom these to the scutellum are yellow. The mid-femur, instead of
being uniformly striped, has a separate white spot about its middle. Var. kivuensisdiffers
from subargenteusin the tarsal markings, the fourth hind tarsal segment being all white
instead of being pale at the base only. Also the median lines of the thorax are deep yellow
(see recent description given by Mattingly, 1952). A. woodi has the lateral lobes of the
scutellum clothed with dark scales,which at once distinguishesthis speciesfrom A. aegypti
where all three lobes are white-scaled. All the above forms were originally described from
Nyasaland, the first-mentioned being recorded later from a considerable number of widely
dispersed localities on the east of the African continent from Kenya to Cape Province.
Var. kivuensishas been recorded up to date from only one locality in the Belgian Congo.
A. woodi has been recorded from Nyasaland, Kenya and Mozambique. (For recent
information see Mattingly, 1953.)
It should be noted that some species of subgenus Finlaya of the genus Agdes have
thoracic ornamentation with some resemblance to that of A. aegypti. Little difficulty,
however, should arise except in rubbed specimenssince the scutellum would fail to show
the flat scalingof all three lobes characteristic of Stegomyia.$ Also superficially resembling
Stegomyia in Central and South America is the important genusHaemogogus. In this case
the large and approximated pronotal lobes suffice to distinguish from Stegomyia. This
character also servesfor the forest genus Heizmannia, in which in addition the postnotum
carries a group of small hairs. For accounts of these New World speciessee Dyar (1928).
White scaling on the clypeus. White scaling on the clypeus is given by Ludlow (1911) in her
original description of Duttonia alboannulis, and is suggestiveof the correctness of the
sinking of this speciesunder A&des aegypti (see list of synonyms in preceding section).
White scales on the clypeus are also recorded by Dyar and Knab (1910), for some pale
specimensamong a number of normal A. aegypti received by these authors from Malaga,
* Now given by Mattingly (1953), p. 9, as a distinct species.
t A&&s (S.) simpsoni should also be given here. See figure of this speciesgiven by Muspratt (1956), p. 49.
j: A few Ai;dmorphus with shoulder marks somewhat like AZdes aegypti may have flat scaling of the head or
scutellum, but the clubbed style of the coxite in the male would distinguishany such with help of synoptic tables
for the subgenus.
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Spain. Presence of white scales on the clypeus in the female is almost diagnostic of
A. aegypti, but is described in A. (Stegomyia) vittatus and possibly in A. (Stegomyia)
trinidad from Fernando PO (Edwards, 1941).*
Banding of the proboscis. In the majority of speciesof the subgenus,as in A. aegypti, the
proboscis is without pale banding. Pale banding, however, is usually present in A. vittatus.
Leg markings. The marking of the mid-femur as already described would seem quite
peculiar to A. aegypti. The tibiae in Stegomyia are usually dark. The tarsal banding is used
in synoptic tables to differentiate between some species, the fourth hind tarsal segment
being white at the base in a number of species including subargenteus,but all white in
kivuensisand all black in woodi and simpsoni.The extent of banding of the third hind tarsal
and in some cases other tarsal segmentsmay also be a differential character. The wings
are usually all dark-scaled, but in A. aegypti and some other speciesthere is a characteristic
small pale spot at the base of the costa.
Genitalic characters. Characters differentiating the male terminalia in A. aegypti are:
(a) ninth tergite with two prominent conical lateral lobes carrying a few short hairs, between
which is a deeply hollowed out V-shaped embayment ; (b) the style of the clasper widened
in the middle; (c) lateral processesof the paraprocts nearly as long as the terminal processes;(d) lateral plates of the phallosome with fine teeth only. The basal lobe in A. aegypti
and related speciesis a flattish plaque on the inner membranous aspect of the coxite. In
A. aegypti it has no projecting processforming a separate claspette or harpago as in some
species. Recently Iyengar and Menon (1955) have described three or four characteristic
hooked spines arising from the lobe in A. aegypti (see also Ross and Roberts, 1943).
A full description of the parts in A. aegypti is given later when describing the structure of
the speciesin detail (see p. 458).
In A. subargenteus,as noted by Edwards (1941), the ninth tergite is convex, with the
approximated rather flat lobes carrying a row of large hairs, and the basal arms of the
proctiger are short, not long as in A. aegypti. The coxite also differs, having a small hairy
lobe towards the base on the dorsal surface,and the style is somewhat curved and tapering,
with the terminal spine stout, not thin as in A. aegypti. The phallosome is as in A. aegypti.
The male terminalia of kivuensishave not up to date of writing been described; those of
woodi are stated by Mattingly (1952) to be virtually identical with those of simpsoni.
Pupal characters. Those distinguishing A. aegypti are: (a) trumpets triangular, without
transverse folds (see Theodor, 1924); (b) paddles with a single hair about one-quarter of
the length of the paddle ; (c) no accessory hair; (d) chaeta A on abdominal segments
II-VI spine-like. Synoptic tables for pupal characters in a number of speciesof Stegomyia
are given by Ingram and Macfie (1917); Theodor (1924); Baisas (1938); Edwards (1941).
Larval characters. Larval characters distinguishing A. aegypti are: (a) antennae smooth,
antenna1hair simple; (b) comb teeth 8-12 in a singlerow with strong basal lateral denticles;
(c) pecten teeth on the siphon 15-20, none widely spaced; (d) pleural hairs of the meso- and
metathorax with conspicuousthorn-like processes. Recently Iyengar and Menon described
* Mattingly (1952), however, statesthat the type of Atidestrinidud(now sunk as a synonym of A. dendrophilus
Edw., seeMattingly, lot. cit.) has not got scaletufts on the clypeus,frosting of the integumenthaving been mistaken
in the original description for these, and that A. aegyptiis distinguishedfrom all other Stegomyiaby this character.
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a single pecten tooth well separated and situated distal to the siphon hair, a character
previously thought to be diagnostic of A. vittatus. These authors note that, very rarely, there
may be an additional irregular series of pecten spines situated ventral to the main row.
Additional teeth on the siphon may, however, as noted by Mattingly (1955), occasionally
occur in other species. Very similar larval characters are present in A. mascarensis(but
pecten spinesonly 8-12) and in A. metallicus(antennae as in A. aegypti, but the spines of
the pleural hairs much longer). Synoptic tables for larvae of African speciesof Stegomyia
are given by Hopkins (1936,195l) and by Mattingly (1952). The latter author, in 1953, also
gave recent information regarding the larvae of a number of the less known speciesof the
subgenus.

(c) VARIETIES,

STRAINS,

GYNANDROMORPHS

AND

HYBRIDS,
MUTANTS

There is a considerable recent literature on the systematicsand genetics of A. aegypti and
its different forms, and space does not permit of more than the main outline of such work
being here given. For further information the referencesgiven in the text may be consulted.
A good and interesting account of recent ideas on the origin and build up of the species
will be found in the paper given as in the press by Mattingly (1957).

VARIETIES

Few named varieties have been describedthat are not now regarded as synonyms. Theobald
(1901) refers to var. mosquito(Culex mosquitoRob.-Desv.) as somewhat distinct (thorax
with semilunar lines only) but sinks it under the species.Var. mosquitoArrib. he states is
typical of the species.Var. persistansBanks is also stated by Theobald (1910) not to differ
in the description given from the type form. Of the two varieties described by Theobald
himself, var. Zuciensis
(Theobald, 1901, p. 297) has the apical tip of the last tarsal segment
black, whereas it is white in the type form. The variety was originally described from
Demerara and St Lucia, but has been noted as occurring occasionally in India (Barraud,
1934) and in Malaya (Stanton, 1920). The dark tarsal tip, however, is not unusual in the
speciesfrom many areas (see later).
(Theobald, 1901, p. 297), was
The second of Theobald’s varieties, var. queenslandensis
described and named from specimens sent by Dr Bancroft from Burpengary, South
Queensland as Culex bancrofti Skuse. C. bancrofti is described by Skuse as having the
thorax with lyre-shaped markings, the subjacent cuticle dark brown and covered with
brown scales,the description conforming to what is usually regarded as the type form under
which the specieswas sunk by Theobald. Var. queenslandensis
Theobald describesas having
the thoracic scaling golden brown, the mid-lobe of the scutellum covered with a patch of
deep purple scales,and a broad band of the same down the dorsum of the abdomen. In
one specimen the entire abdomen was covered with creamy scales.Theobald (1903, p. 144)
also givesas this variety a form from the Seychelles,the abdomen being as in the Australian
form, but the hind tarsi mostly with a distinct black apical band.
A form var. atritarsis is described by Edwards (1920). It has the tarsi of the forelegs
almost entirely black, the hind tarsi with very narrow white rings at basesof segments1-3
and 5, segment 4 being almost entirely black. The palpi in the male have the white rings
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narrower than usual. The terminalia are given by Edwards (1941) as of the type form; he
states that the variety has been found only on the Gold Coast and may possibly be a
genuine local form rather than a sporadic variation.
Two forms of the speciesare noted by Hill (1921) to occur in northern Queensland,
namely a small dark form occurring away from habitations and a larger pale form frequenting the hospital buildings. The dark form was collected from a tin containing about
five inches of water and decaying leaves in dense scrub on an island 600 yards from the
nearest seasidedwellings about four miles from Townsville. Several adult Stegomyia were
captured at the same time attempting to bite. A similar dark form was collected from a
tree-hole in the hospital grounds seventy yards from the nearest dwelling. In the hospital
building the specieswas paler and larger. The ‘dark’ form collected from the tin when
bred for four generations produced in each generation after the first a proportion of
individuals of both forms as well as intermediate forms. The ‘light’ form bred true. The
males in both caseswere dark and of the usual size.
Two forms are described by Legendre (1927) as ‘ geographical races’, namely a small
form having thin pale larvae with contrasting dark siphon, Oceano-Indian in distribution
and occurring in Hanoi, Madagascar and Syria; and a large form with thick dark larvae
occurring on the west coast of Africa.
In Lagos Summers-Connal (1927) observed the species to be subject to considerable
variation. Some specimenshave the abdomen entirely black except for the lateral spots,
some completely covered with white scales or scattered white or yellow scales giving a
brindled effect. The hind tarsi may be as in the type form, or the tip, or a quarter to threequarters, of the last segment may be dark. The material used consisted of 1000 specimens
of each sex bred consecutively from larvae collected in Lagos by the sanitary authorities.
The author found hereditary transmission of a number of the variations noted.
Describing the mosquitoes of British Somaliland, G. R. C. van Someren (1943) notes
that the species varied from jet black to pale brown, the latter being referred to var.
queenslandensis
Theo. It occurred breeding in water tanks on dhows. A similar pale form
regarded as var. queenslandensis
was described by Lewis (1947) at Port Sudan on the Red
Sea Coast breeding in water receptacleson sea-goingdhows. Inland the specieswas darker
along with intermediate and normal forms. The habits of the pale form were stated by
Lewis not to differ from those of the type form and to be capable of harbouring the virus
of yellow fever. This characteristic pale form has now been recorded in many coastal
areas of the East African continent and elsewhere (see distribution given later in this
section).
Recently the work of Haddow and others has brought to light the occurrence in Uganda,
Kenya and elsewhere in Ethiopian Africa of another form, namely a ‘dark’ form found
breeding in deep forest far removed from habitations and which differs from the type form
in being noticeably very black with clear-cut markings. Regarding this wild form Haddow
(1945a, b) notes that, though larvae of kdes aegypti are not uncommon in the Bwamba
district of Uganda, adults are very rarely taken biting and that the evidence suggeststhat
the speciesmay be largely sylvan and zoophilic in the area. Haddow, Gillett and Highton
(1947, p. 3 19) also note that A. aegypti occupies a peculiar position in Bwamba, being
present in some uninhabited areas of the Semliki Forest, and that Garnham, Harper and
Highton (1946) alsofound it scatteredrather profusely through the Kaimosi Forest in Kenya.
Regarding the biting habits of the speciesunder these conditions these authors note that it
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was not represented in forty catches made in the forest, but that on one occasion thirteen
specimenswere taken biting in the sunset period at heights over fifty feet.
A similar reference to a ‘pale’ and a ‘ dark’ form occurring in Kenya is made by
van Someren, Teesdale and Furlong (1955). They give the following description of the
forms :
In the pale form the ground colour of the scutum varies from dark brown to pale yellow.
The vertex is sometimesmainly pale, but usually with a small patch of dark scaleson each
side, or rarely these patches may be large. The first abdominal segmenthas usually a large
patch of white scales above, the other segments being lightly or heavily sprinkled with
white scales, or rarely nearly all scalesare white. Occasionally the tergites are dark with
narrow apical white bands, or more often with broad apical and basal white or yellow, or
rarely indistinct pale, bands. The hind tarsi are usually as in the type form, but sometimes
segment 4 has a narrower basal white band and segment 5 a dark band at the tip.
Of the dark form they note that many hundreds of specimens bred out from larvae
taken from containers in the bush were consistently dark (black with white markings).
The following variations in colour were noted: the white bands on the abdominal segments
were usually well marked, rarely narrow, much reduced or absent; the first tergite was
usually all black above, but sometimeswith a small spot of white scalesmedianly. The hind
tarsal segments l-3 were white on their basal third or fourth, segment 4 three-quarters
white and segment 5 all white.
As with the speciesin the Uganda forests the two forms in the Mombasa area of Kenya
differed also with respect to their associationwith man, the dark form tending to be a wild
form occurring in the bush, whilst the paler form behaved like the type form, being found
mainly in habitations. The following are captures made respectively in the bush and in
houses in the area by Mrs E. C. C. van Someren as given by Mattingly (1956) :
In bush: 125 dark (including 19 males),5 pale (all females).
In houses:7 dark (including2 males),232 pale (all females).
Summarising the forms of the species that are at present usefully to be recognised,
Mattingly (1957) gives the following:
1. A. aegypti (L.) s.str., the type form. A brown form, somewhat variable in depth of
colour, but always distinctly paler and browner (at least in the female) than the black
African subspecies(no. 3). Extension of pale scaling, if any, limited to bleaching of the
two dark areas on the back of the head, or the presenceof pale scalingon the first abdominal
tergite or to both together.
2. A. aegypti var. queenslandensis Theo. Any form showing any one of the following:
bleaching of the dark scalesof the mesonotum from mid-brown through shadesof buff to
almost white; encroachment of the pale basal bands on the abdominal tergites on to the
apices of the preceding segments,or extension of these bands in the mid-line to form pale
basal triangles or a continuous median pale line on the abdomen; presence of scattered
pale scaleson the dark areas of the tergites or normally dark areas on the legs.
3. A. aegypti s.sp.formosus Walker. A form confined to Africa south of the Sahara
and the only known form in this area except in coastal districts or one or two inlandtrade-frequented areas. This differs from the type form in the markedly black appearance
of the dark areas of the thorax and abdomen and entire absenceof bleaching or extension
of pale scaling on any part of the body. The name formosus* used by Mattingly is that
* The name has no relation with Formosa, being evidently the Latin word for ‘beautiful’.
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given by Walker (1848, p. 4) to a specimenfrom Sierra Leone (type in the British Museum)
which showsthe characters described above, and is the first description of any form from
the area given as the distributional area of the subspecies.
In all the forms the characters given relate to the female. The male in all forms is usually
darker.
The distribution of these three forms, so far as known at present, is given when dealing
with the distribution of the speciesin sections(d) and (e) of this chapter. Very briefly it is
the type form (associated in many areas with var. queenslandensis) that gives the worldwide character to distribution of the species as described later, ssp.formosus being restricted to Africa south of the Sahara and so not affecting the world extension of the species
as a whole. The distribution of var. queenslandensis is lesseasy to specify. It is found along
with the type form very commonly as a coastal specieson the east of the African continent
and neighbouring countries, as also in the Mediterranean area, notably in North Africa,
and on the west coast of this continent. It appears to be lesscommon in the Indomalayan
area where the type form is dominant. It is recorded from Australia (Queensland) along
with the type form and appears to be a feature of the species in America (Mattingly:
in lit.). More details are given later in sections (d) and (e).
Especially in regard to ssp. formosus more information would be very desirable as to its
exact status and especially regarding structural features other than ornamentation. Up to
the time of writing there does not appear to be in the literature any careful description of
the genitalic or larval characters or whether the characteristic scale tufts on the clypeus or
the stripe on the mid-femora are present.
Regarding var. queenszandensisthere seemslittle doubt but that this is specifically a form
of A. aegypti and Dyar and Knab (1910) note the presence of scale tufts on the clypeus in
the pale form described by them from Malaga, Spain. Its wide distribution along with the
type form is suggestivethat it is a sporadic variation of the speciesor the effect on this of
some particular environment. A very characteristic feature of the form is its occurrence
as a coastal and desert form and, as noted by the present writer (Christophers, 1933),
specimensof Anopheles from semi-desertconditions, where the specieshas bred in shallow,
often saline pools in the open, commonly show a reduced pigmentation (flavism or hypomelanism), whilst melanic forms are commonly encountered in shady placeswith abundant
food supply. Of interest in this respect is the occurrence (as noted by Edwards, 1911,
p. 248) in Algeria, where the pale variety is recorded as common, of an ochreous form of
Culex pipiens and a pale form of Och. nemorosus (punctor).
The pale form of AL;des aegypti, however, has been shown to retain, at least to some
extent, its characters when bred for some generations in the laboratory (Summers-Connal,
1927; Shidrawi, 1955). Also Mattingly (1953) notes that not all localities on the east coast
of Africa from which the form has been recorded are areas of low rainfall. Thus it would
appear that even if the form is the result of some special environment the effect is not one
merely of a temporary nature but is associatedwith genetical change. The same might be
said regarding the occurrence of the form in America referred to later.
On the species in general Mattingly and Knight (1956) suggest that the dark form
(s.sp. formosus) represents the original non-domestic species in its original home and
conditions and that the so-called type form is a later development, possibly largely hybrid
in character, thus explaining the genetic differences in some geographical forms of the
speciesthat have been described.
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STRAINS

Besidesthe forms described in the last section particular stocks of the speciesmaintained
in laboratories may be separately indicated or named as strains depending upon the source
from which the specieswas originally obtained. Such strains have been found as a rule to
agree in their main behavioural characters. Brug (192Q studying Cuban and Javanese
strains, observed no constant differences, except that the head scales in the former were
lighter. Mathis (1934) studied strains from Athens, Cuba, Dakar and Java and found
their biology similar. Strains differing in certain respectshave, however, been described.
Examples of differences in biting capacity in strains from different countries are not
infrequently described in the literature; for example, Gillett and Ross (1955) found difficulty in getting Malayan A. aegypti to feed on monkeys, whilst African aegypti fed readily.
Differences have also been frequently referred to in their behaviour when employed for
crossesbetween strains as noted in a later section. Recently a study has been made by
Gillett (1955) of differences in behaviour in respect to ovulation as between a strain from
Lagos and one from Newala, Tanganyika. In the Lagos strain unmated females usually laid
eggswithin five days of taking a blood meal (86 per cent ovipositing). In the Newala strain
females rarely laid eggswithin this period (8 per cent ovipositing). Females of the Newala
strain when mated with sexually exhausted males also did not lay infertile eggsto the same
extent as the Lagos females.
Other differences relate to capacity to transmit diseasesor harbour parasites. Hindle
(1929) records a strain from Africa maintained for three years in the Wellcome laboratories
which was a typical rather dark race transmitting yellow fever readily and one from India
reared by MacGregor that was lighter in colour and a less effective vector. Roubaud,
Colas-Belcour, Toumanoff and Treillard (1936) found strains behaved differently in their
capacity to transmit the nematode, DiroJilaria immitis (see also Kartman, 1953).
The term strain, however, would appear to have a very vague implication. In many
casesstrains have been maintained in culture for long periods, often many years, under
different techniques, and it would not seem safe to assumethat the behaviour of a strain
that happened to have originally been brought from some particular country necessarily
represented the naturally occurring form in that country.
HYBRIDS

Particularly sinceToumanoff’s observations on the result of mating the two distinct species
A@desaegypti and A. albopictus and the early work of Marshall and Staley (1937) and
Marshall (1938) on the crossing of nearly related forms in what is now referred to as the
Culexpipiens complex, a great deal of work has been carried out relating to the geneticsof,
and hybridisation in, mosquitoes. For a very full account of mosquito genetics the comprehensive paper by Kitzmiller (1953) may be consulted, as also the critical review of
findings to date by Mattingly (1956) under the title ‘ specieshybrids in mosquitoes’, with
which is a very full list of references to recent authors in this connection.
Toumanoff (1937), using female A. aZbopictusfrom Hanoi and male A. aegypti from
Calcutta, obtained fertile offspring for a number of generations. In the opposite direction,
that is female aegypti and male albopictus,crossingwas unsuccessful.The offspring of the
fertile crossing with a single exception up to generation F, resembled the female parent.
Hoang-Tich-Try (1939), with the same speciesin Indochina, obtained the same result.
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Downs and Baker (1949) and Bonnet (1950), in New York and Hawaii respectively, also
obtained fertile offspring from crossing these two species, but in an opposite direction,
that is aegypti females with albopictusmales gave fertile offspring, while albopictusfemales
with aegypti males failed to do so. The same result was obtained by Kartman (1953),
aegypti females and albopictusmales giving fertile offspring resembling the female parent,
whilst crossingin an opposite direction failed. Not all observers, however, have obtained
positive results with crossing of these two species. MacGilchrist (1913) in Calcutta found
that, though copulation took place, crossingwas unsuccessful. De Buck (1942), though he
found spermatozoa in the spermathecae, obtained no embryonic development in eggs
laid by albopictus, and one larva only that hatched from eggs of aegypti died in a few
hours.
Later work by Toumanoff (1938-1950) on the crossing of these speciesand that by a
number of authors on the crossing of nearly related forms of the Culex pipiens complex
has shown that transmission of hereditary characters in hybrid forms of mosquitoes is, as
generally considered, the result of a rare, but recognised, condition known as cytoplasmic
inheritance, a condition in which inheritance is not of the Mendelian type, but is characterised by transmission of the female parent’s characters only, female dominance, and
believed to be the result of transmission through the cytoplasm independent of nuclear
influence. Not all authorities agree, however, that this is so in all cases.
The C. pipiens complex consistsof a number of related speciesmore or less resembling
C. pipiens and various forms and local strains of these. It includes C. pipiens; C. fatigans;
C. quinquejtisciatus;C. pipiens var. pallens; and C. molestus. The last-mentioned species
occurs in a number of local forms, pairing between which may in some casesbe unproductive, in some successfulin both directions and in some successfulonly in one. The first
crossesin this group were those by Marshall and Staley and by Marshall with local forms
of molestus(see also Tate and Vincent, 1936). More extensive observations in this group
have since been made by other observers, opening up a wide field of inquiry into the
genetics and hybridisation of mosquitoes. A review of these findings has recently been
given by Mattingly (1956). *
The work of Laven (1953) on the crossingof various local forms of C. molestusappears
definitely to prove the existence in this group of cytoplasmic inheritance. Thus, by backcrossing offspring from crosses in both directions, Laven was able to demonstrate the
occurrence of a purely maternal type of inheritance, hybrid females being mated with males
of the male parent form through twenty successivegenerations without the offspring
showing other than maternal characters and so giving no indication throughout of nuclear
effect.
Mention should also be made of recent observations on the crossing of forms in the
scutellaris group of Stegomyia. Here also compatibility in one direction has been found
associated with incompatibility in the other, as also has inheritance of female characters
only, though sometimes with intergrading. T
The results recorded above obtained from the crossingof A?desaegypti and A. albopictus
would appear therefore to be in accordance with other findings of this form of inheritance,
which is clearly of common occurrence in mosquitoes. Mattingly (1956), however,
* See also Laven (1951, 1955, 1956a), Laven and Kitzmiller (1954), Knight (1953), Knight and Abdel Malek
(1951), Kitzmiller (1953), Barr and Kartman (1951), Callot (1947, 1954), and others given in Mattingly’s list.
t See Woodhill (1949, 1950, 1954), Smith-White (1950), Perry (1950),.Rozeboom (1954b).
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expressessome doubt whether in the case of the two speciesmentioned absenceof nuclear
effect has been proved. His view in this respectis based on the fact that both in Toumanoff’s
series and in Bonnet’s there occurred after some generations a stray form resembling the
male parent, making further observations on crossing of these two speciesvery desirable.
This is especially so, since in this case there can be no doubt whatever but that the two
forms interbred are two specieseach with very pronounced characters.
As a means of studying more precisely the transmission of characters in crossingsLaven
(1956b) has recently made use of artificially induced mutations, the result of exposure to
radiation. In one of these mutant forms the terminal segmentof the male palps is changed
into the appearance of a sort of hinged claw and in another the male palps are shortened
and the terminal joint lost. In other forms changeshave been brought about in the wing
neuration.
Other means of approach to such problems have been the study of susceptibility of
hybrid forms to infection by Dirofilaria immitis (Kartman, 1953), the study of transmission of charactersin naturally occurring mutant forms (seeunder mutants) and chromosomal and cytogenetic studies (see section on chromosomal structure in chapter XXXI).
A very large field of inquiry is in fact opened up in which research on A&&s aegypti should
play a part, not only becauseit is well adapted to laboratory research, but also on account
of its importance as a diseasevector, and so a speciesregarding which knowledge of its
possible development of resistanceto insecticidesis very desirable (see Rozeboom, 1954a).

GYNANDROMORPHS

A not uncommon occurrence in mosquitoes, including A. aegypti, are forms showing in
various degrees mixed sex characters, such forms being termed gynandromorphs. Sex
determination in insectsis not brought about as in mammals through circulating hormones,
but is the result of the chromosomal condition of individual cells in development leading to
patches of one sex or another in the sexual mosaic in the same individual (Wigglesworth,
1942). The effects are very haphazard. Sometimes the two lateral halves of the body are of
opposite sex, or occasionally partition is transverse, or a body of one sex may have the
head or genitalia partly or wholly of the opposite sex, or patches of a particular sex may
be scattered indiscriminately. Besidesthe appearance of the male and female parts in the
same individual there may be duplication of the antennae or other parts (Lengerken, 1928).
Gynandromorphs have been describedin a number of speciesof mosquitoes. A list is given
by Komp and Bates(1948) and by Bates(1949). Kitzmiller (1953) givesthirty-four examples
recorded in the literature as given below. For an account of the origin of gynandromorphs
see Morgan and Bridges (19 19).
Of the five gynandromorphs of A. aegypti that describedby Martini had the head wholly
male and the apical portion of the abdomen wholly female with some other lessnoticeable
parts affected. In the three forms described by Roth and Willis the antennae in all were of
male character and the abdomen and genitalia female. Other parts were of varied sex
character. In two casesone wing was shorter than the other, indicating male character.
In the specimen recorded by Smyly the left side of the head was male and the right female.
A study of the behaviour of the three forms described by them has been made by Roth
and Willis. All three forms were indifferent to the human arm and two exposed to females
made no male response. They behaved like males, however, in that they remained flying
3
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Species
A2des punctor*
A2des detritus
Aedes pullatus
AL;desabserratus
AZdes canadensis
Aedeesaegypti
Culex pipiens
Culex molestus
Culex fatigans
Culex coronator
Culex salinarius
Culex nigripalpis
Culex theileri
Theobaldia annulata
Orthopodomyia signifera
Orthopodomyia Jkscipes
Haemagogus spegazinnii
Megarhinus brevipalpis

Number
described
5
1

1
1
1
5
1
6
2
1
2
2
1
1
1
1
2
1

Author
Edwards, 1917 (3); Shute, 1926 (1); Der Brelje, 1923 (1)
Marshall, 1938
Felt, 1905
Felt, 1904
Carpenter, 1948
Martini, 1930 (1); Smyly, 1942 (1); Roth and Willis, 1952 (3)
Marshall, 1938
Marshall, 1938 (1); Weyer, 1938 (1); Gilchrist and Haldane,
1947 (3); Gratz, 1954 (1)-iMiddlekauf, 1944
Komp and Bates, 1948
Roth, 1948
Rings, 1946 (1); Warren and Hill, 1947 (1)
Bedford, 1914
Classey, 1942
Roth, 1948
Roth, 1948
Bates, 1949
Muspratt, 1951

* Formerly often called A. nemorosus or A. meigenensis.
t Record by Gratz is additional to Kitzmiller’s list.

backwards and forwards in the cage after the females had settled. Normal males made
attempts to pair with the gynandromorphs having normal female wings, showing that the
sound produced by them resembled that of a female. A few attempts were made to pair
with one gynandromorph that had a slightly shorter wing on one side, but none with the
other form with a short wing. Tested with tuning forks two were more sensitive than
females and took to flight. They failed to give seizing response, that is, clinging to the
cloth of the cage near the source of sound with the wings vibrating rapidly. But they
gave clasping response, that is, flexing of the abdomen so that the genitalia touched
the cloth.
Certain caseswhere male A. aegypti have been recorded as attempting to suck human
blood (for example, as described by Howard, Dyar and Knab, 1912, p. 109) may possibly
have been gynandromorphs. In such casesit is necessaryto distinguish between attempts
to feed and males attracted by and sucking sweat, a common happening when feeding
mosquitoes in cages.
MUTANTS

Besidesgynandromorphs certain changes due to the action of genes lead to forms which
differ in some particular from the normal speciescharacters. A short account of such gene
action is given by Wigglesworth in his chapter on growth. The condition has been especially
studied in certain Lepidoptera and in Drosophila in Diptera. Two modes of action are
recognised, namely (1) action confined to the cells in which the genes occur as in determining the nature of the wing ornamentation in the moth Ephestia; and (2) action in which
the cells are caused to liberate chemical substanceswhich exert their action at a distance
and determine the character of other tissues. The latter type of action is responsible for
the black-eye and red-eye forms of Ephestia and for the vermilion-eye form of Drosophila.
The only described instance in mosquitoes appears to be the white-eye mutant of Culex
molestus described by Gilchrist and Haldane. The condition in this case consists in the
normally dark eyes of the imago being devoid of pigment so that they appear a dull white.
The strain described by the above authors was bred from four females and ten males with
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white eyes occurring in a cage of several hundred C. molestus. The lack of eye pigment is
also present in the larva and in the pupa. The white-eye mutants showednormal phototaxis,
but did not respond to moving shadows as did the normal individuals. This is attributed
by the authors to the fact that, the ommatidia not being isolated by pigment from one
another, visual acuity was lost. The affected larvae and pupae, however, gave a well-marked
shadow response. They also gave response to changes in light intensity, which was considered the reason they gave a shadow reaction. It is not stated whether the ocelli were
without pigment. As these are the functional visual organs in the larva, and possibly even
in the pupa, it would be of interest to note their condition.
The authors note that the white eye in C. molestus is a recessivecharacter giving normal
Mendelian relations and that it is partially linked with sex.
No mutant forms appear to have been described in &des aegypti.

(d) GEOGRAPHICAL
GENERAL

FEATURES

DISTRIBUTION
OF

THE

DISTRIBUTION

In giving an account of the distribution of the speciesnote must be taken of the different
forms now recognised and described under varieties in section (c) of this chapter. It will
be most convenient, however, to deal first with certain features in the distribution of the
speciesas a whole and to give later what is known of the distribution of the three forms.
It will be evident from what has already been said that in such questions as the limits of
the distribution of the species,and a number of other features connected with its occurrence, it will be the type form that in the main is being considered and that to a very large
extent the pale form, var. queenslandensis, is in varying degree associatedwith this. Only
in Africa south of the Sahara does the account of the distribution need to take note of a
distinctive area occupied by one of the forms, the non-human frequenting s.sp.formosus.
A large number of early records of localities for the speciesthroughout the world are
given by Theobald (1901-10) and a very complete summary of records with 320 references
by Kumm (1931). A map of the distribution as known up-to-date is given by Brumpt
(1936). Among authors giving the distribution for different countries may be mentioned:
Dyar (1928) for the Americas ; Edwards (1941) for Ethiopian Africa ; Muspratt (1956) for
South Africa; Mattingly and Knight (1956) for Arabia; Barraud (1928) for India and
Burma; Reid (1954) and Macdonald (1956) for Malaya; Brug (1926) and Bonne-Wepster
and Brug (1932) for the Malay Archipelago ; Ferguson (1923) for Australia; and Farner
et al. (1946) for the Pacific. There are, however, very numerous other authors recording the
species, some of whom will be found mentioned in the text. Many references to recent
records will be found in Review of Applied Entomology, ser. B and in reference lists in
recent papers by Mattingly (1952, 1953), Marks (1954) and Muspratt (1956).
As with ‘useful plants’ the distribution of AL;des aegypti (except for the form ssp.
formosus) has no very obvious relation to the usual zoogeographical realms. The speciesis
almost the only, if not the only, mosquito that, with human agency, is spread around the
whole globe. But in spite of this wide zonal diffusion its distribution is very strictly
limited by latitude and as far as present records go it very rarely occurs beyond latitudes of
45” N. and 35” S. Altitude is a further modifying circumstance, as also some other factors,
notably distance from the sea, desert conditions and isolation from human intercourse.
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In the accompanying map (Fig. 1) are given the northern and southern limits of distribution
and the relation of these to latitude and the January and July isotherms, respectively for
the northern and southern hemispheres,of 50” F. (10” C.). The numbers on the map indicate localities for which furthest north or south records have been made.
In America A. aegypti has been recorded far more frequently, and further north, in the
east than in the west. There is, however, a record (Good, 1945) stating that A. aegyptiused
to occur in British Columbia, but has not been recorded for thirty years. At the present

Figure 1. Map showinglimits of distribution.
Map of the world showing northern and southern limits of the recorded distribution of Ai;des
aegypti and isotherms of 10” C.
The numbers are those given to recorded localities as set out in Tables 1 and 2.
Figures in brackets in the tables give the numbers in the list of references to geographical
distribution on pp. 50-2.

time the most northerly record on the west appears to be Lower California, at most about
32” N. It is recorded from Tucson, Arizona by Bequaert (1947), who statesthat it has not
been recorded from Colorado or Utah. Passing eastwards A. aegypti is recorded from
Oklahoma (Rozeboom, 1941) where it is, as noted later, evidently near its temperature
limit. Eastwards of this it occurs in most of the States up to about 40” N. and formerly
as far north as Boston, 42” 27’ N.
A. aegypti has been recorded from the Bermudas, the Azores and the Canary Islands.
In Teneriffe it was common, but was not found by me in Madeira (Christophers, 1929).
In western Europe the speciesis mainly restricted to the more southern parts and is not
normally recorded north of 45” N. There is a record, however, given by Kumm for Brest,
48” 24’ N. The single record for England is probably a laboratory error as otherwise it has
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Table 1. Recordednorthern limits of distribution.*
North
1
2
3
4
5
6
7
8
9
10
11

America
British Columbia (37), 50” N.t
Lower California (62), 32” N.
Arizona (9), 32” N.
Oklahoma (57), 36” N.1
Missouri (40, 62), 38” N.
Indiana (40, 62), 40” N.
Virginia (40, 62), 38” N.
Maryland (40, 62), 39” N.
Philadelphia (16), 40” N. _t
New York (16), 40” 52’ N.-t
Boston (16), 42” 27’ N. t

Europe (cont.)
19 France (Brest) (42), 48” 24’ N.
20 France (Dol) (42, 62), 48” 31’ N.
21 France (Bordeaux) (59), 44” 48’ N.
22 Italy (Genoa) (42), 44” 25’ N.
23 Italy (Ravenna) (42), 44” 25’ N.
24 Bosnia (3), 44” N.
25 Macedonia (42), 41” N.
26 Russia (Odessa) (41), 46” 30’ N.$
27 Russia (Sukkum) (58), 43” N.
28 Russia (Baku) (I), 40” 25’ N.

Atlantic Islands
12 Bermuda (6), 32” 20’ N.
13 Azores (62), 38” 35’N.
14 Canary Islands (18, 47), 28” 40’ N.
15 Morocco (Tangier) (17), 35’ 42’ N.

Asia
29
30
31
32
33
34
35

Europe
16 Portugal (Badajos) (35), 38” N.
17 Spain (north-west point) (13), 43” N.
18 Spain (Ebro) (27), 41” N.

North Pacific Islands
36 Wake Island (56), 20” N.
37 Hawaii (11, 39), 20” N.

India (Peshawar) (8), 34” N.
India (Assam) (S), 26” N.
China (Shanghai) (29), 31” 10’ N.
China (Amoy) (30), 24” 40’ N.
Formosa (29, 42), 24” N.
Japan (Tokyo) (42, 62), 35” 40’ N.
Japan (Okayama) (42), 34” 22’ N.

* The figuresin bracketsrefer to authors as given in the list of referenceson pp. 50-52. The numbers preceding
the name are those entered on the map.
t In past times only.
$ At biological limit.

never been recorded. In eastern Europe it is again seen at its temperature limit at Odessa
(Korovitzkyi and Artemenko, 1933). It is recorded from Transcaucasia up to about
43” N. In Asia its distribution to the north is largely restricted by the Himalayan and
other mountain chains. Records north of the great chains in the central regions of Asia
are entirely wanting. Its occurrence in Japan is rather vaguely given by Yamada in his
revision of the mosquitoes of Japan as limited by the frost line. The main island of Japan
lies roughly between the January isotherms of 30” F. and 40” F. so that the limit might
well be shown by the record for Tokyo. In the northern Pacific A. aegypti has recently
been recorded as newly introduced in Wake Island and it is recorded as present in some of
the islands of the Hawaii group.

THE SOUTHERN

LIMITS

Records for the southern limits are given in Table 2. In general the distribution does not
extend to latitudes as high as those recorded for the northern hemisphere. For South
America on the west there are relatively few records, the most southerly being for Peru.
There appear to be no records for Chili. On the east Brumpt’s map is shaded for some
distance south of Buenos Ayres, possibly to cover a record for Bahia Blanca. In the south
Atlantic there are the islands of Trinidad, 20” 30’ S., Ascension, 8” S., St Helena, 14” 30’ S.,
Tristan da Cunha, 37” S., and Gough Island, 40” 19’ S., all of which are at latitudes
compatible with the possible presence of the species. I have not, however, been able to
find any records.
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In the south of the African continent Edwards (1941) showsA. aegypti as recorded from
every region except Cape Province, South West Territory and Bechuanaland, but in his
text he notes that specimens are in the British Museum from Grahamstown and Port
St John. More recently a number of records as given by De Meillon are noted by Mattingly
(1952) for South-west Africa (Tsumeb, 19” 15’ S., Windhoek, 22” 35’ S., Franzfontein,
20” 10’ S., Okimbahe, 21” 25’ S., Karabib, 21” 52’ S., and in the interior to the east in
Bechuanaland, Upington and Kimberley). Still more recently Muspratt (1956) has given
detailed records with a map for southern Africa showing numerous records along the east
coast as far as Grahamstown. Inland are many records for the Transvaal, but only a few
south of this and none at all either coastal or inland in the western half of Cape Province
where the specieswould appear not to occur. On the west the most southerly records are
those in South-west Africa referred to above, all north of 23” S.
Table 2. Recordedsouthernlimits of distribution.*
South America
1 Southern Peru (23), 15” S.
2 Monte Video (20), 34” 30’ S.
3 Buenos Aires (13, 42), 34” 30’ S.

Australia
12 Fremantle (61), 32” S.
13 New South Wales (19, 31, 33, 64), 32” S.

Africa
4
5
6
7

South Pacific Islands
14 New Caledonia (14, 32, 52, 55), 21” S.
15 New Hebrides (14, 52, 53), 17” S.
16 Fiji (14, 32, 43), 17” S.
17 Samoa (14, 15, 32), 14”S.
18 Cook Islands (14, 21, 46), 20” S.
19 Pitcaim Island (14, 42), 25” S.

South-westAfrica (22,49), 22” 30’ S.
Grahamstown (25), 33” 20’ S.
Port St John (25), 31” 30’ S.
Kimberley (49), 29” S.

Indian Ocean
8 Madagascar (25), 20” S.
9 Comoro Islands (45), 11” 30’ S.
10 Seychelles(38), 4” S.
11 Mauritius (42), 20” 30’ S.

* The figuresin bracketsrefer to authors as given in the list of referenceson PP. 50-52. The numbers preceding
the name are those entered on the map.

In the Indian Ocean there are records for the Comoro Islands and Madagascar, the
Seychelles, Mauritius, the Maldive Islands and the Netherland Indies. I have not found
records for the Chagos Islands, Cocoa Islands or Christmas Island, though such may have
been given in recent literature to which in some casesaccessis difficult. In Australia the
specieshas been recorded both on the east and the west almost to the extreme southern
limits of the continent. It does not appear to have been recorded from Tasmania. In the
South Pacific are records for some of the islands in a number of the larger groups.* There
is a record for Pitcairn Island, 25” S. A. aegypti does not appear to occur in New Zealand
as it has not been found in North Auckland after special search (Miller, 1920).
TEMPERATURE

IN RELATION

TO LIMITS

OF DISTRIBUTION

In the main the northern and southern limits of distribution appear to be related to
temperature. The relation, however, is not altogether a simple one. In America the northern
limit corresponds fairly well to a January isotherm of 35” F. and a July isotherm of 75” F.
In Europe, except in the west, it corresponds to a January isotherm of 40” F. and a July
isotherm of 75” F. Such a winter isotherm would, however, include parts of Great Britain
* SeeBackhouseand Heydon (1950); Bohart and Ingram (1946); Famer et al. (1946), who give maps illustrating
the distribution of mosquitoes of medical importance in this area.
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and Ireland which are well north of the limit and where only one doubtful record of the
specieshas ever been made. For China the figures are 50” F. and 80” F., and for Australia
for July and January respectively (the winter and summer periods being reversed) 50” F.
and 70” F. In degreescentigrade the above data are as follows:

N. America
Europe
China
Mean

oc.

oc.

oc.

oc.

January
l-8
4-4
10.0
5.4

July
23-9
23.9
26.7
24.8

January
15.6
15-6
10.0
13.7

July
26-7
26.7
21.1
24.8

S. America
Africa
Australia
Mean

Experimental data in the laboratory as given in a later chapter point to a temperature
of about 10” C. as that just lethal to the adult and larva. A time of reduction in winter to
this temperature would on such a basis presumably limit establishment of the speciesin
so far as it would be lethal to both adult and larva, even if, as Cossio (1931) notes for
Uruguay, the specieswere dependent on passingthe winter months in the larval stage. The
egg, however, has been shown to be much more resistant to low temperature and several
authors have described the speciesas over-wintering in the egg stage. Ferguson (1928)
notes that the speciesin the southern parts of Queensland and in New South Wales breeds
only during the warmer months and passesthe winter in the egg. Roukhadze (1926) similarly
saysin regard to Georgia (Transcaucasus)that the speciesoviposits in the autumn and that
the winter is passedin the egg stage.
It would not appear, however, that resistanceof the egg to cold can be a very important
asset to the speciesin greatly extending its area of distribution. For if the temperature is
not sufficiently high for a sufficient length of time in the summer to allow for at least one
brood laying eggsthe specieswould still not be established. Korovitzkyi and Artemenko
(1933) speaking of the summer on the Black Sea coast note that, at the temperature prevailing, eighteen days elapse between pairing and oviposition and that most females die
before their eggsmature. Rozeboom (1941) speaking of the over-wintering of A. aegypti
in Oklahoma considers that there are, towards the limit of distribution, three zones,
namely (1) a zone in which the temperature allows continuous breeding, (2) a border-line
zone where the specieshibernates as the egg, and (3) a temporary summer zone in which
the speciesbreeds and spreadsin the warm weather but dies out. Viosca (1924) notes that
in New Orleans no adults were found between January and April inclusive.
Whether restriction of the speciesis due to a low winter temperature or to insufficiently
high and long summer temperature is therefore uncertain. It would appear rather more
probable that it was insufficient summer temperature that was mainly responsible.That the
limit should appear to be related to a critical low winter temperature would largely follow
since the two temperatures are clearly to a considerable extent correlated, a certain degree
of low winter temperature being probably accompanied by a corresponding low and short
summer temperature.
THE

EFFECT

OF ALTITUDE

An important factor influencing the prevalence of the speciesin particular localities and
even in the major features of the world distribution is altitude. Altitude is clearly responsible for the southerly position of the northern limit in South Asia, there being no records
for the speciesnorth of the line of the Himalayas and country to the east of this, though
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extensive tracts lie well within the latitude of 40”. The highest altitude recorded would
appear to be that of Mara (1946), for presenceof the specieson the summit of Mt Bizen,
Eritrea, at an altitude of 7800 feet. Garnham, Harper and Highton (1946) also found the
speciesin the Kaimosi Forest, Kenya, at 6500 feet altitude. Both these records probably
relate to the wild form, though very similar altitudes could probably be found for the
normal human associated form, for example Dalhousie, given as a record by Barraud, is
over 7000 feet. In general, however, an elevation of 6000-8000 feet is likely to limit
distribution of the species,or even lower levels in temperate latitudes. On Mt Bizen the
temperature is recorded as ranging from 15.3” C. to 19.7” C., the lower limit being not very
far from the temperature limiting the speciesby latitude. Much may depend upon the
situation not only as regards latitude, but also upon the physical features of an area. Thus
much of the Transvaal, where Muspratt (1956) gives many altitudes in his records of over
3000 feet and one of 5900 feet (Johannesburg), though elevated, is a plateau with corresponding high January temperatures, whilst in steep mountainous country not only
climatic conditions but those associatedwith man may be more hostile.
.
SOME

OTHER

FACTORS

AFFECTING

DISTRIBUTION

Whilst the extreme limits of distribution of the specieshave been indicated, it by no means
follows that the species is necessarily present everywhere within such limits, and other
conditions than temperature may decide its presence. Thus it is absent or rare in many
desert areas. Lewis (1947) notes that A. aegypti is rare in the desert-like country north of
Khartoum where it is scarcely ever found despite careful search. Baque and Kieffer (1923)
refer to its scarcity in the Sahara; and the absenceof records over extensive tracts of desert
country in the western regions of America already alluded to, as also in the Kalahari
Desert in Southern Africa, are noticeable features in its distribution. There are extensive
areas of forest where the speciesdoes not occur. Aragao (1935), speaking of jungle yellow
fever in Brazil, states that A. aegypti is not found in the forest unless brought by the
inhabitants from the towns, and other authors refer to general acceptance that in the great
forests of America the speciesis not found unlessintroduced. In Africa south of the Sahara
the speciesis recorded from primeval forest, but it appears that here it is not the usual
form, but the s.sp.formosus that is encountered.
On the other hand are conditions favouring the species.Thus, marked features in its
distribution are its relative abundance in moist warm climates, its close association with
coastal conditions and its special prevalence in towns and especially the great sea ports.
Its prevalence in moist warm climates is in keeping with experience in the laboratory,
a high humidity being especially favourable to the life and activity of the adult, besides
providing in the form of rainfall abundant facilities for breeding. In the last respect,
however, a dry climate and domestic habits that lead to storage of water may also be
favourable. High humidity is obviously a factor favouring coastal distribution, and in the
conditions formerly largely present in shipsand dhows is a further factor that has favoured
dispersion. Chandler (1945) notes that when ships offered good breeding places, as they
did in the past, A. aegypti was found establishedat places like Philadelphia, New York and
Boston at present beyond the speciesarea of distribution.
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Whilst the influences mentioned have in various degrees played their part in modifying
distribution and prevalence within the limits imposed by temperature, the one all-important
cause of the present extended distribution of the speciesis very clearly its spread by man.
As a corollary, where man has not introduced the speciesit may often be absent though
conditions are favourable. Such areas may cover considerable tracts or may be quite
small. The speciesis common in Ceylon, but Senior White (1920) in his mosquito survey of
a rubber estate in the less frequented eastern part of the island found A. aegypti entirely
absent, though altitude and temperature conditions were not unfavourable. In an AL;des
survey of Hog Island, a low-lying island within sight of the city of Bombay, but private and
secluded and largely covered with dense forest, Afridi (1939) found A. aegypti absent,
though other speciesof Acdes were abundant.
In the Pacific the part played by man in spreading the speciesis particularly evident.
Buxton and Hopkins (1927), referring to Samoa, note that the speciesis abundant in Apia,
a good harbour with a considerable European community, but has never been found far
from housesof Europeans and has failed to colonise the forests in spite of suitable breeding
places. It has been recorded from the Society Islands, Tonga, Hawaii and other island
groups, but usually only in the more frequented islands in such groups. Recently many
interesting instanceshave been recorded of occurrence of the speciesonly after Japanese
occupation during the last war. Thus Perry (1949) notes that in Treasury Island (British
Solomons) A. aegypti had not been known up to 1945, but was present at the time of
his investigation. Rosen, Reeves and Aarons (1948) record the presence of the species
in Wake Island in 1947, after Japanese occupation, though it had not been present up to
1941.
The species would appear also to have become more diffused recently throughout
Malaya. Macdonald (1956), as a result of a recent survey, notes that the original largely
coastal distribution of the specieshas been rapidly vanishing and that, though there are
still some rural areas, especially inland, where A. aegypti is absent, the speciesis now widely
spread throughout the country.

THE

ORIGINAL

HOME

OF

THE

SPECIES

It has been suggestedthat the original home of A. aegypti was the New World. Dyar
(1928), however, notes that there are no nearly related speciesin the American continent,
but many suchin the Old World, especiallyin Africa, and he consideredthat it was probably
the African continent from which the speciesoriginated. Recent findings have strengthened
this view. Not only have numerous speciesof the same subgenusbeen recorded from the
Ethiopian Region (some thirty-seven as against thirty from the Oriental Region, the next
richest in number, with but few elsewhere), but there are in this region some very closely
related forms. Furthermore, the specieshas been found in Africa breeding in forest areas
independent of man, a very unusual feature elsewhere. If the speciesoriginally spread from
Africa there might well be the general picture of the present distribution.
This would seem to be an appropriate place to refer to the origin of the distribution of
A. aegypti in the New World, about which, beyond giving its limits, nothing has so far
been said. That A. aegypti had a wide distribution in the Americas was evident from the
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large amount of work carried out in the early part of the century in the control and elimination of the speciesas the vector of urban yellow fever. Thus its presencethroughout the
southern United States, Central America, the West Indies and parts of Brazil was sufficient
at one time, as we have seen,to suggestthat this was its original home. Yet it seemsunlikely
that the species could have been introduced before the discovery of America and it is
remarkable that so extensive a spread could have taken place in what must have been
relatively late historical times. Yet the reasons for thinking so are very strong. It is
possible that, once introduced, such active dissemination may have been partly at least the
result of a relatively high level of civilisation with corresponding trade and other activities.
There might here be a certain irony in such a cause for the speciesin the fact that this
carried with it its own Nemesis. For in no part of the world have there been such active
measures carried out against the species. So much so that this has led to its elimination
from much of the areas once occupied.* Referring to the present distribution of A. aegypti
in America Sever0 (1956) gives a map showing areas from which the specieshas now been
eradicated and where it is still present. A striking feature of the map are the narrow strips
of coastal distribution in Central America and some other parts where the speciesis still
present. Absence of the speciesfrom the vast tracts of forest in Brazil is in remarkable
contrast to the condition in Ethiopian Africa.?

DISTRIBUTION

OF DIFFERENT

FORMS

OF THE

SPECIES

A good deal is now known of the distribution of the forms of the species as already
described. But more information is very desirable, especially with precise identification of
these forms as encountered in different areas and conditions. Briefly the distribution as at
present shown by records is as follows:
For the type form the distribution is as has been given above for the speciesas a whole,
except that in Africa south of the Sahara the only form present in the interior, except in
some special areas, is considered by Mattingly (in lit.) to be the subspeciesformosus.
Otherwise it is the type form, associated to a varying degree with the pale form, var.
queenslandensis, that represents the speciesthroughout the distributional area. The type
form appears to be the dominant form in the Indo-Malayan region and in the Pacific,
though some examples of pale forms have been recorded as given below when dealing
with this form. In the Mediterranean and on the East African coast the type form occurs
with a considerable number of records for the pale form. The type form is also recorded
from the west coast of Africa where in some areas it may show marked variation and
presenceof pale forms as in the speciesstudied at Lagos by Summers Connal. In southern
Africa it is noted by Muspratt (1956) as present to the limits already given for the species,
neither var. queenslandensis nor the dark form var. atritarsis Edw. being known except
from Durban and Zululand where the pale form has been recorded by Mattingly (1953).
In Australia the type form appears to be the usual form (A. bancrofti of Skuse) with var.
queenszandensis present in certain localities in Queensland. In America the speciesexists
as a mixture of type form and var. queenslandensis, the latter being apparently very abun* See Soper, Wilson, Lima and Antunes (1943) on measuresundertaken in Brazil, and many other authors in
the literature. See also under ‘control’ in chapter IV, section (b).
t A map of North and South America showing the distribution in relation to control measuresis also given in
the Annual Report of the Director PanAmerican Sanitary Bureau, WHO for 1956 (see in references under
Soper, 1956).
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dant in the New World, especially in the southern United States and the West Indies
(Mattingly, in lit.).
Besidesthe original locality in south Queensland, var. queenslandensis
has been recorded
from many localities on the east coast of Africa and neighbouring countries. Mattingly
(1953, p. 60) gives the following list of countries in this area from which the form has been
recorded : the Sudan, Abyssinia, Eritrea, British Somaliland, Kenya, Tanganyika,
Zanzibar, Zululand, Natal. The same author records this form from the Seychelles,
Mauritius, the Aldebara Islands. It has also been recorded from Egypt (see section (a)).
Lewis (1953) marks a limited coastal area in the Sudan, inland to which the speciesis
darker. In Arabia it has been recorded from localities in the Eastern Aden Protectorate
and in Yemen, Aden, Kedda, Bahrein Island in the Persian Gulf (Mattingly and Knight,
1956). Mattingly (1953) also records the form from Kameran Island, Amd and Tarim,
the last-mentioned locality being in the region of the south Arabian desert about 200 miles
inland.
Var. queenslandensisis apparently rare in the Indo-Malayan region, but has been
recorded from Bangalore, South India (Barraud, 1934); from Java (Brug); and from
Singapore (Stanton). It is a recognised Mediterranean form and is recorded from Algeria
(Edwards, 1911) ; and from Malaga, Spain (Dyar and Knab, 1910). It is recorded from the
West Coast of Africa: Lagos (Summers-Connal, 1927) ; Principe Island (Gulf of Guinea),
Lokoja and Degemma (Mattingly, 1953); and from Bonny (Theobald, 1910). It is stated
by Muspratt (1956) not to be known from southern Africa except from Durban and
Zululand. It is apparently very abundant in the New World as already noted.
The area of distribution of s.sp.formosusis given by Mattingly as confined to Africa
south of the Sahara. It has been recorded from the forest or bush apart from man and
breeding in natural breeding places from Kenya (Garnham, Harper and Highton, 1946;
Van Someren, Teesdale and Furlong, 1955) and from Uganda (Haddow, 1945; Haddow,
Gillett and Highton, 1946; Haddow and Mahaffy, 1956). Muspratt (1956) records
A. aegypti as occurring in the Transvaal away from man in the bush and as commonly
breeding in tree-holes, but does not specify any particular form. A. aegypti appears to
be unrecorded as a wild or forest form in the New World.

(e) PALAEONTOLOGICAL

RECORD

Though A. aegypti has not been recorded among fossil mosquitoes it may be of interest,
as possibly throwing some light on the past history of this species,to note what has been
recorded regarding fossil Culicidae. A study of what is known of these forms has been
given by Edwards (1923). Short accountsare also given by Martini (1929) and by Marshall
(1938). One of the most productive sourcesof fossils of Nematocera including mosquitoes
is the famous ‘ insect bed’ of Oligocene age at Gurnet Bay, Isle of Wight, from which a
large number of the specimensin the British Museum have been obtained.
True Culicidae are known from the Eocene, one possibly a Culex. Among genera
recognised by Edwards from the Oligocene are: Agdes, Culex, Taeniorrhynchus;possibly
Theobaldia, Chaoborusand Dixa. Commenting on his studies Edwards states that probably all the main divisions of the Culicinae existed in Mid-Tertiary times as they do today
with almost identical characters.
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The following are fossil speciesrecorded as mosquitoes in the literature with remarks
by Edwards as to their probable nature:
JURASSIC(Pm-beck of Dorset or Wiltshire). No certain Culicidae have been recorded. C&x
fossilis Brody, 1845, is certainly a Tipulid. Rhyphus priscus Brody, 1845, is probably not a
Rhyphus and may be a Culicid.
EOCENE(Green River, U.S.)
Culex damnatorum Scudder, 1890. A true Culicid and may be a Culex.
Culex winchesteri Cockerell, 1920. Possibly a Culex.
CuZexproavitus Scudder, 1890. A Phlebotomus or other small Psychodid.
LOWER OLIGOCENE(Baltic amber)
Mochlonyx sepultus Meunier, 1902. Correctly given as Mochlonyx.
Corethra ciliata Meunier, 1904. A true Chaoborus.
Dixa succinia Meunier, 1906. Differs only in small details from recent species.
MIDDLE OLIGOCENE(Gurnet Bay, Isle of Wight)
Aedes protolepis Cockerell. Forty specimens in the British Museum.
Aedes petrifactellus Cockerell. Male of the above.
Agdes sp. Cockerell.
CuZexprotorhinus Cockerell. Doubtful if a Culex. Might be Theobaldia.
CuZex vectensisEdwards, 1923. Probably CuZex in the modern sense.
Taeniorrhynchus cockerelli Edwards, 1923. Taeniorrhynchus.
UPPER OLIGOCENE(Aix-en-Provence)
Culicites depereti Meunier, 1916. Typical culicine mosquito.
Culicites tertiarius Heyden, 1862. A Chaoborus (Corethra).
CuZex ceyx Heyden, 1870. Possibly an Aedes.
Corethra sp. Hope, 1847. (From West Germany.)
Eriopterites tertiaria Meunier, 1916. A species of Dixa.
MIOCENE. No culicines recorded.
QUARTERNARY
CuZex ciliaris Linn. Bloch. 1776. No locality given.
CuZexJEavusGistl, 1931. Brazil.
CuZex ZoewiiGiebel, 1856. No locality given.

That mosquitoes have retained generic characters since Oligocene times would seem to
make any attempt to trace the history of our specieswith the data available purely a matter
of conjecture. The only hope would seem to lie in tracing the history of a fauna to which it
appeared to belong. If in truth the original home of the specieswas the Ethiopian Region,
then assuming that A. aegypti or its predecessor speciesoriginated as a member of the
Pliocene fauna of which the Ethiopian fauna is the modern representative it might be
possible that long before man travelled about the earth this specieswas present in Europe
and South-west Asia as part of the Pliocene fauna. This originally extended over Europe
and parts of Asia, but eventually became the present-day more restricted fauna of the
Ethiopian Region, though relics may have been left in some areas.
For a general account of fossil insects see Handlirsh (1908). For an account of tertiary
land and fauna1 changessee Suess(1924) ; also Zittel (1925) ; Reinig (1937) ; Zeuner (1945,
1946). For information on zoogeographical realms see Beddard (1895) ; Lydekker (1896) ;
Heilprin (1907); Newbigin (1913); Lindtrop (1929); De Beauford (1951). Some observations relating to the distributional history of subfamily Anophelini are given by the
present author (Christophers, 1920, 1921, 1933), and some remarks on the evolution of
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mosquitoes in relation to mammals are given by Ross (1951). A discussionon problems
of distribution of plants and animals in Africa by a number of authors including a paper
relating to mosquitoes by Mattingly is here given in the referencesunder the name of Milne
Redhead et al. (1954).
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(a) LIFE

HISTORY

The bionomics of A&!es aegypti will be studied in later chapters in detail in relation to the
different stagesof development. It seemsdesirable, however, at this stageto say something
regarding its life cycle as a whole and on the conditions relative to this in nature.
From the egg, hatching or eclosion gives rise to the first instar larva. This is followed by
three successivemoults or ecdyses,leading to the respective stages of second, third and
fourth instar larva. A fourth ecdysis, or pupation, gives rise to the pupa, and a final casting
of the pupal skin, emergence, resultsin the appearance of the imago, in mosquitoescommonly
spoken of as the adult, male or female. To complete the life cycle there is pairing of the
sexes,copulation, leading to fertilisation of the female, followed in due course, if a sufficient
blood meal has been obtained, by oviposition.
Continued propagation of the speciesis dependent upon: (1) the obtaining of a blood
meal by the female, without which eggsare not formed; (2) the presence of water suitable
for larval life; (3) a temperature that will permit the speciesto exhibit the activities necessary
to propagate. For the adult, the degree of activity and duration of life is largely dependent
on a suitable humidity, as well as upon shelter and, to judge from experience in the laboratory, upon accessto water to drink, for the speciessoon dies in captivity, even in a relatively moist atmosphere, if it is unable to drink. For the larva there must exist breeding
places where the larva can obtain food under conditions for which it is adapted, that is,
neither very foul water, in which the speciesis rarely found, nor open natural water, for
which some mosquitoes are adapted, * but not A. aegypti. The larva must also find safety
from natural enemies to which, with its soft and conspicuousbody, it has been shown to
be very susceptible, so much so that as noted later a measure in its control has been
the use of small larvivorous fish and other enemies including a voracious species of
cannibal mosquito larva.
Conditions favourable in all these respectsare normally found in the neighbourhood of
man and especially in man’s domestic arrangements. Only in the forest form as described
in a previous chapter is the speciesusually found living apart from such conditions. And
whilst Anopheles is very commonly the form found associated with man in his most
primitive state living near jungle and swamp, ACdes aegypti is seen as a rule in greatest
profusion in the dwellings of man at a higher level of civilisation and very conspicuously
of man as a town dweller. Here, with the domestic water pot, the cistern, the anti-formica,
the flower vase and shaded rooms with cupboards and hanging equipment and with man
to feed upon, AEdes aegypti as usually encountered finds a very suitable locus. Also at the
dock side and water front of teeming harbours in moist and rainy tropical climates, with
miscellaneous collections of water in machinery, country boats and even in the old days
* Such mosquitoescommonly have an especiallylarge pharynx with correspondinglarge head. See chapter XIII,
P. 289.
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in ships, whereby it is spread to other ports and harbours, the speciesobtains conditions
optimal for its proliferation. It does not find conditions so suitable where communities
are well housed with permanent water supply and good drainage system and tidier house
habits.
Spread of the speciesis ensured by a variety of means: by transport of the adult, or of
the larva, or by a method that is not often considered, but may well happen, the transport
of eggs characteristically cemented as described later on the sides of pots or other
receptacles.
Establishment of the speciesin a new area would not seem to need any very special
requirements other than introduction. But some efforts to introduce the speciesexperimentally in Malaya described by Macdonald (1956) were not so successfulas expected,
and it is possiblethat under such conditions dispersion by too great diffusion of individuals
may be an adverse influence.
Of climatic conditions it is unlikely that any natural climate would through high
temperature alone limit existence of the species. Creac’h (1947) records the speciesin the
Lake Chad area where the temperature from March to May regularly exceeds 40” C. In
the hot dry seasonin the Punjab and Rajputana the air temperature for many hours in the
day may be 115” F. (46” C.), but the speciesis not eliminated. Combined, as it usually is
with aridity, such a climate is not favourable, as are moist humid conditions, but within
dwellings the speciesby choice of resting-place for the adult may escape the full effect,
for example, by its common habit of resting on porous water chatties or damp places. The
larva, too, living in receptacles(often porous) is not exposed to the full temperature effect.
Low temperature may, however, severely limit the activity and even existence of the
speciesas has been shown in regard to its geographical distribution. The actual limiting
temperature for activity of the adult appears to be round about 15” C. Charrier (1924), in
Morocco, notes that at 18” C. man is freely attacked and mating observed morning and
evening. But when the mean daily temperature is about 1l-12” C. the speciesdisappears.
Cossio (1931) records the speciesbiting at 15” C. at Monte Video. Creac’h, in the Lake
Chad area, found numerous adults in the huts when the temperature was 15” C. But
again, whilst temperature in the open may be low, conditions in buildings may afford
protection. Adrien (1918) notes that in Syria the speciesstill breeds in cold weather in
cisterns indoors, attacking especially at night.
It seemsdoubtful if either the adult or the larva undergoes true hibernation such as is
exhibited by adults of Culex pipiens or larvae of Anophelesplumbeus. Over-wintering
through the egg has been described and was discussedwhen dealing with the geographical
distribution. Korovitzkii and Artemenko (1933) note that eggswere viable for six months
in a room with a temperature sometimesas low as 16” C., but none survived the winter in
the open with temperatures between - 4.5 and 17.2” C. Effects of temperature as studied
experimentally in the laboratory will be described in due course later.
One important effect of temperature indirectly affecting the species adversely is the
slowing up of development to such a degree that time is not given in the warm seasonfor
completion of the life cycle, so that the speciesis prevented from permanently establishing
itself. Normally in the tropics the period from hatching to emergence is a week or so.
Marchoux, Salimbeni and Simond (1903), speaking of Cuba, say that at 26-27” C. night
temperature and 28-3 1OC. day temperature the period from hatching to adult took nine
days at the earliest, but for the most part ten days. In the French Sudan Boulford (1908)
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for the same period of development gives twelve to fifteen days in the rains and eighteen to
twenty in the cold season. If three days be added for maturation of the eggsand three for
time of emergence to the first blood meal and three for hatching time from oviposition,
this gives a rough life cycle time of about sixteen to thirty days. In contrast to this are
the observations of Gutzevich (1931) on AL;desaegypti in nature on the south Black Sea
coast (temperature from May to October 21” C. average). The specieshere undergoes in
the summer only three or four generations, the author giving forty to forty-five days for
the life cycle. Korovitzkii and Artemenko record for Jugoslavia between May and the end
of August (107 days) three generations out of doors and four in buildings, or about thirtyfive days for the cycle out of doors. Further lengthening of the period it is evident might
prevent the completion of even one life cycle. Aragao (1939), for a plateau region in Brazil,
records that eggs take twenty days to hatch and oviposition sixteen to twenty days from
time of the first blood meal, giving a life cycle period of thirty-nine to forty-three days or
about the same length as at the limit of the specieson the Black Sea coast.
Starvation by prolonging the period of larval development may in some caseshelp to
tide the species over periods of adversity, all the more so since the larva of A. aegypti
displays, as will be describedlater, a rather remarkable resistanceto starvation, continuing
to exist and drawing on its food reserves for considerable periods in almost clean water.
Nevertheless, undue prolongation of life from such a cause carries its own danger, for the
result is apt to give rise to adults too small and weak to propagate the species.The effect of
starvation on size raises the question of the normal size of the speciesin nature. In the
laboratory considerable variation in size occurs when the speciesis bred artificially unless
conditions are optimal. In nature in the author’s experience the speciesis usually of about
the size as cultured under fairly good conditions in the laboratory. Any larger size than
well-bred specimensin the laboratory is unusual. Mathis (1938) notes that in the warm rainy
seasonsize and fertility in nature equal, but are not greater than, those in the laboratory.
In nature A. aegypti, in marked contrast to other house-frequenting species,is usually
most active by day, the reason why in many tropical countries it is so annoying a pest.
That it is active by day and lessso, if noticeable at all, by night is such common experience
that it is commonly described as the day-biting mosquito. Nevertheless, a number of
authors have described the speciesas biting by night and the question how far it is active
by night has been a matter of some controversy. It is also important where yellow fever
occurs, since night activity may be necessary to consider in prevention. Marchoux,
Salimbeni and Simond (1903), in contrast to usual ideas at the time, stated that the female
is at first diurnal in biting, but later attacks by night, and Aragao notes that whilst the
primiparous female attacks in the day, nocturnal feeding supervenesin females that have
laid one batch of eggs. In the laboratory adults that have escaped behave with all the
characteristic behaviour shown in the tropics as day-feeding mosquitoes. In the experimental cage, however, they feed apparently much the same, whether by day or night. The
point has received additional importance recently since many records have been given of
A. aegypti being captured feeding at night in dark native huts in Africa. Various points in
connection with feeding will be considered later. Meantime, the apparently conflicting
evidence as to the feeding habits of the speciesis probably due to the fact that feeding is not
the result of a simple taxis, but involves more than one form of stimulus. Thus in a cage it
is warmth of the attractive object that is mainly responsible. But, as described in a later
chapter, localisation of a victim at a distance is largely through visual stimuli of a dark,
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moving object. It is a commonly held belief that mosquitoes find their prey through the
sense of smell and evidence regarding this is considered later. It would seem, however,
that with A. aegypti such a method of locating their victim is at most secondary to other
stimuli. Behaviour is by no means necessarilythe same, however, in all mosquitoes and in
many respectsA. aegyptidiffers markedly from someother forms that have been investigated.
A final word may be said regarding length of life in nature. What this may be is very
uncertain. In captivity, as shown later, females of the speciesmay be kept alive for a year
or more. In nature it is more likely to be a matter of two or three ovipositions, but methods
of determining the age of mosquitoes caught in nature are as yet incapable of eliciting more
than a very limited amount of information.
(b) BREEDING

PLACES

In describing the breeding places of A. aegypti it will be most convenient to describe first
the type of breeding place which the speciesalmost invariably adopts as it is ordinarily
encountered in association with man and where natural breeding places play a quite
subsidiary part, and to follow this by some reference to occurrence of the speciesrecently
described as a wild form remote from man in forest or other uninhabited wild areas.
As seen in association with man the breeding places of A. aegypti are almost entirely
confined to artificial collections of water: small artificial collections of water (Boyce, 1910);
water receptacles of all kinds (Barraud, 1934); artificial containers or things resembling
these (Carter, 1924); any receptacle holding fresh water (Hamlyn-Harris, 1927); 925 per
cent of domestic receptacles at Lagos examined by Graham in 1911; 84.4 per cent of
those collected by Macfie and Ingram (19 16) in Accra. See also Soper, Wilson, Lima and
Antunes (1943) on breeding places as encountered during the campaign against A. aegypti
in Brazil.
Such breeding places may be in the dwelling itself, for example the earthenware pots
(chatties) or calabashesalmost universal in native huts for storing water; anti-formicas,
flower vases,neglected cups or jugs or other household collections of water in better-class
houses. Or another type of breeding place about the house arisesfrom defects or neglected
features of the building itself, for example uncovered cisterns (Connor, 1922; Rigollot,
1927), roof gutters (Jones, 1925), cracks in the masonry, traps of drains, or flush tanks
or pans of water-closets when temporarily out of use.
Or, especially during rainy periods, breeding places may be receptaclesof various kinds
about the vicinity of habitations, for example barrels for rain-water, rain-filled empty
cans or food tins, flower pots, broken bottles or the hollows of upturned bottles used for
decorative purposes, garden tanks or dumps (Thomas, 1910; Horne, 1913 ; Mhaskar,
1913). In towns breeding may occur in stagnant ornamental fountains, horse troughs, etc.
Especially prolific in breeding places are engineering and other dumps, due to rain-water
collecting in hollows in iron girders, disused boilers, iron drums, motor-car parts, etc.
The speciesis pre-eminently associated with shipping and harbours. Here it breeds in
water-holding pockets in cranes, in bilge water in boats, unsealed pontoons and in drain
traps. In ships, especially those long in tropical waters, larvae used frequently to be found
in the containers for wash basinsin cabins and in various places in the hold and elsewhere
(Lutz and Machado, 1915; Chabrillat, 1934). Breeding is particularly common in stored
water in barrels or tanks on country boats, dhows, etc. (Bana, 1936; Lewis, 1947). Water
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left in unused canoes and boats may give rise to heavy breeding (Dutton, 1903; Macfie
and Ingram, 1916).
Wells have been recorded as breeding places: in Bombay (Liston and Akula, 1913);
51 per cent of the wells in Lagos (Dalziel, 1920); the only breeding places in the Sahara
(Baque and Kieffer, 1923). Where habitations in areas of heavy rainfall are closely surrounded by vegetation the speciesmay breed in water collected in leaf axils in such situations as Colocasia leaves (Carter, 1924; Haddow, 1948); in pineapple leaves or in the axils
of banana leaves (Teesdale, 1941; Haddow, 1948). It is recorded breeding in stumps of
recently felled trees (Garnham, Harper and Highton, 1946); in bamboo stumps (Clare,
1916; Shannon, 1931); in slots cut in coconut trees. Haworth (1922) at Dar-es-Salaam
recorded breeding in leaf axils at the top of coconut trees, but after careful search in the
same locality Lester (1927) failed to find breeding in such a situation and thought it
probable there had been some mistake. The specieshas been found breeding at certain
water levels in crab-holes: at Lagos (Dalziel, 1920); at Dakar (Riqueau, 1929); at Togo
(Cheneveau, 1934). On Banana Island at the mouth of the Congo Wanson (1935) found only
resting adults of A&&s aegypti, though some other specieswere breeding. Tree-holes may
be an important source of breeding for the speciesin some areas. Dalziel records 28 per
cent of tree-holes at Lagos as showing larvae, and Allan (1935) in Sierra Leone found
749 out of 1289 samples from tree-holes positive. However, Barraud states that in India
it is unusual to find larvae of the speciesin tree-holes.
A noticeable feature is that the speciesis rarely found breeding in pools or collections
of water on the ground such as borrow-pits or earth drains in which all the edges are of
earth or mud. Absence of breeding in such situations is ascribed by Gordon (1922) to
the vulnerability of larvae to natural enemies. Also such waters are clearly not very
attractive to the species,which prefers conditions where it can lay its eggsin some sheltered
or confined situation and especially where these can be laid at the edge of the water
cemented on some solid surface (see chapter XXII under oviposition). Breeding in rock
pools, however, is a feature of the wild form as noted later.
The above records relate mainly to the speciesas it occurs in association with man,
natural breeding places being utilised only when close to or at a moderate distance from habitations. In the case of the wild form breeding in forests and other uninhabited areas
in Africa the breeding places described are chiefly tree-holes, rock pools, water courses
with leaves or in receptacles placed as traps (Dunn, 1927; Haddow, 1945, 1948; Haddow
et al. 1951). Tree-holes, however, are not necessarily the most frequent form of breeding
place in such circumstances. Garnham, Harper and Highton (1946), in the Kaimosi
Forest, Kenya (5500 feet altitude), give the following numbers for the different breeding
places in which the wild form was found: tree-holes 2, rock pools in the shade 5, rock pools
in sunlight 8, tree stumps 11, pools in river bed 34. Bamboo pots were negative. In the
use of traps Haddow gives a warning that observations may be vitiated, unless care be
taken, by eggs being present in the pots when set out.
The water of breeding places is most commonly clean or with a moderate amount of
organic matter present: clean (Ingram, 1919) ; not very dirty (Howlett, 1913) ; dirty and
clean water equally (Graham, 1911); all but very foul water (Stephanides, 1937) ; never
found in cess-pits (Mhaskar, 1913) ; or in water polluted with urine or faeces (James,
Da Silva and Arndt, 1914). The larvae can exist in water with a very poor food supply
(Aders, 1917), but very frequently, though the water is clean, there are fragments of food
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or other organic debris at the bottom. The pH of the water within wide limits is unimportant (MacGregor, 1921; Rudolfs and Lackey, 1929). Though the speciesmay be
found in brackish water (Darling, 1910; Drake-Brockman, 1913), sea water in any concentration over 50 per cent (1.6 per cent salt) is lethal (Macfie, 1922). Much information on
breeding in saline waters is given by Balfour (1921). Cossio (193 1) notes that in Uruguay
larvae are found especially in water of alkaline reaction.

(c) NATURAL

ENEMIES

A very full account of natural enemies of mosquitoes recorded up to date of that publication has been given in the first volume of Howard, Dyar and Knab (1912). * Though a
great many natural enemies of mosquitoes have been recorded in the literature not many
of these relate to A?desaegypti, since breeding in this case is to a large extent restricted to
domestic utensils or other situations that are relatively free from predaceous forms, whilst
the adult is largely protected by its indoor habits. It may be useful, however, to give an
account of natural enemies of mosquitoes in general and when doing so note such as have
actually been recorded attacking A. aegypti under experimental conditions or in nature.
It will be convenient to consider natural enemies as divided into those active against the
aquatic stages(larva and pupa), those destroying the adult mosquito and those attacking
the egg.
NATURAL

ENEMIES

OF THE

AQUATIC

STAGES

Plants and lower forms of animal life. Among forms destructive to larvae are certain aquatic
carnivorous plants, notably the bladder-worts (Utricularia) which have small trap-like
receptaclesinto which insects,including mosquito larvae, can enter but not return (Darwin,
1875; Galli-Valerio and Rochaz de Jongh, 1909; Eysell, 1924). A species has been
described as destructive to larvae in pools in Trinidad (Hart, 1906) and one in bromeliaceous plants in Brazil (Krause, 1887). The plant Genliseaornata in Brazil acts in the same
way and a speciesof submerged sundew (Aldrovanda vesciculosa)traps larvae in Europe
(Eysell). A good account of the capture of larvae by plants of the genus Utricularia is
given by Brumpt (1925).
Certain plants that are not actively destructive may still act as enemies by covering the
surface of the water or through their products. Among the first-mentioned are the duckweeds, notably the rootless duckweeds, Woolfa arhiza and AzoZZa(J. B. Smith, 1910;
Bentley, 1910). Water covered by these forms may be rendered quite unsuitable for
breeding. Extensive sheetsof water may be rendered unsuitable (except for certain species
which it may favour) by the water lettuce, Pistia, or the water hyacinth. Certain speciesof
Chara are credited with a deterrent effect, apparently due to liberation of oxygen (Matheson
and Hinman, 1928, 1931). Certain plants are said to be favourable, for example Nasturtium officinalis and Spirogyra (Waterston, 1918).
Among low forms of animal life Hydra may in certain circumstancesbe destructive to
* See also accounts by Wilson (1914), Waterston (1918), Purdy (1920), MacGregor (1920), Young (1921),
Eysell (1924), Hayes (1930), and the summariesof recorded forms with bibliography by Hinman (1934). A very
interesting and full description of natural enemies encountered in New Britain is that by Laird (1947). Other
authors recording natural enemiesare given in the text. Some of the forms here treated as parasites(see (d) below)
may also be consideredas natural enemies.
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larvae (Dyar in Howard, Dyar and Knab, 1912). Vorticella, by excessivegrowth on the
bodies of larvae, may cause death (Seguy, 1923). Larvae so affected appear white and
gelatinous or fluffy. A planarian has been recorded as destroying larvae of Agde,saegypti
in a glass tank (Lischetti, 1919). Water snails have been found to have an adverse effect
and may feed on eggs or egg-rafts (Hamlyn-Harris, 1929; Gasanov, 1938). Water fleas
(Daphne) may destroy larvae, biting or pulling off their long lateral hairs so that the larvae
are disabled and drown (Wilson, 1914).
None of the above would appear to have any importance as enemies of AL;desaegypti.
Predaceousarthropods. A great many predaceousaquatic insects,as also somehydrachnids,
have been noted as attacking larvae, though the fact that they do so under artificial conditions in the laboratory does not always provide a measure of their effectivenessin nature.
A predaceous mite, Limnesia jamurensis, is described by Laird as actively attacking
young larvae and eggs experimentally and as appearing to play a useful role in keeping
down the number of larvae in pools where it was abundant in New Britain. The same
author notes that Hearle (1926) refers to a predaceous mite (hydrachnid) in swamps in
British Columbia making mosquito larvae its chief food.
Dragonfly larvae have been considered important natural enemies by Lamborn and his
collaborators (1890). But the fact that they are bottom feeders has been thought to make
this doubtful on any scale in nature. Ephemerid larvae have also been observed attacking
mosquito larvae (Foley and Yvernault, 1908).
In the order Coleoptera both adults and larvae of Dytiscidae and the larvae of Hydrophilidae, as also Gyrinidae, are actively predaceous (J. B. Smith, 1910; Viereck, 1904;
Britton and Viereck, 1905; Laird, 1947). Laird, after introducing 100 gyrinid beetles to a
temporary rain pool about 12 by 4 feet containing about 500 larvae of AnophelespunctuZatus,found only forty-six larvae after 24 hours and none after a further 24 hours. In
Alaska Sailer and Lienk (1954) describethe beetle Agapusas destroying in twenty-one days
sixty mosquito larvae and ten pupae. Not all Dytiscidae are, however, effective in this
respect (D’Emmerez de Charmoy, 1902; Derivaux, 1916). Macfie (1923) records the tiger
beetle, Cicindela octoguttata, as preying on larvae and pupae at the edgesof pools in the
Gold Coast, gripping the larvae by the posterior extremity and the pupae by the cephalothorax. A natural enemy acting indirectly are the small beetles (Halticinae) which HamlynHarris (1930) describesin Australia as poisoning not only the vegetation, but also water in
the neighbourhood making this fatal to larvae.
Aquatic bugs,Notanecta, Corixa and other genera, have been noted asactively destroying
larvae (Dempwolff, 1904, and other authors). The bug Laccotropheskohlii (Nepidae) has
been experimented with as a control measure in China (Hoffmann, 1927); a belostomid
(Sphaerodema) also gave some results. Laird found that the notonectid Enithares sharply
reduced larvae of Ai;desscutellariswhen introduced into a water drum and mentions it as
one of the natural enemies that might be of practical use.
Anthomyid flies of the genus Lispa have been observed attacking larvae, pupae and
emerging adults at the water surface: L. sinensisat Hong Kong (Atkinson, 1909) ; L. tuberculata acting similarly in Europe (Dufour, 1864); L. tentaxulata var. sakhalensisin Japan
(Yamada, 1927); as also certain Dolichopodidae observed behaving in a similar manner at
Panama (Osterhout). Simulium has been recorded attacking newly emerged mosquitoes
(Osterhout ; Combes, 1896).
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That the larvae of AZdesaegypti are extremely vulnerable to the attacks of such natural
enemies as many of the above under experimental conditions has been shown by Gordon
(1922). Nevertheless, few of the forms mentioned are likely to be of importance against
A. aegypti under natural conditions owing to the type of breeding place in which the
speciesis found. A certain number of predatory forms attacking A. aegypti in nature have,
however, been described. Shannon (1929) observed the larva of a tipulid, Sigmatomera,
preying upon A?desaegllpti larvae in tree-holes in Brazil. Carter (1919) records larvae of
A. aegypti as being preyed upon in west Africa by a speciesof Forcipomyia (Ceratopogoninae). Much the most effective and important of all insect enemies of the speciesare
the cannibal larvae of certain speciesof mosquito which frequent many of the breeding
places utilised by A. aegypti and when present may decimate this species.
Cannibal mosquito larvae. Where A. aegypti is breeding in bamboo stumps, a common
breeding place near dwellings in many areas, or breeding places of a similar type, an active
and common enemy are cannibal larvae of various speciesof Megarhinus. Such larvae are
extremely voracious (Green, 1905; Morgan and Cotton, 1908; Senior White, 1920;
Pruthi, 1928). A singlemegarhine larva was observed by Garnham et al. to devour twentyone AZdesaegypti larvae in a night. Laird in New Britain notes that two larvae of Megarhinus inornatus in five days destroyed sixty-eight third and fourth instar larvae of Agdes
albolineatus, fifty-nine of A2des scutellaris and thirty of the larger larvae of Armigeres
Zacuum,but only sevenpupaeunder similar conditions. He notesthat the speciesbreedsin coconut husksand other small containersin heavy shadejust within the edgeof the jungle. Paiva
(19 10) describesthe larva of Toxorhynchitesimmisericors(Megarhinussplendens)
ascommonly
preying on larvae OfAgdesaegyptiin earthenware water storage pots in Calcutta. Megarhinus
hasbeen introduced as a meansof controlling A?desspp. into areas outside its normal range.
Attempts to introduce it into Hawaii do not appear to have been successful(Swezey, 1931),
but M. splendens,not previously recorded east of New Britain, was successfullyestablished
in Fiji as a measure directed against Ai;des scutellaris,a vector of dengue (Paine, 1934).
Another effective cannibal genus is Lutzia. Jackson (1953) records that one larva of the
African speciesLutzia tigripes ate eighty-eight larvae of Acdes aegypti, preferring this to
other species. In India the larvae of Lutzia are most commonly seen in association with
Culex larvae in garden sumps and when present leave very few of the victim speciesto
emerge. But they may also be found with the larvae of A?des aegypti in certain types of
breeding place. Haddow (1942) found Culex tigripes reducing the larvae of Anophelesin
borrow pits in Kenya. Howard (1910) notes that Lutzia bigotii effectively destroyed larvae
of Atides aegypti breeding in artificial containers in Rio de Janeiro.
Still another genusof mosquito with cannibal larvae is Mucidus. The larvae of M. scataphagoidesare found in India in natural pools (Christophers, 1906; Bedford, 1919 ; Barraud,
1934). Psorophora and Lestiocampa (Goeldia) are New World forms with similar cannibalistic habits, the latter a sabethine mosquito occurring in collections of water in bromeliaceous plants (Howard et al. 1912). The larvae of a number of non-biting Culicidae are
actively predaceous: Corethra and Eucorethra (Underwood, 1903); Mochlonyx and
Chaoborus (Sailer and Lienk, 1954) ; as also are the larvae of some Chironomidae, for
example Tanypus (Knab, 1912).
Vertebrate enemiesof the aquatic stages. Probably the most effective of all natural enemies
of mosquitoesin nature are various small larvivorous fish. Small fish of this kind are indeed
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the only natural enemy that has been extensively used with successin the control of
mosquito breeding as a sanitary measure. This applies to the control of both Anopheles
and, to an even greater extent, of Aedes aegypti. The use of fish in control of A. aegypti
breeding is too important a measure to be adequately dealt with here and will be gone into
more fully in the section on control.
Certain batrachians have been listed as natural enemies of the larva: the frog, Discoglossus pictus, in North Africa (Galli-Valerio and Rochaz de Jongh, 1908); tadpoles of
the Spadefoot Toad, Scaphiosus hammondi (Barber and King, 1927, 1928) ; the Western
Salamander, Diemyctylus tortosus (Howard et al. 1912); the Vermilion Spotted Newt,
Diemyctylus viridescens (Matheson and Hinman, 1929). Frogs and toads and their tadpoles are not, however, as a rule larvivorous (Galli-Valerio and Rochaz de Jongh).
Lewis (1942) in the Sudan found small water tortoises, Pelomedusa galeata, commonly
present in stored water pots. These fed voraciously on larvae and pots containing them
were free from larvae.
Ducks and other aquatic birds have been shown to destroy larvae under certain circumstances and ducks have been suggestedand experimentally proved effective as a control
measure (editorial, J. Trop. Med. (Hyg.), 1916).
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Arthropod enemies. Among arthropods that are natural enemies are spiders and other
arachnids and various predaceous insects.
Spiders have been considered very important natural enemies by a number of observers
(J. B. Smith, 1910; McCook, 1890, and others in America; Leon, 1910, in Roumania;
Nichols, 1912, in the West Indies ; O’Connell, 1912). The jumping spiders, Salticus, are
especially referred to by Marchoux et al. (1903) and by Nichols. Bacot (19 16) notes a
spider, Uloborus feniculatus, the arachnids, Monomorium pharaonis L. and Solenopsis
geminata F., also a scorpion, Isometrus maculatus, as attacking ALides aegypti. Mathis
and Berland (1933) describe an African domestic spider, Plexippus paykulli, as capturing
most of the mosquitoes bred out in a cage, and the same spider is also referred to by Mathis
(1938). Spiders of the genera Epeira and Meta, which spin webs over pools in New Britain,
are given as of some importance as predators by Laird. Among acarids may be mentioned
the larvae of water mites (Hydrachnidae), commonly found attached by their proboscis to
the adults of mosquitoes, which breed in some natural waters and which are describedlater
among parasites affecting mosquitoes.
Among insects are : dragonflies (Lamborn and collaborators) ; Panorpidae (Eysell) ; the
reduviid bug, Emesia Zongipes, which infests houses in certain parts of the United States
(Howard et al.) ; predaceousHymenoptera (Bates, 1863; Ferton, 1901) ; predaceousDiptera
such as Empidae (Wahlberg, 1847); Asilidae (Eysell); and Scatophagidae (Wahlberg).
In Cuba a wasp, Monedula, has been observed capturing adult Ai;des aegypti, one specimen
capturing on the wing twenty in five minutes (Howard et al.). A wasp in Corsica which
stocks its nest with mosquitoes is described by Ferton. Drake-Brockman (1913) in
Somaliland observed ants attacking newly emerged A. aegypti. Here also should be
mentioned the small midges, Culicoides, which attack and suck the blood from gorged
mosquitoes and which, since they are usually found attached by their proboscis to their
victim, are dealt with in the section on parasites.
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Vertebrate natural enemies. Liston (1901) sometimes found mosquitoes in the stomach of
frogs in Bombay. Geckoes and insectivorous lizards have been observed feeding on
mosquitoes (Giles, 1902; Shannon, Burke and Davis, 1930; Hayes, 1930). Other important
vertebrate enemies are insectivorous birds and bats. Waterston in Macedonia considered
swallowsto be very important natural enemiesand Theobald (1901) observedhouse martins
catching Anopheles in flight in England. Goat-suckers (Harvey, 1880) and the Cuban
night-hawk, Chordeiles (Jennings, 1908), which feed at dusk, have also been recorded as
feeding on mosquitoes.
Though insectivorous bats are credited with great destructive power against mosquitoes
and have been recommended for control purposes, few careful observations seem to have
been made and, whether effective or not in nature, their use in control seemsgenerally to
have been found impracticable (Herms and Gray, 1940, p. 238). For references to the
literature dealing with the use of bats in control see Cove11(1941).
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In the laboratory the eggs of AL;desaegypti are open to serious attack when left unprotected in a stored condition. Bacot (19 16) found the chief enemy of stored eggs to be a
psocid. In the present author’s experience precautions are necessary, not only against
psocids, but even more so against cockroaches if such be present. The latter, if they gain
access,browse on the deposit of eggs, completely removing these and leaving only the
characteristic cockroach faeces behind. If eggs are kept moist, mites are apt to occur in
large numbers, but whether they attack the eggsis not known. An adult hydrachnid mite,
Limnesiajamurensis, was found by Laird in New Britain to consume eggs readily experimentally. Buxton and Hopkins (1927) found eggs of AEdes variegatusbeing carried off
by ants.

(d) PARASITES
Except for some early references to moulds attacking mosquitoes and a possible reference
to nematodes by Leuchert (see Howard et al. p. 162) the first to record parasites in
mosquitoes was Ross, who in 1895 noted the presence of gregarines in a speciesof Ac?des
and subsequentlypublished a list of other parasites encountered by him from 1895 to 1898
(Ross, 1898, 1906). Since then many authors have recorded and described parasites in the
larva and adult form of mosquitoes so that there is a very considerable literature in this
respect. Of authors giving lists of recorded parasites may be mentioned especially Speer
(1927) who gives a complete documented list of the parasites of mosquitoes up to the date
of his publication. *
As with natural enemies, comparatively few of the long list of parasites have been
recorded from A. aegypti, which from the nature of its usual breeding places is lessexposed
to many forms of parasite than are anophelines and many culicines that habitually breed
in natural waters. It will probably, however, be most useful to note what parasites of
* See also Dye (1905), Howard et al., Patton and Cragg (1913), Bresslauand Buschkiel(1919), Martini (1920),
Seguy(1923), Missiroli (1928, 1929,Italy), Feng (1933a, b, China), Brumpt (1936), Iyengar (1938, India), Steinhaus
(1946), Bates (1949), Christophers (1952). A list of recorded fungai and protozoan parasites is given by Keilin
(1921a, b). Other authors describingparticular forms are mentioned below in the text.
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mosquitoes have been described and to point out and describe somewhat more fully
those recorded from A. aegypti. Both vegetable and animal forms have been recorded as
parasites of mosquitoes, notably in the first case moulds, and in the case of animal parasites the protozoa. But worms and mites are important endo- and ecto-parasites respectively and there is one semi-parasitic insect, the tiny voracious midge, Culicoides, more
correctly perhaps considered a predator, which sucksthe blood from the gut of the successful predator mosquito. Taken seriatim the parasites of mosquitoes can be enumerated as
follows.
Bacteria, rickettsia and yeasts. The only bacterial parasite recorded, apart from disease
organisms, is a bacterium resembling a Leptothrix described by Perroncito (1900) as
parasitic and pathogenic in the larva of Anophelesmaculipennis.
Rickettsial forms are described by Sellards and Siler (1928) in AL;desaegypti infected
with the virus of dengue (see also Montoussis, 1929). The authors note that certain stages
in the gregarine, Lankesteria, may simulate these forms. An intracellular Rickettsia is
described by Brumpt (1938) in the stomach of Culex fatigans (Rickettsia culicis Brumpt).
Yeasts may be present in the gut and air diverticula, especially in mosquitoes fed on fruit
or sugar. Yeasts are recorded as present in the coelomic cavity in Anophelesmaculipennis
by Laveran (1902) and by Marchoux et al. in Ai;des aegypti.
Moulds and fungi. Many records of mycelial fungi of various kinds in the larva and adult
of mosquitoes are given in the literature. Adult mosquitoes under certain conditions are
liable to be attacked and destroyed by fungi of the Empusa type (E. culicisBraun; E. papilZata) and by Entomophora (Braun, 1855; Thaxter, 1888; Pettit, 1903) ; see account by
Howard et al. Leon (1924) describes tumours with mycelium in Anophelesmaculipennis
following bites by Culicoides. A number of fungal forms are also described parasitising
the larva. Liston (1901) records a form in Bombay resembling Trichophytonon the surface
of the larva. Macfie (19 17) describesthe larva of Ai;des sp. in the laboratory as covered
with fungal hyphae (Nocardia and an unidentified fungus), also as infected in nature with
a brown fungal mass in the thorax (Fusarium). There are also forms described by Leger
and Duboscq (1903), Langeron (1929), Chorine and Baranoff (1929). A fungus, PoZyscytalum, has been found covering the eggs of Psorophora (Howard et al.). Galli-Valerio
and Rochaz de Jongh (1905) infected the larvae of both CuZexand Anopheleswith Aspergillus niger and A. glaucus, such infection causing the peritrophic membrane and faeces to
pass out in long lengths in place of breaking off. Dye (1905) describes a mould in the
digestive tube and coelome of Aedes aegypti. According to Dye, Vaney and Conte found
‘ altises’ (Culex pipiens?) adults and larvae destroyed by the fungus Botrytis bassianae,but
he gives no date or reference.
Keilin (192 1b) describedas Coelomomycesstegomyiaea fungus in Aedesscutellarislarvae
from Federated Malay States sent to him by Lamborn. This occurs as a septate mycelium
ramified over the viscera with terminal thickenings which become detached and form oval
multi-nucleated sporangia with very thick walls. The sporangia, which resemble nematode
eggs or Coccidia, measure some 37-57,~ in length by 20-30 ,U in breadth. They occur in
large numbers packed in the anal papillae and other parts Similar forms have been
described by Iyengar (1935) in Anopheleslarvae in India (C. indiana and C. anophelesica);
by Walker (1938) in A. gambiae; and in the same species causing heavy mortality by
Muspratt (1946). The forms described by Manalang (1930) as probably Coccidia may also
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be this fungus, Coelomomyces being clearly a frequent and important parasite of Anopheles
larvae. Van Thiel (1954) has described sporangia of a speciesof the same fungus in the
ovary of an adult Anopheles tessellatus. The Coelomomyces parasitic in mosquito larvae
have been reviewed by Couch (1945) who describesa species,C. psorophorae, in Psorophora
ciliata larva; seealso Couch and Dodge (1947). A form distinct from but close to Coelomomyces psorophorae is described by Laird (1956) in larvae of Ai;des (pseudoskusea) australis
in Tasmania (Coelomomyces tasmaniensis). The larvae in this case are a brackish-water
species. As noted above, the oval sporangia are liable to be taken for nematode eggs.
Spirochaetes. Spirochaetes have been recorded in the adult and larva of various species
of mosquito: Schaudinn (1904); Ed. and Et. Sergent (1906) in the intestine of both Culex
and Anopheles; Patton (1907) in Culex fatigans in India; Jaffe (1907) as Sp. culicis in the
digestive tract of the larva and in the Malpighian tubules of the adult of Culex in Germany.
A large spirochaete has been described by Wenyon (1911) in the gut of the larva and
Malpighian tubules of the adult of Ai;des aegypti. Spirochaetes have also been recorded
in the intestine of this speciesby Not and Stevenel(l913) and in the Malpighian tubules by
Not (1920) in Martinique. The first-mentioned speciesresembled Sp. refringens, those in
the Malpighian tubules were very fine and small forms. Patton and Cragg note spirochaetes as common in the Malpighian tubules of Aedes aegypti in Madras. Spirochaetes
are describedin the salivary glandsof Anopheles funestus in French West Africa by Masseguin
and Palinacci (1954) and in the salivary glands of A. gambiae in the same area by Masseguin, Palinacci and Brumpt (1954). An account of spirochaetal infections of mosquitoes is
given by Sinton and Shute (1939) and a list of recorded findings by Colas-Belcour (1954).
Gregarines. A gregarine, Lankesteria culicis (Ross), was first described from India in a
species of Atides (Ross, 1898, 1906), and later by Marchoux et al. in Brazil. The same
specieswas noted by Wenyon (1911) in Mesopotamia. Its life history has been described
by Wenyon (1926). See also Ray (1933) ; Ganapati and Tate (1949).
Wenyon describesmobile pear-shaped or elongate forms in the gut of the larva, which,
when the larva pupates, pass into the Malpighian tubules where they associate in pairs
and encyst. Cysts with numerous oocysts, each with eight sporozoites, are present in the
Malpighian tubules of the adult. Spores brought with eggsfrom West Africa developed in
England (Stevenson and Wenyon, 1915). The same gregarine is recorded in Aedes aegypti
by Bacot (19 16) and by Macfie (19 17) in West Africa ; by Feng (1930) in various speciesof
AL;des in China; by Martirano (1901) in Italy; by Mathis and Baffet (1934) in France; as
also still more recently by Ganipati and Tate in A. geniculatus in England. In A. (Finlaya)
geniculatus, as described by the last-mentioned authors, the earlier stages are intraepithelial in the anterior portion of the gut in the larva. After a period of growth the trophozoites are liberated into the gut and attach themselvesto the epithelium by a well-developed
epimerite, which functions as a sucker. Cyst formation and further stagesin sporogony
take place in the Malpighian tubules when the larva becomes the pupa. In the adult
mosquito only ripe sporocystsare found, packed in the Malpighian tubules and scattered
in the hind gut. The spores escape through the alimentary canal.
A gregarine, Diplocystis, from the body cavity of a larva of a speciesof Culex is described
by Leger and Duboscq, and a species of gregarine on the outer wall of the mid-gut in
Anopheles maculipennis adult resembling oocysts of the malaria parasite is described by
Johnson (1903). A species,Caulleryella anophelis, has been described in the intestine of the
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larva of Anopheles bz@catus (A. claviger) by Hesse (19lQ
and still another species,
Caulleryella pipientis, in the larva of Culex pipiens, and other species of mosquito by
Bresslau and Buschkiel, as also Caulleryella maligna in an Anopheles in Brazil by Godoy
and Pinto (1923). Mathis and Baffet describe a method by which an infected strain of
Aiides aegypti can be obtained free from such parasites. Isolated females were fed on a
rabbit and after passing faeces were transferred to a fresh cage and allowed to oviposit
on wet wool.
Flagellates. Flagellates commonly occur in the gut and rectum of adult mosquitoes and in
the aflagellate stage in the larva. There are two types, Leptomonas (Herpetomonas) without
an undulating membrane, and Crithidia with short undulating membrane. Both forms
have been recorded in many culicine and anopheline mosquitoes in many countries:
Chatterjee (1901, Crithidial forms) ; Leger (1902, C. fasciculatus in Anopheles maculipennis) ;
Johnson (1903) ; Novy, MacNeal and Torrey (1907, H. culicis) ; Patton (1907, 1912) ;
Missiroli (1928). Besides the usual record of forms in the gut, Mathis (1914) describes
a trypanosome-like form in the salivary glands of a speciesof Culex. Trypanosomes have
also been found in the salivary glands of C. jatigans in India by Viswanathan and Bhatt
(1948) and by Jaswant Singh, Ramakrishnan and David (1950). In the case of the lastmentioned authors the trypanosomes occurred along with sporozoites in a laboratorybred C. fatigans fed on a sparrow with cryptic infection (see also Ramakrishnan, David
and Nair (1956) who describe the trypanosome stages).
In A&des aegypti leptomonad forms have been recorded by Durham and Myers (1902)
in Brazil and by Ed. and Et. Sergent (1906) in Algeria (L. algeriensis). Leptomonad forms
were found in the larva of AtYdes aegypti, but not in the adult, by Wenyon (1911) in
Mesopotamia. Not and Stevenel record Herpetomonas in the digestive tract of AL;des
aegypti in Martinique. Patton (1912) and Patton and Cragg record Herpetomonas culicis
in Agdes in Madras.
The growth characters on media of different flagellates have been described by Noller
(1917). For summaries dealing with the flagellates of mosquitoes see Thompson and
Robertson (1925) and Wallace (1943).
Thelohania and other microsporidial forms. Various microsporidia have been recorded in
the adult and larva of mosquitoes. A very full study has been made by Kudo (1921-5), see
also Iyengar (1930). Under this head are included Nosema culicis in the body cavity of
CuZex pipiens larva (Bresslau and Buschkiel); Nosema stegomyiae in the intestine of the
imago (Lutz and Splendore, 1908); Nosema sp. in AL;desnemorosus adult and larva (Noller,
1920) ; Nosema anophelis in adult Anopheles quadrimaculatus in North America (Kudo)
and in A. maculipennis in Italy (Missiroli, 1929).
A characteristic type is Thelohania with pansporoblastscontaining eight sporesoccurring
in various tissuesincluding the developing ova in the ovary (Christophers, 1901). Kudo
recognisesa number of species,namely T. Zegeri Hesse, T. obesa, T. pyriformis, T. anophelis, all in larvae of Anopheles sp., also T. rotunda, T. opacita, T. minuta in culicine
species. All but the first have been named by the author. Missiroli refers to these as also
to another specieswhich he does not name. A study of the development and extrusion of
the filament from the spores is given by Iyengar. According to this author the spores are
small and not distinguishableunder a 2/3 objective. Though Thelohania forms are extremely
common in various speciesof Anopheles the absenceof records for AL;desaegypti is noticel
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able. Ross (1906) has recorded a form with eight sporesin the adult of a small speciesof
Stegomyia in India as well as in Culex fatigans.
Under the name of Glugea are some ambiguous forms including Myxosporidium stegomyiae of Parker, Beyer and Pothier (1903) and Glugea (Nosema or Pleistophora) stegomyiae
of Marchoux et al. found in the body cavity and tissuesof Ad;desaegypti in Cuba and Brazil
respectively. Another form of doubtful nature is Serumsporidium (Nosema) sp. in A&des
serratus in Brazil (Lutz and Splendore). BesidesNosema anophelis, Missiroli (1928, 1929)
describesa sarcosporidial form, Sarcocystis anophelis. Recently Canning (1957) has given
a description of a speciesPlistophora culicis Weiser parasitic in the Malpighian tubules of
Anopheles gambiae. The parasite forms oval sporonts 25-26-5 ,Uin diameter with closely
packed nuclei, which may be mistaken for oocysts. It also occurs in the tissuesand fatbody. It was originally described by Weiser in Culex pipiens.
Ciliates. A ciliate, Lambornella stegomyiae Keilin, is recorded by Lamborn (1921) in the
larva of Aedes scutellaris (albopictus) from Malaya and its characters and life history have
been described by Keilin (1921 a). It consistsof oval, actively motile forms 50-70 p in
diameter which are present in large numbers, especially in the anal papillae, but also in
other parts. It passesout of the body through ruptures and encysts on the larval cuticle
and probably elsewhere. A ciliate, Glaucoma sp. (probably G. pyriformis), is described by
MacArthur (1922) in Theobaldia annulata in England (see also Wenyon, 1926). The parasites are mostly 25-40 p in length with large cytostome. They are commonly found in the
head and a feature of the infection is destruction of the eyes. As many as a thousand may
be present in a single larva.
An interesting account of a parasitic ciliate, probably a form of Glaucoma pyriformis
(G. pyriformis Ehrenberg), found in the body cavity of several speciesof tree-hole-breeding
culicines in Northern Rhodesia is given by Muspratt (1945). It occurs in two forms, A
and B. A multiplies rapidly by binary fission in the haemocoele of the larva finally causing
death. B seldom divides, if at all, does not kill the larva, and has been recovered from the
adult. The parasites escapefrom the body of the larva by rupture of the anal papillae. In
some speciesof mosquito, including AL;desaegypti, the anal papillae are tough and do not
rupture. On this account, though A. aegypti can be infected, it is not a suitable host and
so seemsto be biologically distinct from Lambornella stegomyiae Keilin. Also it does not
attack the eyes of the larva but tends to congregate round the heart when it first enters,
thus differing from Glaucoma pyriformis MacArthur, 1922. Infection is by free-living
ciliates which encyst on the larval cuticle just before ecdysis and penetrate to the haemocoele through the new cuticle when this is soft.
Trematodes. Of helminths, encysted trematodes (Agamodistomum) are not uncommon in
the larva and adult of Anopheles (Chatterjee, 1901; Martirano, 1901; Schoo, 1902; Ruge,
1903; Alessandrini, 1909; Sinton, 1917 ; Soparkar, 1918; Joyeux, 1918; van Thiel, 192l-54 ;
Eckstein, 1922; Iyengar, 1930; Corradetti, 1937; and probably others). The species
recorded include A. sintoni in various species of Anopheles in India and A. anophelis in
Anopheles maculipennis. The life history has been worked out very completely by van Thiel.
The cysts are large, about 150-200 t_~in diameter, and usually show a trematode bent
sharply upon itself. They are found in the body cavity and in the tissues of various
parts. The corresponding Cercaria of A. anophelis discovered by van Thiel (1922, 1925)
develops into a sporocyst in the liver of the mollusc Planorbis vertex and later (van
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Thiel, 1930a, b) into the fluke Pneumonoecesvariegatusparasitic in the lung of the frog,
Rana esculenta(van Thiel, 1954).
Nematodes. Immature nematode parasites(Agamomermis)have been describedin the larva
and adult of various speciesof mosquito (Johnson, 1903; J. B. Smith, 1903; Stiles, 1903;
Gendre, 1909; Iyengar, 1930, 1935). The speciesreferred to by Johnson and J. B. Smith is
AgamomermisculicisStiles, parasitic in Culex sollicitansin America. The speciesdescribed
by Gendre is from Acdesaegypti. It occurs in the body cavity in pairs, a large and a small
form, and escapesthrough the perianal membrane when the larva is about to pupate. The
species described by Iyengar in Anopheles occurs as a single large adult worm, smaller
worms in the same larva dying off. The fully grown worm escapes into the water by
rupturing the body wall of the larva, which dies immediately. In the water the worms
become sexually mature and give birth to numerous young larvae which swim about
actively. These move about on the surface of the water and hold on to young larvae whilst
piercing the cuticle to gain entrance to the haemocoele. Iyengar also notes that certain
other large speciesof Mermis are found in adult mosquitoes. They are sexually mature
when they emerge. A mermethid nematode is described in AL;descommunisin Canada by
Jenkins and West (1954). The larval stagesof the nematodes Foleyella ranae and F. dolichoptera infesting certain frogs in North America have been obtained by Causey (1939)
in A?des aegypti, Culex fatigans and C. pipiens. Developing and mature infective larvae
were present in the head, abdomen and thoracic muscles of mosquitoes fed on infected
frogs. A parasitic nematode (Agamomermis) is described by Muspratt (1947) in larvae of
tree-hole breeding species of mosquito in Northern Rhodesia and has been successfully
cultured in the laboratory and Atidesaegypti infected.
Among nematodes parasitic in mosquitoes are also those giving rise to filariasis in man
and animals, including various species of Filaria in man and DiroJiZaria of the dog (see
Ch. IV (a)).
Mites. Acarids (Hydrachnidae larvae) are common on adult Anopheles and various
culicines that breed in weedy waters. They occur, attached by their rostrum, clustered
about the under side of the body, especially about the neck. For information about such
forms seeEdwards (1922) ; Balfour (1923) ; W. H. Dye (1924). Records of such mites have
been given by : Hodges (1902) ; Gros (1904) ; Ed. and Et. Sergent (1904) ; Galli-Valerio and
Rochaz de Jongh (1907) ; Macfie (19 16) ; Boyd (1922). The acarids are larval forms with six
legs only which attach themselvesto the adult mosquito in the act of emergence. The life
history of a Japanesewater-mite, the larvae of which attach themselves to the pupa and
transfer to the adult mosquito at emergence, is described by Uchida and Miyazaki (1935).
A larval mite, Limnesia, described by Laird (1947) from New Britain which attaches itself
in this way is in the adult stage a predator of young larvae and eggs (see (c)).
Where such mites have been attached, peculiar tubular tunnels lined with chitin develop
(Marshall and Staley, 1929; Feng, 1930; Feng, 1933a, b; Feng and Hoeppli, 1933).
Diptera. Since the minute blood-sucking midges, Culicoides,are found attached more or
less permanently by their proboscis to their victim they may be considered as semiparasitic. An account of these forms is given by Edwards (1922). In all casesseen by this
author the specieswas the same, namely C. anophelisEdw., and records by others are,
when named, given as this species. Usually records are from oriental tropical countries
(India, Burma, Malaya, Indochina). Leon, however, records such mites from Roumania.
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In almost all casestoo the mosquito attacked is an Anopheles, but a specimenof Armigeres
Vacuum so infested is described by Laird (1946) who gives an excellent review of the litera-

ture with a figure of the midge. The midges are usually found attached on the abdomen of
the gorged female with their mouth-parts deeply embedded. They are not found on males
and there seemsno reason to doubt but that their objective is the blood in the gut of the
gorged mosquito.
Though not strictly a case of parasitism the oestrid fly Dermatobia hominis, the human
warble fly, utilises mosquitoes, especially Psorophora, by attaching its eggs to the mosquitoe’s abdomen so that thesemay be carried to their host to hatch out when the mosquito
feeds, see Sambon (1922).
The black sporesof Ross. A word may be said about the black spores of Ross and other
authors (see description by Brumpt, 1938) once thought possibly to be some stage in the
malaria parasite cycle. The appearances are now known to be formed by deposition of
chitin on dead structures in the body of the mosquito, including dead oocysts or their
contents. They have been noted by Brumpt as occurring in AL;des aegypti infected with
Plasmodium gallinaceum. A similar ‘ chitinisation’ causes the tubes left by the mites
described above.
Mosquitoes as parasitesand vectorsof parasitic diseases. Larvae of Culexpipiens have been
recorded as being passedwith human faeces and so considered as parasites (E. Blanchard,
1890; Tosatto, 1891). See also Ficalbi (189 1) and R. Blanchard (1901), who disposeof such
a view.
A case almost amounting to mild parasitism is that of mosquitoes of the genus Harpagomyia which obtain food from ants which they stroke to causethem to make the necessary
disgorgementand for which purpose they have a markedly specialisedproboscis(Jacobson,
1911; Edwards, 1932).
In addition to being parasitised in the strict sensemosquitoes are pre-eminent as intermediate hosts of parasites causing disease in man and aniinals; see section on role in
disease,pp. 77-84.
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MEDICAL
(a) RELATION

TO DISEASE

As the chief vector of yellow fever Agdes aegypti has long been notorious as the ‘yellow
fever mosquito ‘. Nor is this its only role as a diseasetransmitter, for it is also the chief
vector of dengue; besidesbeing known or suspectedof conveying some other diseasesof
man, it is the chief agent in several important virus diseasesof animals and the vector of
DiroJilaria in dogs.
YELLOW

FEVER

Following experimental proof by Reed and his collaborators A. aegypti has now for some
fifty years been recognised as the chief vector of yellow fever, at least in its urban form.
A short account of researchesleading to this discovery has already been given in chapter I.
A large literature has since grown up giving the results of countlessresearcheson its epidemiology, the behaviour of the virus, the bionomics of its vectors and other aspects of
the disease. It is not possible to give here a detailed account of yellow fever in all these
relations, but the main facts regarding its epidemiology and the part played in this by
A. aegypti and some other mosquitoes may be noted.
For an account of early work on the epidemiology and control of yellow fever seeBoyce
(1909) and Howard, Dyar and Knab (19 12). A good later account of the diseaseis that by
Brumpt (1936) and a review of jungle yellow fever is given by Bates (1949). A very complete
account dealing with cultivation of the virus and other aspects is that by Strode (1951)
incorporating articles by various authorities describing the work carried out during the
previous thirty years by the International Health Division of the Rockefeller Foundation
(see also review and abstract of this work by Findlay, 1952).
Yellow fever in the past was chiefly known from outbreaks and epidemics in seaports
and towns in tropical America, sometimes occurring as far north as Philadelphia, and as
caseson ships or in harbours frequented by shipping from this source.
It is now known that it also occurs as an endemic disease not only in America but
throughout a large part of Africa, two forms of the disease being recognised, namely the
urban and the sylvan form. A third form, rural yellow fever, has been given by Kirk (1943)
for certain types of its occurrence.
Urban yellow fever occurs as the typical form of the diseasein epidemics in towns or
similar situations, the vector being A. aegypti and infection being from man to man. It was
this form in which yellow fever occurred as epidemics in America and against which
control measures were mainly directed. Many references to such outbreaks and the
measures carried out in their control and prevention are given by Carter, Connor and
others in the literature. Outbreaks of the urban type with a similar epidemiology are also
known to occur in Africa. Findlay and Davey (1936) refer to an epidemic in the Gambia
in 1934, and that there have been others in other parts of Africa since, and state that
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at least one of these was similar to the American outbreaks with A. aegypti as the principal
vector.
Sylvan or forest yellow fever is largely endemic in character and evidenced chiefly by
presence of immunity in the indigenous population, which may sometimes be as high as
60 per cent or more. In this form A. aegypti is not the vector, or takes but little part, and
infection is not primarily derived from man. Sylvan yellow fever is present throughout
large parts of tropical America in the forest regions and throughout a large part of Africa
south of the Sahara. The endemic area in Africa as given by the World Health Organisation
(1952) is that lying between the parallels of 15”N. and 10” S. with an outlying area in
Northern Rhodesia (Barotse Province). The diseaseis not known in any form east of the
African continent.
The rural form is a term usefully applied where outbreaks of a mixed character occur,
A. aegypti often taking some part, such as are met with in some African areas. As noted
later much has still to be worked out regarding the epidemiology in the sylvan and rural
forms.
In America it was at first the urban form that constituted ‘yellow fever’ and the forest
form largely became recognised only as control measureseliminated or greatly controlled
the urban epidemics. It then became evident that there existed the forest form and that
urban epidemics commonly started from infection introduced by casesthat had contracted
the diseasein the forest, the epidemic then being carried on as a typical urban outbreak by
A. aegypti (see Bauer, 1928; Soper et al. 1933; Soper, 1938; and Aragao, 1939, who gives
an interesting description of suchconditions in Brazil. See also description of the situation
by Sawyer, 1942).
Recognition of sylvan yellow fever in Africa had a somewhat different history. Though
yellow fever had been recorded from West Africa, there was in the early stagesof research
upon this diseaseno realisation of its extent and importance in Africa, or even certainty
of its existence. Boyce (19 lo), however, clearly showed that yellow fever had long been,
and still was, present in West Africa. Later observations not only confirmed Boyce’s
findings, but showed that throughout a large part of tropical Africa and extending far to
the east in that continent there existed in the indigenous population a considerable percentage of those showing immunity to the disease, indicating that yellow fever must quite
recently have been present, if not still so, over large areas where its existence had never
before been suspected. Further it became clear that the epidemiology of the diseaseunder
these conditions was quite different from that of the urban epidemics. That the presenceof
immunity over so great an area did in fact indicate existence of the diseasewas very clearly
shown shortly after this discovery by the occurrence in the Anglo-Egyptian Sudan, far to
the east, of an epidemic of yellow fever in which A. aegypti was not an important vector
(Kirk). Soon observations from Uganda, Kenya and other areas establishedwith certainty
the wide occurrence of sylvan yellow fever. (See Beeuwkes, Bauer and Mahaffy (1930).)
The above findings in America and Africa greatly stimulated research, which has
continued with increasing intensity up to the present time. Such research has included the
determination of areas where immunity exists in indigenous populations, the species of
mosquito in which the virus can be demonstrated in wild-caught specimens,or which can
be shown to transmit the diseaseexperimentally, the forest animals that provide the source
of infection and how infection of man is brought about, as also the whole question of the
nature and properties of the virus and how these may be made use of in man’s protection.
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Essential to all suchwork has been the fact that monkeys, as first noted by Stokes, Bauer
and Hudson (192Q were susceptible to the disease and could be used experimentally in
research on the virus and in other ways. Another important finding, upon which much of
modern research has depended, has been the discovery that mice were susceptible and
could be used, not only as a means of ascertaining the presenceof the virus, but also as a
test for the existence of immunity in man or animals, the blood of such humans or animals
as possessedimmunity being capable of preventing the diseasein mice inoculated with the
virus. It is this last test, known as the m
‘ ouse protection test’, that has been so extensively
used in mapping the endemic area of yellow fever both in America and in Africa. It also
enables the presence of immunity in animals suspectedto be sources of the virus to be
determined. The susceptibility of mice to infection with the virus, as will be seenlater, also
enters largely into the preparation of suitable strains of the virus for use in protection.
Various techniques are given in the literature for determining the presence of the virus
in mosquitoes. Briefly the basis of such procedure is that the mosquitoes are ground up in
a diluent and the product after filtration injected intra-cerebrally or otherwise into mice
(see Waddell, 1945; Smithburn and Haddow, 1946; Smithburn, Haddow and Lumsden,
1949; Ross and Gillett, 1950). The following records of recovery of the virus from wildcaught forest mosquitoes in America are given by Bates:
Haemagogus spegazinnii
17 occasions
3 occasions
AL;desleucocelaenus
1 occasion
Haemagogus lucifer and/or equinus
88 various Sabethinemosquitoes
1 occasion
In Africa Lumsden (1955), summarising results to date, notes that, though many speciesof
mosquito have been shown capable of transmitting yellow fever virus experimentally, only
three have been incriminated in the field in Africa. These are :
Acdes aegypti
A. simpsoni
A. africanus

Beeuwkesand Hayne (1931), Taylor (1951).
Mahaffy, Smithburn, Jacobsand Gillett (1942).
Smithburn,Haddow and Lumsden(1949).

Besidesthese proved vectors, a number of speciesin American and African forests have
been shown capable of transmitting yellow fever virus experimentally and others, though
incapable of conveying the virus, have been shown to harbour the virus when fed on
infected material. Lists of such specieswill be found given under y‘ ellow fever ’ by MansonBahr (1954). A list of African species classified as above is also given by Muspratt
(1956). Most of the speciesshown able to transmit experimentally are in the genusA&‘des
or (in America) Haemagogus. But Eretmapodites chrysogaster and Culex thalassius in
Africa and Trichoprosopon frontosus in America also have been shown to transmit experimentally and among those harbouring the virus are speciesof Psorophora, Taeniorhynchus
and other genera. Even Culex fatigans has been shown to be capable in some degree of
transmission (Davis, 1933).
Of forest animals that may be sources of the virus are especially speciesof monkey. In
tropical America it is now known that epidemics occur periodically among the monkeys
in forest areas, the human disease being a secondary phenomenon to this. In Africa
baboons have been found sometimes showing immunity and among other primates the
small African b‘ ush-babies’ (Galago) have been suspected of possibly playing a part in
transmission (Bailey, 1947; Smithburn and Haddow, 1949; Haddow, Dick, Lumsden and
Smithburn, 1951). Animals other than primates have also been noted as showing immunity
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(Kirk and Haseeb, 1953). Of such animals in Africa Muspratt gives: Hyrax, the red river
hog, mongoose, genets,and the pottos. Birds (heron, kingfisher) may also show immunity
(Findlay and Cockburn, 1943).
A curious feature of the epidemiology of forest yellow fever is that the vertical distribution of speciesof mosquito and of the mammalian fauna has been found to be important.
Thus in the American forests it is especially when trees are felled, bringing down their highlevel mosquito fauna, that the chief danger of infection arises. In Africa A&Yesafricanus
plays the chief role in maintaining, receiving and transmitting infection in the high-level
monkey community, though it is A. simpsoni, a frequenter of banana plantations where it
breeds, that in many areas transmits infection to man. Thus the process envisaged is that
infected monkeys raiding plantations may be bitten by A. simpsoni, or A. africanus may
bite man in or near the forest and he in turn give infection to A. simpsoni. Or there are
other possibilities, much still requiring to be worked out in different areas (see Gillett,
1951, 1955).
Studies on the virus have shown that in the mammalian host it is filterable. In the
crushed vector it has been said not to be (Brumpt, 1936), though presumably it is so in the
fluid commonly used in testing. According to Davis and Shannon (1930) the virus is
generally distributed in the body of the mosquito, being obtained from the legs, ovary,
salivary glands, mid-gut and hind-gut and occasionally in the dejecta. Aragao and CostaLima (1929) also state that the virus may be present in the faeces and that it may be transmitted to monkeys through the broken skin. Attempts to transmit by interrupted feeding,
as also by hereditary transmission through the egg, have given negative results (Philip,
1929, 1930; Davis and Shannon, 1930; Stokes et al. 1928; Gillett et al. 1950).
The time of infectivity in casesof yellow fever in man is during some three to four days
in the height of the fever, but the virus has been isolated up to the eighth day (Macnamara,
1954). The time required for the mosquito to become infective following feed on an
infective case depends largely upon the temperature. In A. aegypti at 24-26’ C. Lewis,
Hughes and Mahaffy (1942) found it to be eight days, but it may be longer.
An important aspect of virus research has been the developmen: of a safe and effective
vaccine which can be used in protection. A vaccine 17 D, prepared from virus cultivated
in chick and mouse medium and which has lost pathogenicity to man, has now been widely
used(seeTheiler and Smith, 1937; Smith and Theiler, 1937; Strode ; Rivers, 1952). A vaccine
from virus grown on mouse brain is also in use in some countries (Rivers, 1952; Cannon
and Dewhurst, 1955).
An outstanding and curious feature of yellow fever epidemiology is absence of the
diseasefrom countries to the east of the African continent, in spite of the fact that A. aegypti
occurs widely and may locally be extremely abundant. It has been consideredpossiblethat
A. aegypti in these countries may not be an efficient vector. That the virus is capable of
being transmitted by strains from Java has, however, been shown by Dinger, Schuffner,
Snyders and Swellengnebel(1929), and by Hindle (1930). Hindle (1929) has also shown
that a strain from India was capable of transmitting experimentally, and recently Gillett
and Ross (1955) have shown that a strain from Malaya was capable of transmission.
Whilst A. aegypti plays little part in forest or sylvan yellow fever, it still remains the sole
vector and causeof urban epidemics and it is the chief agent against which control measures
are directed, whether against the insect locally or in connection with its possible spread
through aeroplanes and other means.
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DENGUE

Good accountsof the epidemiology of dengueare given by Clelland, Bradley and MacDonald
(19 18) and by Siler, Hall and Hichens (1926) * A detailed survey of the literature to the
date of his paper is given by Lumley (1943).
The disease is widespread and commonly occurs as small or larger epidemics, but is
stated to be endemic in some areas. In Europe a serious epidemic in Greece in 1928 has
been very fully described by Cardamatis (1929), and by Blanc and Caminopetros (1930).
Ekblom (1929) gives a map showing the known distribution of dengue at this time. In
the Mediterranean, Adrien (1918) describesan epidemic in the island of Rouad (Syria).
Dengue is stated to be endemic in West Africa by Muspratt and in Eritrea (Spadero, 1952).
Lewis (1955) notes that dengue was formerly present in Port Sudan and McCarthy and
Wilson (1948) refer to it as occurring in British East Africa (Kenya), though there have
been no known epidemics. An outbreak of a dengue-like fever occurred in 1952 at Newala
(Tanganyika Territory) (Lumsden, 1955) and serious epidemics have occurred in and
about Durban in 1892, 1926 and 1927, there being in the last outbreak 50,000 casesand
sixty deaths (Muspratt, 1956). Further to the east, south Asia through the south Pacific
and Australasia would appear particularly to be an area where dengue is widespread and
common. It occursin Madagascar (Legendre, 1918); in parts of India (Barraud, 1928), and
especially in such places as Calcutta and Madras where A. aegypti is abundant; in the
Philippine Islands (Siler et al.) ; in New Guinea (Mackerras, 1946); in New Caledonia
(Oman and Christiensen, 1947; Perry, 1950) ; in the New Hebrides and in a number of
islands in the South Pacific (Perry, 1948). In Australia it is recorded by Cleland (1928) as
occurring in the east to about 100 miles north of Sydney. In western Australia it occurs
only in the tropical parts such as Broome and Kimberley (Jenkins, 1945). Dengue is
present also in the New World. Severe epidemics in the past have occurred (Bishopp,
1923; Chandler and Rice, 1923). It was formerly especially prevalent on the Gulf Coast
and in former times outbreaks occurred as far north as Boston (Chandler, 1925). On the
whole there is a very definite suggestionin its distribution of a relation to that of A. aegypti.
A. aegypti is indeed now generally recognised as the usual vector of dengue. Speciesof
Culex were at one time thought to be possiblevectors (Graham, 1902; Ashburn and Craig,
1907), but the result of experimental work by many authors has not confirmed this.
Positive results with Af%esaegypti have been obtained by Cleland, Bradley and MacDonald
(19 18), by Chandler and Rice (1923), and by Schule (1928).
Other speciesof Stegomyia have, however, been incriminated and may act as efficient
vectors, notably AZdes (Stegomyia) scutellaris which is the vector in New Guinea in areas
remote from occurrence of A. aegypti and specimens of which transported to Australia
produced infection in volunteers, resultswith some other speciesbeing negative (Mackerras,
1946). A. albopictus (Simmons, St John and Reynolds, 1930) and A. hebrideus (Farner and
Bohart, 1948) have been thought to be vectors.
Incubation of the diseasemay be as short as eight days, but is usually eleven to fourteen
days (Schule). It is infective six to eighteen hours before onset and for three or more days
after the attack. Mosquitoes become infective eight to ten days from feed and maintain
the virus for a long period (Schule). As in yellow fever the virus is generally distributed in
* See also Chandler and Rice (1923), Armstrong (1923, with bibliography), Simmons (193l), Findlay (1951),
Muspratt (1956).
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the tissuesof the mosquito (Holt and Kintner, 1931). Mosquitoes can become infective if
fed on infective blood or macerated mosquitoes (St John, Simmons and Reynolds, 1930).
Infection is not conveyed, or only with great difficulty, by interrupted feeding or from
mosquito to mosquito in copulation (Simmons, St John, Holt and Reynolds, 1931).
Small animals are susceptible by bite or from injection of crushed mosquito tissue.
OTHER

DISEASES

OF

MAN

AND

ANIMALS

Virus diseasesof man. A number of virus diseasesin man other than yellow fever and
dengue have been shown or suspectedto be conveyed by mosquitoes, in some of which
A. aegypti has been shown or suspectedto act as vector. Coggleshall(l939) and Milzer
(1942) record conveyance of the virus of lymphocytic choriomeningitis, a sporadic disease
of man, by mosquitoes, A. aegypti being infective seven to thirty-eight days after the
infective feed. Murray Valley encephalitis, which in 1951 caused a serious epidemic in
Australia, was thought to be mosquito-borne from birds as natural reservoirs. Japanese
B.- and St Louis encephalitis have also been considered possibly mosquito-borne (Marks,
1954).
A virus, West Nile virus, causing diseasein children near Cairo has been isolated from
Culex by Taylor and Hurlbutt (1953) and has been shown by Goldwasser and Davies
(1953) and by Davies and Yoshpe-Purer (1953, 1954a) to be capable of transmission by
A. aegypti, wild birds being found to be susceptibleand thought to be possible reservoirs
of the virus in nature (Work, Hurlbutt and Taylor, 1955).
A human epidemic causedby Venezuelan equine encephalitis in Colombia is recorded by
Sanmartin-Barberi, Groot and Osarno-Mesa (1955), A. aegypti being found in 687 out
of 2295 houses, and found infected.
Altogether no lessthan seven new viruses isolated from man, animals or mosquitoes are
listed by Dick (1953) as recorded in 1937-48 from Uganda, namely Bwamba fever, West
Nile virus, Semliki Forest virus, Bunyamwera, Ntaya, Uganda S. and Zika. Semliki Forest
virus did not develop in A. aegypti which was not thought to be significantin its transmission
(Davies and Yoshpe-Purer, 1954b).
Forms of encephalitis affecting human beings and horses in Ecuador acquired in jungle
areas are noted by Levi-Castillo (1952) as having been shown to be transmissibleby several
speciesof mosquito, A. aegypti not being among these.
Virus diseasesof animals. An important disease of animals shown to be transmitted by
A. aegypti is equine encephalitis which exists in Africa in two forms, a western and an
eastern form, the former being more readily transmitted. The virus is thought to be normally maintained as an infection of birds (Kelser, 1933; Merrill and Ten Broek, 1940; and
others). The virus has been shown to multiply a hundred times or more in the mosquito.
A. aegypti has been shown to transmit haemorrhagic septicaemia of buffaloes (Nieschulz
and Kraneveld, 1929). It also transmits the virus of fowl-pox. The virus at first is generally
distributed throughout the body of the mosquito, but later collects on and about the
proboscis (Rivers, 1929; Stuppy, 1931; Brody, 1936).
An important diseaseof sheep and to a lessextent of cattle in Africa is Rift Valley fever
(enzootic hepatitis). It causesabortion in sheepand cattle and human casesare contracted
by contact with diseasedanimals or their organs. The virus is present in wild mosquitoes
including A. africanus (Smithburn and Gillett, 1948; Smithburn, Haddow and Lumsden,
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1949). A neurotropic strain from mice has been used as a vaccine for protection of sheep
(see Smithburn, 1949).
A. aegypti has been suspectedof transmitting horse sickness(Balfour, 1912), but many
attempts to transmit this diseaseexperimentally by the specieshave given negative results
(Nieschulz, Bedford and Du Toit, 1934; Du Toit, 1944).
Filariasis. It has been shown by numerous observations that A. aegypti is not an efficient
vector of Wucheria bancrofti. Though some development takes place it is very rarely that
any embryo is found in the proboscis (Aders, 1917 ; Francis, 1919; Edwards, 1922;
Connal, 1931; Hicks, 1932; Newton, Wright and Pratt, 1945; and others).
Nor does A. aegypti transmit Filaria ozzardi, a single embryo only being found by
N. C. Davis (1928) in his investigation of filarial diseasesin the Argentine.
A. aegypti is, however, an active vector of DiroJZaria immitis in the dog (Bernaud and
Bauche, 1913 (D. repens); Feng, 1930; Hinman, 1935; de1Rosario, 1936; Roubaud, 1937;
Galliard, 1937, 1942; Summers, 1943; Kartman, 1953). Kershaw, Lavoipierre and
Chalmers (1953), investigating the intake of embryos by A. aegypti, found a considerable
reduction in survival rate of the mosquitoes following feeding an an infected, as against an
uninfected, dog. Those mosquitoesthat took in more than a certain number failed to live
long enough to become infective.
Other miscellaneousdiseases. Philip, Davis and Parker (1932) obtained transmission of
tularaemia by interrupted feed in one positive result with A. aegypti. Under certain
conditions Roubaud and Lafont (1914) thought transmission of human trypanosomiasis
might be possible. It was only transmitted, however, with very heavy infections and a
yard’s distance sufficed to protect. A. aegypti has been suspected of transmitting leprosy
(Blanchard, 1905; Not, 1912 ; Gomes, 1923). Archibald (1923) found undulant fever could
be conveyed to monkeys by the bite of A. aegypti.
A. aegypti failed to transmit avian plague (Nieschulz, Bos and Tarip, 1931) or surra
to rats by interrupted feeding (Kelser, 1927), or ephemeral fever in Australian cattle, a
diseaserelated to dengue (Mackerras, Mackerras and Burnet, 1940). A. aegypti has been
shown to convey myxomatosis in wild rabbits (Aragao, 1943; Bull and Mules, 1944),
though not apparently specifically.
Blood parasites of birds and mammals. A. aegypti is the normal vector of Plasmodium
gallivlaceum Brumpt of fowls (Brumpt, 1936; James and Tate, 1938); Lumsden and
Bertram, 1940; Huff and Coulston, 1944; and others). It is also capable of acting as host
to some other plasmodia of birds, being susceptibleto P. cathemeriumand P. inconstans,
but negative to P. praecox (Huff, 1927). Et. Sergent (1942) also notes that compared with
Culexpipiens it is a poor host to Plasmodium relictum. A very small percentage produced
oocysts (but not sporozoites) with P. Zophurae(Coggleshall, 1941; Laird, 1941). Trager
(1942), however, produced a strain by selective breeding that was susceptible to this
parasite.
Sepsis. Apart from transmission of disease in the usually accepted sense the bites of
Ai;des aegypti may cause local reaction which may in certain circumstances be severe or
be followed by septic infection. The effect of mosquito bites on the human subject is dealt
with in a later chapter.
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Not to be minimised also is the irritation of the bites of this species,especially to newcomers in the tropics, and the effect of the perpetual attacks in day-time which make
A. aegypti when at all numerous one of the most troublesome pests in the tropics.

(b) CONTROL

AND

PROTECTION

A distinction may be made between methods which have the object of destroying or
preventing the breeding of mosquitoes,which may be termed measuresof control, and those
concerned with protection against their bites, or measuresof protection. Control measures
are by their nature usually such as are carried out by public health or other organised
bodies, though the individual may by his co-operation greatly assist. Protective measures
more usually are the concern of the individual, though one such measure, namely screening,
may in certain casesbe carried out on a large scale as a public health measure.
CONTROL

Anti-A&Yes aegyp ti campaigns. Control measures of the nature of anti-A. aegypti campaigns have been extensively carried out, more especially in those parts of the New World
where yellow fever was liable to occur in epidemic form. Some of these have been on a
very large scale, aiming at eradication of the species from whole towns or even whole
countries.
Many accounts of such campaigns are to be found in the literature. One of the most
detailed is that by Soper, Wilson, Lima and Antunes (1943) describing the operations and
technique employed in the nation-wide anti-A. aegypti campaign undertaken in Brazil.
Another very full account of control measures against A. aegypti is given by Herms and
Gray (1940) in their chapter on mosquito control in urban areas.*
All the above pre-date the discovery and use of DDT and other synthetic insecticidesin
residual spraying. The methods and technique used have been those now described as
‘classical methods of control ’ and the question arises how far such methods are now to
be considered outmoded. De Caires (1947), describing A. aegypti control in Georgetown,
British Guiana, under the adverse condition, as he notes, of a lack of a piped water supply,
observesthat classicalmethods had been in use up to 1945, but A. aegypti was not eradicated and the numbers of the speciescontinued to fluctuate with rainfall. At the beginning
of 1946 residual spraying with 5 per cent DDT in kerosene giving 100 mg. DDT residual
film per sq. ft. was substituted, and the A. aegypti index was reduced to zero by the end of
the year. Giglioli (1948), speakingof measurestaken in British Guiana, notes that malaria,
filariasis and yellow fever have all been controlled by residual spraying with DDT and that
Anophelesdarlingi and A?des aegypti have been eradicated from 200 miles of coast land
and estuary banks by the samemethods. Nor are theseunique as claims for the remarkable
effectiveness of this new approach to the problem and there can be no doubt that in
A. aegypti control as in malaria control the use of the new compounds, especially the
* For accounts of earlier examples see Boyce (1906, prophylaxis in New Orleans in 1905), James (1914) and
James,Da Silva and Arndt (1914, survey of the Port of Colombo), Howard, Dyar and Knab (1912, pp. 252-S and
429-36), Carter (1922, epidemic of 1919-20in Peru), Connor and Monroe (1923, Stegomyiaindices),Connor (1924,
suggestionsfor developing a campaign of control), Dunn (1923, Peru), Dunn and Hanson (1925, Colombia),
Hanson (1925, Colombia), Rigollot (1927, Dakar), Soper (1938, South America), Sneath (1939, British Guiana).
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method of residual spraying, will both supplement and to a large degree modify or even
render obsolete much of the previous technique as used against all mosquito-borne disease.
Whilst, however, residual spraying is a very effective method, it does not necessarilyrule
out all other action. An effective piped water supply is still an important measure in
control, the education of the inhabitants of a city regarding use of certain simple precautions is still desirable, water tanks and certain other collections should by legislation
be suitably protected and, above all, adequate inspection is essential. Certain circumstancestoo may still make some of the classicalmethods applicable. Thus the type of house
is not always the native hut or simple dwelling so often to be dealt with in malaria work,
and heavy infestation with A. aegypti may be present in large cities in relatively betterclass houses where the older methods still have a place. Whatever methods be used,
success,as in other public health work, depends upon good administration, aided by all the
many methods which make public health work effective, including trained personnel,
legislation, propaganda and education of the public where this can be brought to bear.
That such action may result in virtual disappearance of the speciesover large areas has
been shown by the result of operations in Brazil (Soper et al. 1943) and Texas (Chandler,
1956). See also Sever0 (1956a), who, as previously noted, gives a map showing the present
greatly restricted distribution of A. aegypti in America.
Control of breedingplaces.The nature of the breeding places of A. aegypti has already been
indicated. Many of these can be disposed of by emptying or destroying receptacles. When
water pots cannot be emptied, as the water is required for human consumption, some form
of covering is a simple precaution. Cisterns and other water storage collections should be
made impervious to mosquitoes. Where water is not required for drinking or cooking and
cannot be otherwise dealt with, some form of larvicide is called for. A number of insecticidal substances,and even some natural enemies,have been suggestedfor such conditions,
but for most purposes in or about the house the commonly sold preparations of cresol or
kerosine are simple to use and effective. In better-class houses attention should be given
especially to anti-formicas, a very common form of breeding place, and flower vases.
Disused water-closets may be a potent source of breeding. In rural areas, especially in the
rainy season,disusedpots and various other receptaclesholding rain-water can be destroyed
or otherwise dealt with. Where water is precious Lewis (1955) refers to the use of benzene
hexachloride and cement tablets as devised by Bruce-Chwatt (1953). Breeding places
about docks, lighters, river craft, machinery dumps, waste ground, cemeteries, etc. are
usually most simply treated with some form of crude petroleum. A very complete account
of the properties of different oils used as larvicides is given by Moore and Graham (19 18)
and by Murray (1936) ; seealso the very full account given by Herms and Gray (1940) on
oils and larvicides. However, as noted later, the newer forms of insecticide may be used.
Breeding in ships is an important special case (Lutz and Machado, 1915 ; Tanner, 1931;
Chabrillat, 1934) and a very full account, with apparatus likely to be useful, is given by
Blacklock and Wilson (1942). Breeding in country craft is dealt with by Bana (1936).
For some purposes poisonous gasesand vapours have been used. Macfie (19 16) found
chlorine effective. Williamson (1924), testing gasesand vapours against breeding in wells,
found H,S and chloropicrin (1 in 200,000) effective against some species,but first-stage
A. aegypti larvae were exceptions. Barber (1944) found carbon bisulphide, toluene,
benzene and carbon tetrachloride the most rapidly fatal of vapours.
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A measure much used, especially in the earlier campaigns against the species,has been
the employment of larvivorous fish. Seal (1908) is stated by Molloy (1924) probably to
be the first to recommend use of such fish on a large scale. The first suggestionto use fish
in control of the breeding of mosquitoes was, however, made as early as 1892 by Russell.
A digest of literature on the use of fish for mosquito control with a bibliography of 217
titles is published by the International Health Board, Rockefeller Foundation, 1924. An
account of Indian larvivorous fish is given by Prashad and Hora (1936). Speciesof Gambusia, or ‘millions ‘, have been successfullyused in wells, cisterns and tanks (Myers, 1926;
Le Van, 1940), but other small fish have been preferred for particular purposes, for
example the native fish ‘ chalaco’ (Dermitator Zatifrons)found hardier by Connor (1921)
in Ecuador. Silver bait (Tetragonopterus,Charax and Hemigrammus) which can live in the
absenceof larvae were found of great value by Haslam (1925) in British Guiana. This author
also found Haplosternum littoralis and Chicosoma bimaculatum useful for small collections of water. Astranax bimaculatum was found effective for large, and Hemigrammus
unilineatus for smaller collections of water by Ihering (1933). The poeciloid fish Rivulus
common in American jungles is suggestedby Myers.
How far many of the above means of controlling breeding are still likely to be found of
use is doubtful. Not only is it whether DDT or some other synthetic chlorinated compound
is that to be used, but the whole question of the use of larvicides for the purpose of control
has been brought into question, or at least modified, by the results obtained from residual
spraying. DDT as a larvicide is used as a wettable powder, as an emulsion or dissolved in
diesel oil or other solvent. Floch and Layudie (1946) found DDT powder highly toxic to
larvae of Culex spp. and AL;desaegypti and more effective than the plant poisons previously
in use. In a U.S. Army medical bulletin, 1945, entitled The Prevention of Dengue Fever,
a powder containing 10 per cent DDT or a 5 per cent solution or emulsion is recommended for artificial containers not holding water for drinking or cooking. In the same
bulletin tests with different waters showed that DDT killed 70-100 per cent of larvae in
such low dilution as 0.03 per million. Lever (1946) found sawdustimpregnated with DDT
in diesel oil suspendedin a disused swimming bath prevented breeding of Culex sitiens.
O’Kane (1947) notes that a dust containing 0.5 per cent gamma isomer benzene hexachloride on the surface of water at 10 lb. per acre gave complete control of breeding of
Agdes speciesincluding A. aegypti.
Measures against the adult mosquito. Of measures against the adult mosquito one of the
most important and usual is the use of spraysor aerosols.These have been greatly developed
recently and there is a large literature dealing with the physical factors involved and the
action of the droplets. The use of very finely divided droplet sprays (aerosols) has been
specially developed.*
An important point in respect to aerosols is that the dose taken up by the insect is
largely proportional to the extent to which the wings are used in flight. To give rapid
knock-down pyrethrum, usually in the form of the pyrethrins, holds a high position.
Synthetic compounds of the same type as the pyrethrins are also effective (see under
insecticidesin ch. XXV).
* See Sinton and Wats (1935), David (1946a, b), Bishopp (1946), Goodhue (1946), David and Bracey (1946),
Muirhead Thomson (1947). A very full and technical description of the apparatus and parts used is given in the
6th Report of the Expert Committee on Insecticidesof the World Health Organisation, 1956.
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Fumigation is a method formerly much employed, though now largely replaced by
spraying. A number of fumigants are given by Howard (19 17) ; see also Cove11(1941).
The use of traps against A. aegypti is also a measure that has not been much employed.
For an account of mosquito traps see Herms and Gray (1940), p. 92. Other methods such
as the use of natural enemies (see ch. III), attraction of the male by sound (see Kahn and
Offenhauser, 1949), though they should be mentioned, are now but little used, or do not
apply to control of A. aegypti.
Almost all direct attack on the adult is now by sprays or aerosols containing DDT or
one of its analogues combined with a suitable knock-down component (see section on
insecticidesin ch. xxv). Or residual spraying is employed.
Residual spraying. Residual spraying consists in spraying or otherwise coating surfaces
such as walls of habitations with fluid that will leave a layer of the non-volatile insecticide
employed, the constitution of the sprayed material being commonly referred to as a
‘formulation’. The compounds most usually employed are DDT or gamma BHC (gammexane) usually referred to as BHC. An analogue of DDT, namely dieldrin, has also
been found very effective and has increasingly come into use. Another compound of the
same type, chordane, much used against the housefly has also sometimes been used. For
an account of the nature of these substances,usually described as synthetic chlorinated
compounds, see Busvine (1952), who gives a brief, but adequate, account of compounds
later than DDT and BHC. Other references dealing with these new insecticides,including
several helpful books, are given in the section on insecticidesreferred to above. Regarding
various points connected with the use of the compounds in residual spraying a good recent
factual summary is given by Jaswant Singh and Rajindar Pal (1952). Much practical
information on details in their employment is given by Davidson (1952). * The literature is
so large dealing with various aspects of the use of the compounds that it is difficult to
point out those most likely to be helpful. Many of those dealing with practical problems
will be found in the Indian Journal of Malariology, 1952-4 ; recent numbers of the American
Journal of Tropical Medicine; Bulletin of Entomological Research; Transactions of the
Royal Society of Tropical Medicine and Hygiene; and abstracted in the Review of Applied
Entomology B.
Certain problems in connection with spraying require brief mention here, since it would
be a mistake not to take note that these exist.
The dosageand time that a residual film may be expectedto retain efficiency are important.
After an appropriate dosage (say 200 mg. of DDT per sq. ft.) this may be effective up to
six months. A dosage of 100 mg. per sq. ft is more usual with corresponding reduction in
the duration. Turner (1946) gives some experimental data in regard to Anopheleson the
West Coast and still smaller dosage. One per cent DDT used to give a calculated deposit
of 38.5 mg. per sq. ft. gave a relative absenceof mosquitoes (1 to 4 as against the control)
for eighteen weeks. When the dosage was reduced to 11.9 mg. per sq. ft. the same degree
of reduction lasted four weeks. For reasonsgiven later it is undesirable to employ sublethal
dosage and a larger dosage than that just given might have been better. In India a dosage
of 50-100 mg. per sq. ft. and repeating the application twice or even three times in the
malaria seasonis practised (Jaswant Singh and Rajindar Pal, 1952).
* Seealso Parker and Green (1947), Muirhead Thomson (1947), Andrews and Simmons (1948) (bibliography of
134 references),Bishopp (1951), Hadaway and Barlow (1952).
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Another point of importance is the effect of repellency by the film, which may result in
mosquitoes not remaining sufficiently long in contact to receive a lethal dose and even
possibly becoming excited so that, after feeding or not, they leave the house without being
killed (Kennedy, 1947; Muirhead Thomson, 1947).
Related to the above is the question of choice of insecticide as between DDT and BHC
or other analogue. Results by workers are not always identical, but the general view is that
BHC has a stronger initial effect so that dosage on contact is almost certainly lethal. At
the same time repellent effect is greater and being more volatile the period of efficiency of
the film is less. Many observers for these reasons use both substancesin combination
(Jaswant Singh and Rajindar Pal).
Another important point is the nature of the deposit as laid down by different formulations, since the effectivenessof the film depends to some extent on whether DDT is used
as a wettable powder or in solution and upon the size and character of the crystals as laid
down by different solvents and procedures (Hadaway and Barlow, 1952; Rajindar Pal,
1954b). In particular loss of effectivenessmay be very great if spraying is carried out on
mud walls (Rajindar Pal, 1954a; Rajindar Pal and Sharma, 1952) or on a whitewashed
surface (Hadaway and Barlow, 1947).
Also residual spraying, if long continued, may lead to development of resistant strains
of mosquito. This condition was first reported in mosquitoes from Italy by Missiroli
(1947) and by Mosna (1947), a resistant strain of Culex pipiens being developed following
five years of spraying with DDT. A good account of the history of the condition with
bibliography is given by Rajindar Pal, Sharma and Krishnamurthy (1952), who also
record a resistant strain of C. fatigans in an area that had been sprayed for six years.
A considerable number of other instanceshave now been recorded both in Culicines and in
speciesof Anopheles. A troublesome feature is that resistanceacquired to one chlorinated
insecticide may be displayed in some degree to other compounds of this nature. A very
full and complete account of such resistancewith details of recorded instanceshas recently
been given by Busvine (1957). Resistance in Ai;des aegypti has recently been noted in
Trinidad where some cases of yellow fever occurred in 1954 (H. P. S. Gillette, 1956;
Busvine, 1957). See also Sever0 (1956b), who refers to acquired resistanceof A. aegypti to
DDT in the Dominican Republic.
Some further information on the nature of insecticides, the way in which they act and
some remarks on the nature of acquired resistanceare given in chapter xxv when dealing
with viability of the adult under different conditions.
Disinfection of aircraft. A special importance attaches to measures against mosquitoes in
aircraft. This applies in particular to A. aegypti as a possible vector of yellow fever and
recently as a possible vector of dengue in the South Pacific where there is a danger of
introducing this speciesinto areas where it has as yet not been established. Here also the
use of residual spraying is replacing other methods.
Disinfestation (or disinsectisation,a term often used) has been commonly carried out by
aerosol spraying with pyrethins, lethane and other insecticides put up in suitable formulations for use with sparklet or pressure aerosol equipment. A description of methods is
given by Duguet (1949), and a discussion of disinfestation under tropical conditions is
given by Bruce-Chwatt and Coi (1950). A recent account of methods of aircraft disinfection is that by Laird (1951), who notes that this may be carried out by fumigation, by
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aerosol mists, or by residual insecticides. Fumigation; though very effective, is too time
consuming for wide use. For spraying with aerosol mists the medium used must be both
free from inflammable material and non-damaging to fabrics, paper, etc., and also to
perspex windows in pressurised aircraft. He recommends aerosol spraying before flight
and monthly treatment with residual DDT. Aeroplanes were treated with DDT in 1945
by Madden, Linquist and Knipling.
PROTECTIVE

MEASURES

Screening. Screening of houses and buildings is a method that has been widely employed
as a protective measure. It requires to be carried out with due regard to a number of
considerations. An effective mesh and non-corrosible, sufficiently strong material with
complete closure of entry are essential,as well as attention to the amenities and comfort of
life. A good account of specificationsfor wire gauze and precautions to be taken is given
by Cove11(1941), and by Herms and Gray (1940). Mesh should be counted along two sides
of a square inch counting the corner square twice, but is often given as meshes to the
linear inch. Thickness of wire must be taken into account in considering size of aperture
and to provide suitable strength to the screen. A mesh of 14, or better 16, to the linear inch
and 30 I.S.W.G. (Imperial Standard Wire Gauge), that is a thickness of 0.0124 in.
(0.315 mm.), is generally considered suitable. Or a wire thickness of O-015in., giving an
aperture of O-056in., is better. A non-corrosive metal is also very important ; seeBlacklock
(1937) ; Galli-Valerio (1925) ; MacArthur (1923) ; Brown (1934) ; Mooij (1940) ; Cove11;
Herms and Gray. The screening of ships is dealt with by Melville-Davison (1912).
Personal protection. At least as important as any other form of protection is the use by the
individual of the mosquito net and other precautions against being bitten. Most of these
precautions are matters of common sense,yet are curiously neglected. Especially important
is the use of suitable protective clothing, especially protection of the ankles (double socks)
and seat and knees (under garment) where the insect is prevalent. A small hand net convenient to handle is useful to despatch a stray annoying insect (see also Legendre, 1913).
Where all else fails some form of repellent preparation may be used. The preparations
most likely to be useful against A. aegypti under ordinary circumstancesare not so much
the long-lasting non-volatile repellents such as dimethyl phthalate (DMP) used where
mosquitoes are attacking voraciously on active service and the like, but certain more
pleasant temporarily effective substancessuch as a good Java citronella oil, or citronellol,
the active principle. A good citronella oil is very useful for protection by day in the house
or office, as it need not be spread over all exposedskin surfacesas with DMP preparations,
but can be applied here and there on clothing, etc. Where mosquitoes are numerous, and
more effective methods of protection are necessary, DMP should be used. This is most
effective neat, covering all exposed skin surfacesafter anointing the palms, but may be used
for tender skins or greater comfort as a cream. DMP does not readily form a good stable
cream, but one recommended as stable and pleasant is that given by the present author
in a report on mosquito repellents (Christophers, 1947) which is as follows:
Dimethyl phthalate
12.5 C.C.
White wax (Cera alba B.P.)
9 gm.
Arachis oil
27.5 C.C.
Melt the wax on a water bath with the arachisoil and stir in the DMP while hot. Filter hot
through wool if necessaryand put up in suitablewide mouth bottle as a solid cream.
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The preparation can be modified for different climates by slightly increasing or decreasing
the proportion of white wax. It has no waxy feel when applied, which its composition
might suggest. It is permanent and spreads thinly and readily.
The use of zinc oxide, included as an adsorbent of the DMP, as employed in some
preparations on the market, is not recommended as such are cosmetically unpleasant. So
far no substancetaken internally has been found effective. Thiamin chloride was stated to
be so by W. R. Shannon (1943), but was not found so by Wilson, Matheson and Jackowski
(1944). For an account of research on repellents see Travis, Morton and Cochran (1946).
A measure of very doubtful efficacy is the use of certain plants that have been popularly
supposed to have a repellent effect on mosquitoes, for example Ocimum viride, a plant
with a strong smell of lemon thyme if rubbed or chewed (Holmes, 1878, 1879); the castor
oil plant, claims for which seem to be without any real foundation (see Insect Lijk, 5, 359,
1893). Various forms of mosquito trap are described, but they are probably more suitable
for Culex than AZdes aegypti, though special types might perhaps be designed.
Whilst all the above are available to the individual for his self-protection, the prime
procedure under normal conditions in the tropics, when protection is called for against
A. aegypti as a troublesome day-biting mosquito in a bungalow or quarters, is to make
a thorough search for any breeding places of the pest there may be about the premises
and take appropriate action against these. Often days or weeks of annoyance may be done
away with by such a searchwhenever presenceof the insect begins to be noticeable. If the
source of supply is from outside and irremovable, then screeningof the house or quarters
is indicated.
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V
TECHNIQUE
The particular technique employed by an observer naturally largely depends upon the
facilities such observer has at his disposal, upon the nature of the work to be carried out
and upon the personal preferences of the individual. In what follows various points in the
technique of rearing and utilising Ai;desaegypti are given as they have been found suitable
by the author using the specieson a considerable scale over a number of years on work in
determining the effectiveness of different repellents and of their preparations and in
studying the bionomics of the species(Christophers, 1947). That the apparatus and methods
described will necessarily be those best suited for some particular purpose of the reader
can scarcely be expected. Thus it may at times be required merely to breed out small
numbers of the speciesusing little more than a suitable cage and a few ordinary laboratory
articles and much that is said here will be irrelevant. On the other hand, much that is
ambiguous or even contradictory in the literature may be largely avoided if care be taken
to see that the material used is properly reared, of good quality and the conditions under
which it is used, such as age from emergence and other relevant facts, given. Even if the
technique here given is not followed there may be points of interest or usefulnessto those
commencing study of the species.The reader must therefore make his own selection in
what follows of those items that may serve or assistin his technique. Besidesthe author’s
own methods a number of references to the work of others will be found which may be
useful to consult. Special techniques relating to particular methods of experimentation or
preparation of material not dealt with here are given in later chapters. If more attention
were given than is often the case to the use of standard material, well bred, with wing
length or weight recorded, with the day from emergence or the blood feed noted (not
a batch of unknown age fed on sugar!) much of the troublesome ambiguities so often
recorded in the literature with this specieswould be avoided.

(a) APPARATUS
Breeding jars. For rearing larvae the usual laboratory glass basins are very suitable
(Fig. 2 (3 A)). A size of about 15-20 cm. in diameter and about 10 cm. in height are convenient for early stages of the culture or for a total of larvae up to about 500. Larger
basinsup to 30 cm. or more if they will go conveniently into the incubator may be used for
larger numbers. A graduated wooden support in steps, as shown in the figure, is useful
in collecting the pupae with the dish tilted.
Meat dishes. Small glassdishes (potted meat dishes)* about 12 cm. in diameter and some
5-6 cm. deep, or some suitable substitute, are almost essentialfor collecting the pupae for
hatching out in the cages, for taking samples of larvae and many other purposes. They
may usually be obtained in a Woolworth’s stores (Fig. 3 (7)).
* Also used as butter dishes.
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Collecting pipette. For removing larvae, collecting pupae, etc. a wide-mouthed pipette is
useful. This consistsof 6 in. of glass tubing of not more than 6 mm. bore provided with
a rubber ball-teat preferably of 4 cm. diameter (Fig. 2 (3 c)). The distal opening may be
very slightly narrowed and the cut edges smoothed in the flame.
Collecting sieve.This is used to collect larvae or pupae in bulk. It consistsof a 2 in. length
of 1 in. diameter glasstubing with mosquito netting over one end held in place by a rubber
band (Fig. 2 (3~)). When in use the end with the netting should be held beneath the surface
to avoid damaging the larvae or pupae as these are pipetted in.
Earthenware pots. These are of unglazed earthenware (known as rabbit feeding dishes).
They are about 12 cm. in diameter and 7 cm. high with turned-in rim (Fig. 3 (5)). They are
invaluable, not only for egg deposition and storage, but as humidifiers during emergence.
Having a turned-in edge they give, when partly filled with water, conditions closely resembling those of the native water pot, a favourite breeding place in nature. Being rough
they give good foothold and being porous they retain moisture after egg laying for some
time after fluid has been removed, and, filled with water, they can be placed over other
pots with eggsto keep these moist for the desired time. Eggs are laid in a heavy ring round
the edgesof the water and after conditioning and drying the pots can be broken and suitable sizedfragments with their attached eggsusedfor starting cultures. As humidifiers when
filled with water they are much more effective than dishes of water, even if these are provided with wet wool. They can be obtained from time to time at Woolworth’s stores.
Air bubbling apparatus. Owing to the danger of scum formation a great deal of trouble will
be saved if bubbling air can be used when culturing larvae. If available in the laboratory
current air may be brought into the incubator through the thermometer hole and linked up
by T-pieces with as many distributing tubes as required. The rate of bubbling should be
controlled by screw clips, and it is a great convenience to have these set firmly in a vertical
position on the rubber tube between two staples fixed on a largish cork, which has been
cut to ride on the edge of the breeding dish (Fig. 2 (2)). It is important to insert an air
gauge in the course of the main air supply tube (Fig. 2 (1)). This ensuresuniform pressure.
If this is not done, air will escapeonly in such a distributing tube as lies highest in water,
making regulation difficult.
If current air is not provided, it is possible to arrange for this by a small motor. Small
motors for the purpose are to be obtained from firms catering for amateur aquaria (for
example, Gamage’s). If air bubbling is not available, some other device must be substituted (see section on the culture fluid), but it is a great and almost necessaryconvenience
if work on any scale is being carried out.
Cages. The simplest form of cage consistsof a light wooden frame with sidesof mosquito
netting, having a wooden or metal base and with one side provided with a sleeve (see
regarding construction of such below). The netting should be a rather fine mosquito net.
That in ordinary use in the tropics may be used (about 14 by 16 meshesto the inch). But
a finer netting as used in dress-making can be obtained and is probably safer (mesh about
18 by 20 to the inch). The actual mesh aperture varies with the thickness of the cotton
enclosing the mesh. A black netting of this kind is also available and is preferred by some
as giving better visibility. The sleeve should be at least 18 in. long and rather voluminous.
A glassside is also useful.
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Recently cageshave come into use with the sides, or the side with the sleeve, of plastic
sheet. In this case the sleeve is usually attached to the edges of a circular opening cut in
the sheetby being stitched to a length of slit rubber tubing. When the slit rubber is adjusted
to the edge of the opening the rubber firmly grips the plastic. The sleeve attached to the
frame, however, is more convenient for introducing and taking out dishes and is to be
preferred.
Cages need not be large, except for special purposes. An all-purpose cage, for breeding
and use of a moderate number of mosquitoes, about 12 by 2 by 12 in. is very convenient as
this will go easily in the incubator and allows of dishes being taken in and out. It is also
not too large to make capturing mosquitoes by suction difficult.
Whilst the above will serve for small-scale work any more extended research will be
greatly facilitated by use of several sizes of cage designed for special purposes. Thus, for
emergence,cagessmall enough for severalto go at the same time into an incubator are very
convenient. But these might not be suitable for later feeding or other purposes, for which
larger and perhaps quite different forms of cages might be desirable. Hence for this and
other reasons some method of being able readily to transfer the mosquitoes in bulk is a
great convenience and only requires some thought given to construction of the cagesto be
used (see Fig. 3, which shows cagesas used by the author). Another method which serves
a slightly different purpose, namely removing mosquitoes as required from a stock cage, is
that described by David, Bracey and Harvey (1944), who use a cage with a wooden roof in
which is an opening closed by a sliding door.
Large cages used for stock, except for some special reason, are not very desirable for
ordinary work, but may serve a purpose. A cage designedto give a continuous supply of
eggsfor a large laboratory is described by Leeson (1932) and has proved very useful. It is
Figure 2. Technique.
Air pressure regulating valve. The arrow indicates direction of air flow.
Arrangement for pinchcock fixed on cork by staples for regulating rate of air bubbling on each
air distributing tube.
Apparatus used in collection of larvae and pupae. A, glass culture basin sloped for collection.
The arrow shows direction of light from window; B, sieve; c, collecting pipette.
Suction pipette for collection of adults. Simple form. a, collecting tube; b, glass mouthpiece
at end of rubber suction tube.
A more elaborate pipette for collecting and accurately chloroforming adults. Lettering as in 4.
Specimen tube with filter paper strip resting in water as used for observing time of oviposition,
number of eggs laid, etc. The double rubber band shown is a precaution-measure against
spontaneous breaking of the small rubber bands used which sometimes occurs with loss of
specimen.
Mosquito hotel. Jar with cardboard shown lifted from hollow lid furnished with water, and
paper-slip on cork.
Method of mounting mosquitoes for transport. A, single mosquito mounted on cork strip;
same put in tube with opening in cork closed by light wool pledget; c, tube put up with a
number of mounted specimens; D, showing how cork strip is pinned to cork.
Apparatus for rearing and feeding mosquitoes as used at the Molten0 Institute (Tate).
a, hole in mosquito netting cover plugged with wool for removal of mosquitoes by suction
pipette; b, rivet holding bent metal sheet in place and giving some latitude to movements of
lower part; c, one of three supporting nuts on inner side of metal to engage over milk dish
(unshaded portion below).
B,
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a large cage with permanent accommodation for a guinea-pig. The roof of the animal’s
quarters forms a shelf on which is a breeding tank kept automatically at a desired temperature by means of a thermostatically controlled electric bulb. Continuity of supply may
also be arranged for through ability of A?des eggs to retain vitality for several weeks or
longer (see later on manipulation of eggs). For description of equipment for continuous
rearing of A. aegypti, seeBacot (1916); Buxton and Hopkins (1927); Putnam and Shannon
(1934); H. A. Johnson (1937); David et al. (1944); Christophers (1947); Burchfield, Redder,
Storrs and Hilchey (1954).
Special cages and equipment may be required for special purposes. Stokes, Bauer and
Hudson (1928) describe a cage used for feeding monkeys in yellow fever work; see also
Sellards (1932); Shannon (1939) ; Barnett (1955); Ross (1956). Snijders, Dinger and
Schuffner (1931) describescages used in work on dengue transmission. Nieschulz and
Du Toit (1934) describe cages used in veterinary studies using A. aegypti.
Not all authors, however, in their techniques use cages of the ordinary kind. For some
purposes the simple apparatus and procedures given by Stephensand Christophers (1908)
in handling a few mosquitoes still hold good and are referred to later. Yolles and Knigin
(1943) use a celluloid cylinder with a rubber diaphragm and a slit for inserting a tube.
Young and Burgess (1946) use a plastic sheet 22 by 10 in. bent into a semi-cylinder and
tacked on a wooden base 10 in. square, the back being of transparent celluloid and the
front of netting. Trembley (1944a) usesfor oviposition lamp glasseskept over petri dishes
with wet wool. Fifty fed females can be added or mosquitoescan be fed through the netting
covering the top.
A system which is in use at the Molten0 Institute, Cambridge, for work on bird malaria
and other studies and found very satisfactory employs for emergence, feeding and oviposition cylinders of sheet metal 6 in. in diameter and 6 in. high resting on flat enamel
pans (milk dishes) (see Tate and Vincent, 1936). The cylinder is made of a metal sheet
bent into a cylinder held by a rivet only at the top. The bottom of the cylinder can therefore
be readily adjusted to grip the dish. The grip if necessarycan be further strengthened by
a rubber band or clip. Three small projections (rivets) near the bottom prevent the edge of
the cylinder sinking more than a certain distance beyond the rim of the dish (Fig. 2 (9)).
Figure 3. Technique.
Type B cage. a, sleeve;b, slidingzinc door. Note handleformed by outer edgerolled backwards; c, edge of cardboard strip as used to give socket room for door and glassplanes;
d, nut and bolt to prevent door being accidentallypulled from its socket; e, screwto retain
glasspane in position.
The roof is shownreinforced by wire netting for use with rabbit feedingattachment.
Type A cage. Lettering as for 1.
To showdetailsof constructionof cages. A, screwfor glasspanes;B, showingslidingsocket
for door made from stripsof bent zinc sheet;or socketmay be merely gap left when outer
slat is separatedfrom the cageframe by a thick strip of cardboard; c, socketfor glasspane
formed by strip of cardboard(c); D, bolt near edge of door to prevent total withdrawal.
Rabbit feeding attachment. The dotted areas are sorbo rubber resting on wooden floor.
Twice scaleof 1.
Porouspot (rabbit feedingpot) referred to as ‘egg-pot ‘.
Fragment of samewith portion of egg rim as usedfor startinga culture.
Glassdish (meat dish; butter cooler dish).

6
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Pupae are placed in the dish to hatch out in the incubator. Feeding is done by the bird or
small animal being laid on the netting at the top of the cylinder with some portion of
bare skin touching this. The mosquitoes oviposit freely around the dish giving an abundant
supply for immediate breeding or holding in stock.
Cages as used by the author. The cages are of two types, namely, small cages of which a
number can be used if necessaryin the incubator at the same time for emergence and for
holding adults until ready for testing or experiment (type A cage); and larger cages of a
size found suitable for testing, feeding, oviposition or such other purposes as may be
carried out (type B cages). Manipulation is avoided by having both types of cage with a
sliding sheet metal door and a frame which will allow the doors of any two cages to be
brought flush. Both type A and type B cages are made with a matchboard base and a
wooden frame of 1 in. scantling. Type A cages are small cubical cages measuring 8; by
Sft-by 8i in. One side is furnished with a sleeve 18 in. long and of ample width. Opposite
to this is the sliding door. The remaining sides are covered with mosquito netting or a
substitute and, especially if muslin is used, one side is fitted with a glasssheet. All fittings
are by means of light wooden slats lightly nailed in place. Type B cages are of similar
construction but measure 14 by 8; by 12 in. high. One side or better both are of glass.
The cages can be made by any amateur carpenter and stand up well against rough wear.
The floor should be of smooth wood. The door may have its inner end bent into a roll to
give convenient grip and should have a small bolt and nut set near its outer edge to prevent
accidental withdrawal of the door from its bed when in use. The construction of the cages
will be clear from the figure (Fig. 3 (l-3)).
With type A cages the hatched-out adults from the pupae placed in the cage can be
retained under suitable conditions until such time as they are ready for experiment. Up to
200 adults are readily accommodated without overcrowding. As many as eight such cages
could, if required, be accommodated in a large incubator. At time of experiment a few
moments sufficesto transfer all the mosquitoes in the small cage to some form of type B
cage. All that is necessaryis to place the larger cage against some support and, holding the
smaller cage firmly in place with the door frames in apposition, to open both doors and
agitate the sleeve until all mosquitoes have been transferred. That the door of the large
cage occupies only the lower half of the end favours the non-return of any mosquito that
has once entered the large cage. To facilitate opening the doors those on type A cagescan
be set in an opposite direction to those on type B cages. A clamp to hold both cagesfirmly
together can be used (Christophers, 1947), but is not necessary. By a very simple adaptation, as noted later, a cage of type B can be fitted for feeding mosquitoes on a rabbit for
oviposition. By the adoption of such a system as that described and with the aid of one
or two minor accessorypieces of apparatus techniques of almost any kind can be greatly
simplified.
Mosquito aspirator pipette. Apart from transfer in bulk it is often required to remove
a few specimensfor observation or certain forms of experiment. For this purpose Buxton
(1928) usesa length of 1 in. diameter glasstube with a rubber cork at each end into which
are inserted respectively a piece of glass tube of suitable length and bore for aspirating
adults from a cage and a short piece to which can be attached a length of rubber tubing for
suction. This last-mentioned piece of tubing has its inner end protected by a piece of
mosquito netting held in place by a small rubber band (Fig. 2 (4)).
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A somewhat more elaborate, but very useful arrangement of this kind has been found
suitable for many purposes and is illustrated in Fig. 2 (5). This consistsof a 6 in. boiling
tube with a rubber cork in which is set both a long collecting and a short sucking tube which
is either bent sharply to face back to the operator or a piece of wire is inserted in the rubber
to prevent it buckling. The collecting tube should fit in the cork hole easily so that it can
be readily replaced by a small funnel by means of which mosquitoes in the tube can be
accurately anaesthetisedby placing a small piece of wool in the funnel and adding a drop
or so of chloroform. By sucking gently and watching the mosquitoes they can be anaesthetised to any desired degree and turned out. Or the funnel can be replaced by a bent tube
and the mosquitoes without being anaesthetisedblown gently into any desired receptacle.
Attachment for feeding on rabbit. For feeding mosquitoes in cages it is now a common
practice to immobilise some small animal (guinea-pig or rabbit) with nembutal and place
in the mosquito cage. In this case no special apparatus is required other than a small
cradle to facilitate the operation (see later under feeding for stock). It has been found,
however, that better feeds are given using a rabbit and that with so large an animal it is
convenient, whether the animal is immobilised or not, to use a suitable attachment that
can be fixed when required on a cageB type, the mosquitoesfeeding through the gauze roof.
Or one such cage can be kept permanently fitted with the device. The attachment consists
of a padded board made to fit and to some extent to grip the top of a type B cage which
has been previously fitted with wire netting under the muslin of the roof. A suitable space
is left in the middle to the sides of which are attached canvas straps, each about 4; in.
wide with the ends cut narrower to enter the buckles (pig. 3 (1)). A rabbit is placed on the
board and the buckles adjusted to hold the animal firmly but comfortably in position. To
ensure this the straps should be brought up from the inner sidesof the frame as shown in
the figure. The hair over a portion of the abdomen is previously clipped or shaved, or
preferably removed by one of the patent hair removers. A period of fifteen minutes is
allowed for feeding. Very heavy feeds may be obtained in this way.
Killing chamber. It is not easy to kill off mosquitoes in a cage without some adequate form
of killing chamber or having cagesout of action for sufficiently long to ensure death of all
the mosquitoes which may take several days. Such a chamber can be made of ply-wood on
a strong wooden frame just large enough to take type B cages. It is convenient to have a
down-closing sliding door. Under the roof there should be sufficient space to fix a wire
netting partition on the top of which can be placed a thickish pad of filter paper or other
absorbent. Two holes are cut in the roof furnished with corks for adding the lethal agent.
The amount of this substance(chloroform or, cheaper, carbon tetrachloride) necessaryto
ensure complete lethal effect in, say, 15 minues can be ascertained and this amount used
as a routine. For a killing chamber just large enough to take cagesof the size noted 30 ml.
of carbon tetrachloride was found necessary.
Forms. In any full-scaled research using considerable numbers of the species suitable
printed or duplicated forms with spacesfor relevant information, such as date, specification of the batch from which mosquitoes were taken and other information, will not only
greatly reduce the labour of keeping notes but will avoid hiatuses in recordings.
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(b) THE

CULTURE

MEDIUM

In early observations on the speciesbred in the laboratory eggswere placed to hatch and
develop in conditions supposed to resemble those of their natural breeding places.
MacGregor (1915), commencing his study of the most suitable form of culture fluid,
placed a new strain he had received in tap water to which had been added ‘fallen leaves and
dry twigs’. The unsuitability of such a fluid is very apparent from the statement made by
the author that some larvae remained in ‘suspended development’ from early June to late
August, that is the conditions were those for rearing ‘ starvation forms’ as described in a
later chapter. Later MacGregor (1929) experimented with a number of other media.
Those media consistingexclusively of sugar or starcheswere useless. A medium of lactopeptone was fairly satisfactory. Media containing egg albumen or egg yolk gave variable
results depending upon the degree of contamination, 0.1 per cent egg yolk being lethal if
on decomposition it yielded H2S. Boiled oatmeal was satisfactory but growth slow.
Powdered bean was fairly good. Of all the materials tried the most successfulwere bemax
(excellent at 0.1 to 3-Oper cent if the medium did not become acid) and different forms of
bread, namely standard, brown and white (the last not quite so good). Of standard and
brown bread the author remarks that the medium apparently contained all that is necessary
for vigorous larval growth.
Bacot (1916) early notes that larvae develop readily in water containing a plentiful
supply of organic matter.
Buxton and Hopkins (1927) tried out infusion of hay, rice or bran, diluted and allowed
to rot. They found the most suitable medium to be ‘grass infusion’. It was recognisedthat
bacterial growth took place (Buxton and Hopkins, 1925). These authors made some
pertinent comments on the advantages and disadvantages of different ‘organic fluids’
The advantage of bran, meal and starchesis that these substancesare easily weighed and
have a fairly definite composition. It is almost uselessto weigh grassas a large and varying
proportion of it is water. Hay also may consist of different grasses.The present author also
found that the value of hay for this purpose varied greatly with its age and conditions under
which it had been kept. In regard to bran the above authors noted that it has the disadvantage of growing a thick scum. Their studies indicated that on the whole the best
medium is dilute grassinfusion. They did not claim that the medium is other than a source
of bacterial food.
The work of Trager (1935) and others working on essentialfood requirements of A&Yes
aegypti larvae (see ch. XI, section (g)) later showed that, whilst it is possible to rear larvae
up to emergence under sterile conditions there are considerable difficulties such as are
entirely absent using fluids with an abundant bacterial flora and that normally the presence
of living bacteria and yeasts is necessaryto provide certain essential food elements. That
solutes or colloidal material in dispersion are to any extent available for food and that
larvae can grow to any extent in such substancesas sterile nutrient broth has also been
negatived by the experience of several authors (for example, Hinman, 1930, 1932).
Briefly, then, the requirements of a good culture medium would appear to be that it
should be a fluid providing continued bacterial growth, but without such excessivefermentation and formation of scum and harmful products as will be prejudicial to the larvae.
Bread, usually in the form of dried bread crumbs sprinkled on the surface, has been the
food most usually employed. Shannon and Putnam (1934) used tap water with dried bread,
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either exclusively or with dried blood serum. Trembley (1944a) used oat grains cut in half
(12-30 grains per tray of 3 litres) alone or with dog biscuit put in 12-24 hours in advance.
Or 150 C.C.from an old pan was added daily. David, Bracey and Harvey (1944), whilst they
found powdered bread satisfactory, obtained the best results with a breadcrumb infusion.
This was allowed to ferment for five days at 20” C., shaking daily and before being used
was strained through voile, warmed and aerated. Other forms of food used in the rearing
of mosquito larvae, including A. aegypti, have been heated yeast (Tate and Vincent, 1936);
finely ground lentils (De Boissezon, 1933); piscidin, a proprietary fish food consisting of
powdered flies (Martini, 1921; Weyer, 1934; James, private communication); a powdered
breakfast food found more convenient than yeast (H. A. Johnson, 1937); and probably
others, though the comparative value of these mostly rests on the fact that they did serve
for culture, it being rare in the literature for measurement of sizeor weight of the mosquitoes
reared to be given. Weyer (1934), however, notes that a larval diet of blood and liver
produced vigorous males and females.
With the present author no food has given such consistently good results as a modification of that used in Professor Buxton’s laboratory, namely a finely ground proprietary
dog biscuit (see Lumsden, 1947). The modification used has been the addition of bemax
and a standardisedmethod of preparation and usage.The biscuit used has been Entwistle’s
Puppy Meal. This consistsas purchased in the market of a mixture of broken fragments of
an ordinary yellow hard biscuit and of a brown biscuit which contains a little bone meal
and probably other ingredients considered suitable for dogs. The makers, Entwistle Ltd,
Vulcan Mills, Liverpool, have, however, on request very kindly supplied these two constituents separately in seven-pound bags. Otherwise if bought on the market the yellow
biscuit is in excess. Preparation of the food is as follows.
Equal parts of yellow biscuit, brown biscuit and bemax are separately finely ground and
well mixed, fineness being assured by sifting through fine mosquito netting. For large
quantities a mincing machine is helpful, though the final grinding is best done by rubbing
up in a mortar. This finely ground powder is kept as stock, being used as required. When
preparing culture medium a small quantity, say two piled teaspoonfuls, are rubbed up with
a little water into a paste and then diluted to form a suspensionof which desired quantities
are added to tap water. Enough should be added in the first place to give, eventually, a
good turbidity, that is, one in which, seen through the glass,larvae are only visible when
they approach close to this. The culture fluid may be clear when freshly made, due to
settling, but later becomes increasingly turbid. If a heavy scum forms in spite of gently
bubbling air, too much of the food has been added for the number of larvae present. If
overnight the culture becomes dark and transparent, too little food is being given or there
is overcrowding. An appropriate quantity is added daily or from time to time to maintain
conditions as they should be. Changing the water daily as is sometimes recommended is
to be avoided. But as the larvae increase in size larger receptacles may conveniently be
brought into use and so a certain amount of fresh water comesto be added during progress
of the culture. Where bubbling air is not used,an attempt may be made to add just sufficient
food to keep scum from forming. Close attention is required, however, as one night’s scum
may kill off the larvae, especially when still in the young stagesor as pupae. Another way
is to rear at a lower temperature.
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The following is the procedure followed by the author in rearing AZdesaegypti.
A fragment of egg-pot with what is judged to be an appropriate supply of eggs (see
section (6)) is sunk in a suitably sized deepish glass basin (say a meat dish or suitable
vesselto take the piece of pot) filled with tap water to which about one-third of its volume
of old culture fluid from a recent brew and a trace of food has been added. The preparation
is then left overnight at 28” C. with gently bubbling air. By the morning the great majority
of eggsthat have been conditioned as described later will have hatched. Older eggs may
take somewhat longer, but are best not used if more recent eggs are available. The old
culture fluid is not essential, but it helps to ensure rapid and uniform hatching.
Suitable hatching having occurred, the larvae with the fluid in the dish are turned into
a larger dish of tap water at 28” C. and a suitable amount of food suspensionadded. As
growth takes place the larvae and contents are transferred en blocif necessaryto a larger
dish. Dishes up to 5 litres or more may be used, but it is thought that those of about
3 litres are optimum. About up to 250 larvae per litre can be safely reared without any
fear of overcrowding. A certain concentration seemsdesirable. If the number hatched is
in excess,the excessshould be removed with the pipette where they lie accumulated at the
side of the dish away from the light. This may require to be done from time to time as the
excessbecomesapparent. After a little experience a rough estimate can be made about the
second day as to what thinning out is required.
When the majority of larvae have pupated, usually about the sixth day, pupae are
pipetted out and placed in clean water at 28” C. in meat dishes in cages of type A for
emergencein the incubator. To ensure humidity so that there shall be little or no mortality
a few porous egg-pots filled with water are placed in the incubator along with the cages.
This is the time when counting for future experimentation is done. As a routine it is
convenient to have each small cage put up with, say, 100 pupae of a given sex. It is then
always possible later when transferring the mosquitoes to know what numbers are being
used. Even if this is not required it is convenient to have small unit cages to work with.
This is the time too for putting aside a sufficient stock of the old culture fluid for use later.
Emergence is complete in about 48 hours from collection of the pupae and when so
completed cagescan be removed to a lower temperature, each cage being provided with a
filter paper fan slipped into its dish. .This ensureshumidity and gives ready accessto water
for drinking. Later when the dishes are removed counts of pupal skins can be made if
desired to check the cage contents. If clean water has been used for the pupae and high
humidity ensured during emergence,there should be at this time practically no mortality.
Cages can now be left, say at 25” C. and moderate humidity (70 per cent relative humidity), until the fifth day from emergencewhen the mosquitoes are suitable for testing or
feeding. The use of sugar, fruit, etc. in the cageswith the idea of maintaining the mosquitoes
alive is objectionable from several points of view. In the first case it is not necessarysince
the mosquitoes, if treated as above and given water to drink, do not begin to show mortality, except for some males, until about the seventh day and to use mosquitoes beyond
the seventhday from emergence,except for a specialpurpose, is again undesirable. Further
to give food other than water is to introduce a distinctly disturbing factor, as it may seriously
reduce biting urge and possibly have other effects. Shannon (1939) found that 22, 35 and
56 per cent respectively fed in three series treated as follows: fed on sugar up to time of
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feed; sugar removed three days before feed; mosquitoes 2-3 days old with only water.
Water to drink (and preferably with a filter paper fan), however, is essential and adults
soon die if this is not provided.
In a few days the cagesare ready for experiment. The fifth day is the most suitable time
for this as the mosquitoes are now uniformly hungry and excitable and there should be as
yet no appreciable mortality except among the males. Offered food, for example the
human arm, the percentage feeding should approach 100 per cent. Normally if being
tested the mosquitoes from a small cage of females and one of males are transferred to a
cage type B and before use are exposed without water for one hour to bright electric light.
A word may be said here as to the use of the expression‘first, secondor third day’ when
referring to age of mosquitoes. By ‘first day’ is here meant some time on the day following
any operation, such as putting eggsto hatch, the day of the operation being day 0. Buxton
and Hopkins use the same convention. Most usually the condition described as that on
any particular day relates to the time of morning inspection, the operation having been
done some time during the previous day. Whilst very rough, it is useful where exactnessis
not important. Otherwise time is best given in hours.

(d) FEEDING

FOR

EGG

STOCK

When arranging for egg supply it is convenient to carry out emergencewith a few hundred
male and female pupae sieved out in bulk and placed in a meat dish with clean water in
a B-type cage (that with the rabbit attachment if this has been set aside for the purpose).
When emergenceis completed filter paper fans are inserted into the dishesand the cage left
preferably to the fifth day for feeding. Feeding may be done on the human arm, but use
of a rabbit is preferable. The guinea-pig has not been found to give such satisfactory feeds.
Fielding (19 19) notes the same experience. An hour before the feed, water should be
removed and the cage exposed to the light of a lamp.
The animal used for feeding may be immobilised with nembutal or not. In either case
it will be found convenient to use the feeding attachment. Hair over the abdomen should
be cropped or shaved. The animal is then laid comfortably on the attachment with the
abdomen against the gauze roof of the cage. Usually if performed quietly the animal lies
still. Fifteen minutes should be given for the feed.
I am indebted to Mr Shute of the Ministry of Health Malaria Laboratory for the
following notes on the use of nembutal.
The drug used for immobilising guinea-pigs, rabbits and monkeys is veterinary NEMBUTAL
(Pentobarbital sodium). Each cc. contains one grain of Nembutal alcohol 10 per cent. It can be
used intraperitoneally and intravenously. For complete sedation use 1-OC.C. (one grain) for
each 5 lb. body weight. It is a product of Abbot Laboratories. For fairly large animals, such as
rabbits or monkeys, it is best to give it intravenously, very slowly, and stop as soon as the animal
becomes immobilised, a matter of seconds. For guinea-pigs the drug may be given intraperitoneally
and by this route it takes 5 to 15 minutes to work. With monkeys it may take even longer. Immobilisation lasts from 2 to 6 hours. Small cradles may be used for guinea-pigs in which they lie
while resting in the mosquito cages. The same animal can be used over and over again if care be
exercised to give the right dose according to body weight. A patch over the abdomen of guineapigs should be closely cropped, but for monkeys no clipping is necessary.

After the feed, fresh glassmeat disheswith water and filter paper fans are left in the cage
for the first two or three days and then replaced by earthenware egg pots about one-third
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filled with water. These are not placed directly on the floor of the cage, but raised on empty
meat dishes. Otherwise a great many eggs may be laid on the floor where this has been
wetted by leakage from the pots. By not placing the earthenware egg pots in position at
the beginning, much contamination with post-feed faeces is avoided. In nature there may
be some selection by the female in depositing her eggs on water of different characters.
But in the laboratory there does not appear to be any necessityto make provision for this,
since females oviposit freely in captivity on clean tap-water. More important is the
character of the vessel,a point referred to later when dealing with manipulation of the eggs.
Oviposition is practically completed by the seventh day from feed, when pots are
removed, the water pipetted off and the pots, after labelling, put aside for the eggs to be
conditioned. Being porous the pots take a day or two to become dry, which allows time
for the conditioning of most of the eggs,these having probably been laid on the fourth or
fifth day after the feed. To make quite sure, however, the precaution can be taken to place
a pot filled with water above one or more of the pots with eggs, removing this in a day or
two and allowing the pots with eggsto become quite dry.
The pots are emptied on the seventh day becauseeven the earliest laid eggs (those laid
on the third day) will not by then have had time to hatch. Beyond the eighth day there will
be heavy lossesfrom hatching.
Eggs being conditioned should not be kept too moist, that is wet, or there may be
serious loss from larvae that have cut the egg cap, but have not emerged, and so will
eventually die from desiccation when the eggs are allowed to dry.
If filter paper is used for oviposition, specialcare is required to ensure that the eggshave
been kept moist sufficiently long to ensure conditioning. This is probably most readily
done by keeping the filter paper on wet wool as is done by the American observers.
Egg pots when stored should be protected from psoci, cockroaches, ants and other
possible marauding insects by being placed one above the other standing upon an upturned flower pot standing in a vesselof water. Oil, as lesslikely to evaporate, can be used
instead of water, but is apt to be both messy and dangerous. The time the eggs remain
viable depends a good deal on the humidity. The time is much shorter in ordinary room
conditions than when kept in a constant temperature room with a humidity of 70. The
extent to which stored eggsare still viable can be judged by examining them under a low
power. If still plump and rounded, they will certainly be viable. Eggs properly conditioned
and kept at reasonable humidity should retain their viability for some weeks at least without appreciable deterioration and give good results in hatching up to three or four months.
If kept too moist, they are apt to become infected with psoci or mites.
The resistance of conditioned eggs to desiccation makes this much the best form in
which to transmit material for culture. Eggs may be sent by post on dry filter paper or
on small pieces of pot from a broken-up egg pot.*

(e) MANIPULATION

OF

EGGS

Shannon and Putnam (1934) have specially investigated the results of different ways of
conditioning eggs.They keep those laid on filter paper on wet wool for several days in the
open so that they dry very slowly. Trembley (19443) allows eggsto be laid on filter paper
* For eggproduction Kneirim, Lea, Dimond and De Long (1955) feed mosquitoeson preservedblood, as also do
Lang and Wallis (1956). Whether such procedure is useful or not may depend on circumstances.
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placed on moist cullocotton pads in the dishesthat form the base of her lamp glasscages.
They are stored after being kept moist for 2-3 days at room temperature in covered containers and then dried in the open air. H. A. Johnson (1937) in place of filter paper uses
pieces of sponge that can be dried and put away. At the Molten0 Institute, Cambridge,
in the method of employing mosquitoes described by Tate and Vincent (1936), eggs,
after feeding of the mosquitoes, are laid on and around the edges of the water in shallow
enamel pans used as the bottom of the feeding cage. As these dishes dry up eggsremain
moist sufficiently long to become for the most part conditioned. Blanc and Caminopetros
(1929) place in the cage of fed mosquitoes porous earthenware vesselscontaining water.
The eggs are deposited on the outside of the pot. Earthenware pots as used by the author
have already been noted.
When not properly conditioned a certain number of eggs become dry and shrunken.
But during the operation of being put to hatch these eggsswell up and appear as unhatched
eggs (see later under ‘swollen eggs’, p. 143, and may give a false impression that these
were resistant eggs, that is still viable eggsthat did not hatch.

MICROSCOPIC

STUDY

OF

EGGS

The above remarks relate to a supply of eggsfor culture. There are, however, a number of
other ways of manipulating eggswhen the object is to prepare these for various research
purposes. One useful method for many purposes is to collect the film of floating eggsleft
after oviposition in the meat dish used. If this is to be done, a glasspot (meat dish) should
be placed in the cage for oviposition instead of an earthenware pot. The glass sidesof the
dish being not very suitable for the insect to oviposit from, the great majority of eggs will
now be laid on the surface of the water. To collect these a grease-free cover-glass, preferably a long one such as is used for mounting serial sections,is used. This is slipped under
the film of eggsand a portion of this lifted out. The eggsbeing uniformly oriented with the
ventral surface uppermost, suchpreparations are very suitable for making measurements,
studying egg structure or for demonstration purposes. This is also a way of obtaining a
number of undamaged eggsfor research purposes. The cover-glassis examined under the
microscope and any damaged or abnormal eggstogether with debris removed. The eggs
which have passed inspection are then swept off with a fine brush into a pot of water.
Never having dried, such eggswill be intact as regards the chorion, which is not the case
with eggs detached after being allowed to dry on any surface.
The thick band of eggs deposited round the water’s edge in an earthenware egg-pot is
also another useful source of eggswhilst these are still moist, for the eggs, not yet being
cemented, can be removed with a fine brush without damage and used for many purposes,
such as observing hatching under the microscope, weighing eggs, etc. (see pp. 139-40).
Usually the eggs from this band, especially after a heavy oviposition, in the still moist
condition give very clean preparations of eggsfree from debris. Even when dry, however,
this band is a very useful source of eggs for some purposes, it being simply necessaryto
brush them off with a camel hair brush. Though the chorion may be damaged, this does not
affect their viability.
Eggs on filter paper are not so suitable for the above purposesas they tend to be adherent
to the fibres of the paper. Eggs laid by isolated females on strips of filter paper are,
8
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however, very useful for many purposes, such as ascertaining the number of eggs laid,
viability of these, etc.
A common trouble with eggs,even those only momentarily dry, is that when placed in
water they then tend to float and are difficult to submerge. The following is applicable to
either moist or dry eggsin overcoming this difficulty. Brush off the eggsinto a little water
in a watch-glass or small glasspot. Using a pipette and teat, swish the water in and out
until it is seen that the majority of the eggshave sunk. Now give the watch-glassa rotary
movement to bring these sunk eggs in one spot. They can now be easily taken up in a
pipette and transferred to where required.
To obtain undamaged eggsfree from fluid, pipette out eggs on to a fine-grained porous
tile. By passingthem out of the pipette mouth at one spot a little heap of moist eggsfree
from fluid can be obtained.
Pipettes used for manipulating eggs should be kept thoroughly cleaned with acid, as
otherwise eggsare very liable to adhere to the inside of the pipette and cause difficulty.
To bleach eggs,treat as above and, bringing them together by rotatory movement of the
pot or dish, transfer to 1 in 5 diaphanol (or other bleaching fluid), leaving them in this
until the desired effect is produced. For bleaching still viable eggs to observe the act of
hatching, see p. 158. For sterilisation of viable eggs, see p. 151.
For all observations dealing with the black and opaque eggsof A. aegypti some form of
direct illumination by a strong beam of light, used from as high an angle as the objective
will permit, is essential. The use of a Lieberkuhn’s parabolic reflector is recommended by
James (1923) for this purpose. The author has used a Baker’s h‘ igh intensity low voltage’
microscope lamp which serveswell. The background should not be white or the glare will
give poor definition. A black matt surface gives, when strongly illuminated, a nice grey
contrast background. An upright piece of white card to reflect diffused light on the part
of the egg in shadow improves the effect.

MOUNTING

EGGS

Eggs may be mounted for the purpose of showing the egg characters or to show the later
embryological changes. For the first purpose, however, mosquito eggsoffer almost insurmountable difficulty as when put up in a medium some of the most striking characters of
the exochorion no longer show up. Eggs of A. aegypti mounted in gum or other medium
show little of the appearancesof the unmounted egg suitably illuminated. Suitably bleached
and treated egg-shellsare most suitable to show the chorionic structure (see under description of egg characters given later). For methods of mounting to show embryological
characters, see chapter VII.
Pick (1950), after he had shown that eggsof A. aegypti laid on silica-gel medium remain
viable up to seven months, has found that eggsmay even be mounted in a viable condition
in such medium, 50 per cent hatching out after thirty days. The method of preparing the
medium is given by the author.
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Examination of living larvae. Larvae as required are pipetted out from the culture using the
pipette already described. Where a mass sample is being taken at a given time or stage of
culture for weighing, larvae may be pipetted out where they have congregated away from
the light, and decanted from the pipette into clean water in a dish facing the light (for
example, a window), the pipette being emptied on the side towards the light. On entering
the water the larvae swim rapidly away from the light, whilst any debris or sediment falls
to the bottom where the pipette is emptied. The larvae are then pipetted out from where
they have collected free from debris and filtered off in a small funnel on to filter paper. The
massso obtained is then tipped on to a smooth porous tile, one portion being then weighed,
whilst another portion is immediately killed by boiling water and is used for determining
the percentages of the different instars, etc. Pressure at any stage should be carefully
avoided since this may detach anal papillae and so lead to loss of body fluid. By
such means, and measurements made as described later, growth in cultures can be
followed.
To obtain larvae at the stages immediately before and immediately following upon
ecdysis it was found very helpful to pipette out a mass of, say, fifty larvae from a culture
in which the desired ecdysiswas in active progress and to examine this rapidly on a glass
plate under a low power. The pre-ecdysis forms are at once detected by the dark hairs of
the oncoming instar wrapped round the thorax under the cuticle as describedlater. For the
post-ecdysisstagespre-ecdysis forms were collected and kept under observation, larvae at
the desired stagebeing removed as they were observed to undergo ecdysis.The larvae at this
stage are very strikingly distinguished by the almost completely transparent head. Before
measuring it is desirable to give a few minutes for the parts to adjust themselves as they
may be deformed somewhat immediately following ecdysis. By pre- and post-ecdysis is
always meant forms just about to ecdyse, or that have just completed ecdysisrespectively,
these being the only times at which measurementsof soft parts can be made corresponding
to a particular stage in development.
For measuring larvae for body length some method of ensuring immobilisation is
necessary. For killing without change or distortion the method described later with
formalin vapour is that giving the most perfect result. But though excellent for preparing
larvae for mounting, it is too lengthy a processfor measuring numbers of larvae at different
stagesof growth. Living larvae can be immobilised by flooding them on to filter paper,
but they are usually not well set out for measurement. Gerberich (1945) describesa method
using 10 per cent solution of methyl cellulose in the form known as methocel(manufactured
by Dow Chemical Co., Midland, Michigan. Viscosity type XX low; see also Science,
5 Nov. 1943). One drop of the solution is placed in the hollow of a hollow slide. The
larva, with not more than one drop of water, is then added and the water and methocel
mixed. The slide is left for 20 minutes for the water to evaporate. The larva at first moves
about but later becomes quiescent. Larvae can be kept alive in high humidity in such a
condition for 24 hours without injury.
Bates (1949) used iced water for immobilising larvae. The author has found the most
generally satisfactory method for use in measuring larvae for growth studiesas given later
to be very careful chloroforming of the larvae on a glassplate until they just ceasemoving.
For body length those are selected which lie with the body extended in a straight line.
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Killing larvae for mounting. For mounting without distortion so that preparations can be
made suitable for drawing or for reference, the most satisfactory method of killing is as
follows. Larvae are placed in a shallow dish with a suitable depth of 2 per cent formalin
to allow them to rest normally at the surface and covered with a glasssheet on which is a
filter paper wetted with pure formalin. It may take several hours to kill the larvae, which,
however, mainly die still floating at the surface and with the respiratory parts at the end of
the siphon fully expanded. After 24 hours the fluid is changed to 4 per cent, care being
taken not to sink the larvae. After another 24 hours the larvae are brought through
graded alcohols to xylol, using the xylol, and eventually the canada balsam, also in graded
proportions. A small opening in an unimportant part of the body wall will greatly facilitate
these later operations.
Mounting larvae. Larvae can be mounted in balsam, gum, Bhatia’s fluid or other medium.
They can also be brought without shrinkage into pure glycerine by the method described
by Buxton and Hopkins (1927), and thence mounted in glycerine jelly. Buxton and
Hopkins’ method consists in placing four volumes of concentrated glycerine in a tube,
covering this with a layer of one volume of a mixture of 90 per cent alcohol (nine parts)
and ether (one part), transferring the larvae from 90 per cent alcohol to the tube and
allowing them to remain until the alcohol and ether have evaporated. However, by making
a small opening in the body wall larvae can be mounted in glycerine jelly without much
difficulty.
A number of methods for mounting larvae have been described. A simple and rapid
method is given by Gater (1929). For mounting fluid Gater usesa medium consisting of
water 10; picked gum arabic 8; chloral hydrate 74; glucose syrup 5; and glacial acetic 3,
dissolved in the order given, preferably on a water bath at about 50” C. and afterwards
filtered through Whatman’s paper No. 5 by Buchner’s funnel and suction pump. Small
quantities can be cleared by centrifuging. The glucose syrup is made by dissolving 98 g. of
bacteriological glucose in 100 C.C. water. Larvae are freed from water and mounted
direct. The medium is also very useful for mounting small objects generally from water.
Puri (193 1) found Gater’s medium the most satisfactory for mounting whole larvae.
De Faure’s chloral gum (Imms, 1929) was not satisfactory for mounting whole larvae, but
gave good results with skins. King (19 13-14) found a medium made by dissolving small
lumps of pale colophonium in rectified oil of turpentine better than xylol balsam. For
killing and clearing he used equal parts pure carbolic crystals and absolute alcohol. After
15-30 minutes larvae were ready for mounting in the colophonium medium after removing
excess of fluid. Buckner (1934) places larvae for 15-20 minutes in 1.5 per cent MgS04
solution to clear them of foreign matter and kills with cocaine hydrochloride (2 per cent
for 4 hours). Wanamaker (1944) found creosote substituted for xylene a better canada
balsam medium. Canada balsam was heated slowly to drive off all xylene and thinned
with creosote.
A medium for mounting larvae that has given good results with the author is described
by Bhatia (1948). 50 g. crystalline pure resin is dissolvedin 75 C.C.oleum eucalypti at room
temperature. Allow to stand and decant. Kill larvae in hot water and bring to 90-95 per
cent alcohol or kill in alcohol. Transfer to 95 per cent or absolute alcohol, puncture the
thorax, remove excessof alcohol and mount in the medium. The larvae become transparent in about half an hour. In 2-3 days the medium sets hard and does not require
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ringing. Its refractive index (1.497) is less than that of balsam (1.524) and so shows up
hairs better.
For the final mounting some form of cell or support for the cover-glass is necessary.
For the small first and second instar larvae strips of broken cover-glassare suitable. For
larger larvae strips of bristol board on each side of the object, or if thicker material is
required, strips of glass slide cut by glazier’s diamond. It is usually necessary with the
thicker mounts to add more mounting medium until fluid under the cover-glassceasesto
shrink.
One difficulty in mounting is due to the siphon not being in line with the body. For many
purposes it is sufficient to cut the larva into two at about the middle of the abdomen,
mounting the head half on the flat and the tail half on its side.
Mounting larval skins. Many external structural features are specially well displayed in
the cast skin. These, when first cast, are much wrinkled and after a time become unduly
loose and elongated. By choosing a skin at the right amount of relaxation it can be floated
on a slide with the parts in fair position. Such skins can be mounted in chloral gum, Gater
or Bhatia medium and are especially valuable for the clear display given of the larval hairs,
but also of some other parts, for example the pharynx, and, with a little dissection,mouthparts, siphon structures, etc. For systematic purposes Puri (193 I), for Anopheleslarvae,
makes preparations of specially displayed skins as follows. Skins are treated in 10 per cent
KOH for an hour, washed in three changesof water and under the binocular on a slide are
cut along the mid ventral line by niggling with needles.They are afterwards passedthrough
alcohols to 70 per cent and spread on a slide. When satisfactorily spread they are flooded
with 90 per cent alcohol, which causesthem to become flattened and stiff and adherent to
the slide. They can then be mounted as they are, or detached and treated as sections.

,

Fixing larvae and pupae. For general purposesthe most satisfactory fixative for larvae and
pupae is Bles’s fluid (formalin 7; glacial acetic 3 ; 70 per cent alcohol 90). This was also
found by Puri very suitable for Anopheles larvae. The fixative penetrates readily and
except for some special purpose it is unnecessaryto puncture larvae.
For fixing at different hours of culture and as a general fixative the rapid method of
killing and fixing used by Tower (1902), in studying ecdysial fluid, is very satisfactory.
Larvae at the desired stage are killed by momentary immersion in sat. solution of HgC&
in 35 per cent alcohol 70 parts, acetic acid 30 parts heated to 60-65” C. They are then
transferred to sat. solution HgCl, in 35 per cent alcohol 99 parts, acetic acid 1 part, for
from 1 to 6 hours according to size. Later they are dealt with in the usual way for sublimate
fixed material.
In dealing with fixed material it is often convenient to turn out a number of larvae to
select material for sectioning or other purposes. A useful piece of apparatus in returning
such material to its tube is a perforated lifter made from a piece of perforated zinc or other
metal about 2i by 1 cm. set in a slit in a wooden handle. This cannot be used with Bles or
other acid fluids, but a strip of bristol board may be helpful.
Slicing technique in study of structure. Whilst for the study of internal structure serial
sectioning is essential(see later subsectionin this chapter), very useful subsidiary help may
be given by suitable bisecting or slicing of fixed larvae or pupae. For this a suitably fixed
larva or pupa should be placed in a suitable position on a slab of paraffin under a low power
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microscope. When in correct position, this is then cut down upon by a sharp razor. The
larva or pupa may be bisected in a vertical or horizontal plane or in any way which it
is thought will enable particular structures to be displayed. To prevent the object shifting
during the process it may be fixed in position by a fine entomological pin driven through
it into the paraffin in such a way as not to interfere with the cutting.
Instead of a razor, Pantin (1946) usesa fragment of blue Gillette razor blade so broken
off with pliers as to give a length of cutting edge and a projecting portion by which the
fragment can be set in a slit wooden handle. It is essential that it should be firmly held,
which can be achieved by sealing the knife in position with sealingwax. In use it can often
be steadied by contacting the free end of the blade with a finger of the left hand.
In the two halves of a bisected larva, including the bisected head, the various structures
are often marvellously shown. It is usually desirable to lift out with a touch or two of the
needle the loosely held alimentary canal in order to display better other structures.
Larvae, fixed and bisected or sliced, form excellent material for the study of larval musculature viewed under polarised light (see under muscular system).
A useful technique for studying certain structuresis given by Wigglesworth (1942). The
larva is slit along the side with scissorsand the gut removed through the slit. The body may
then be unrolled and mounted flat, all tissues,germinal buds, heart, etc. being displayed.
Another useful method for certain purposesis to select a larva that has just ecdysed and
has a completely transparent head. By staining in picro-carmine or other suitable stain
and clearing, the brain and other nervous structures are especially clearly shown, the
nerves going to the antennae, optic lobes and other cephalic structures especially being
shown up in their proper relations with great clearness. For dissectionof salivary glands
a in larvae and pupae, see Jenson (1955).
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When collecting pupae from a culture with the intention of separating the sexes it is
convenient to place the culture dish facing a window and to tilt this somewhat towards
the observer. If rearing is being done on any scale,it is useful to have a graduated wooden
support for this purpose (Fig. 2 (3~)). The pupae then arise free from the glasssidesof the
dish and can more conveniently be pipetted out as they do so, diagnosisof sex being made
at the same time. If the culture is optimal, the difference in size and appearance of the two
sexesis so great that any mistake can scarcely be made. With poor cultivation the difference
is less marked and with starved forms may almost, but never quite, disappear.
If collecting pupae in mass for bulk breeding out or other purpose, the small sieve
described in the subsectionon apparatus will be found very useful. By holding this in one
hand with the netting submergedand pipetting in the pupae, even a large culture can be
cleared in a few minutes without damage to the insectsand without including still unchanged
larvae with the pupae. By including larvae when pupae are put up for emergence the nice
clean-cut technique where a dish is left with just the number of skins of mosquitoes in the
emergence cage no longer holds, nor can freedom from the other sex be assured.
Use of the sieve also simplifies the final putting up of the collected pupae in clean water,
since no material amount of culture medium with suspended matter is carried over. If
much culture fluid is present in the dishesthere is considerable danger that in the 48 hours
or so at 28” C. scum may form with mortality.
Pupae fix well in Bless fluid, but in this as in other lethal fluids the time taken for
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killing may be considerable. As noted later also pupae do not readily bleach. This is due
to an outer oily layer which is removed after momentary dipping in chloroform, Pupae will
then allow ready penetration and will bleach readily.
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OF
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Collecting and transferring. Methods of manipulating small numbers of mosquitoes are
given by Stephens and Christophers (1908).
Single mosquitoes can be collected in nature or from cages in test tubes or 3 by 1 in.
specimen tubes closed by wool plugs or collected by a suction pipette and transferred to
tubes by manipulating the wool plugs. They can be transferred from such tubes to a
prepared jar by covering the mouth of the jar with a piece of cardboard in which a hole
has been cut plugged with wool and inserting the mouth of the tube into this. The mosquito
usually flies in without difficulty. If not, it can be propelled in by moving the tube up and
down. Yolles and Knigin (1943) use a slit in a rubber diaphragm through which the tube
is thrust.
Mosquitoes bred out in a jar may be collected as follows: place over the mouth of the
jar an empty jar and, drawing out the netting covering the breeding jar, allow as many
mosquitoes as will do so to fly up. Now insert two pieces of cardboard between the jars
and separate these each with a piece of cardboard closing it. Replace the pieces of cardboard with netting.
If the mosquitoes are to be killed at once for mounting, etc., replace the cardboard or
netting with a piece of cardboard with a hole and wool plug. The mosquitoes can now be
killed by dropping a suitable amount of chloroform on the wool plug.
If the mosquitoes so collected are to be kept alive, the jar into which they have been taken
should be previously prepared by inserting a piece of cardboard to give foothold (Fig. 2 (7)).
Or a ‘mosquito hotel’ can be made ready for them. For this a wide-mouth bottle with a
flat hollow stopper, as is usually available in the laboratory (Fig. 2 (7)) is very convenient.
The stopper is filled with water on which is floated a small piece of cork shaving and on this
a small piece of paper. Mosquitoes can be fed through netting onto which the bottle can
be lifted without danger of any escapes. Such an arrangement is a very useful one on
occasions,for example to obtain eggsfrom a captured female of a rare species. In place of
the apparatus as described the jar covered with netting can be stood so that it rests with
part of the opening immersed in water in a dish: or a small globe-shaped lampshade can be
used. Or alternatively a small cage can be used with a meat dish of water and a filter paper
fan.
Ordinarily single specimensof ALidesaegypti are put up for observation, for example on
time of digestion, oviposition, number of eggslaid, etc., in 3 by 1 in. specimen tubes with
a little water in the bottom and a strip of filter paper, which should touch the water and
lie against the side of the tube. A piece of netting fastened over the opening by a small
rubber band is much to be preferred to a wool plug for such tubes, as wool plugs in the
course of days are apt to get displaced, with loss of the specimen, and also give less ventilation. Usually the mosquito, if netting is used, rests on the netting (see also Gillett, 1955).
When dealing with mosquitoes in bulk as referred to in the subsection on apparatus
these are transferred as described by having cagesequipped with sliding door, sleeve, etc.,
and adopting the procedure as described.
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Mounting mosquitoesfor systematicpurposes. For mounting, mosquitoes are best killed by
chloroform. Only just sufficient should be used to ensure death as excess stiffens and
distorts the insects. When turned out on to a sheet of paper they should lie flaccid with
legs and wings extended. The best pins to use are the small stainlesssteel pins now available for the purpose. The insect should be turned on its back and the pin introduced in
the mid-point between the origin of the legs. It should be pushed in only enough just to
touch the dorsum, but not to project. Mosquitoes of the subgenusStegomyia are of an
awkward shape to pin in this way. Pinning from the side, however, damages important
structures of the pleura. In default, mosquitoescan be sent unpinned. In this case a little
crumpled tissue paper is to be preferred to wool.
After transfixing with a pin some method of mounting is necessary. Some of the older
methods are unnecessarilyelaborate. For a single specimen a narrow strip of cork sheet,
say + by $ in. or lessthrough one end of which an ordinary pin, or better a no. 16 entomological pin has been passedis suitable as it will take the blunt end of the stainlesssteel pin
satisfactorily and gives a firm support. For museum specimensa small piece of cellulojd
sheet may be substituted for the cork. It is usually necessaryto puncture this first with a
fine needle to take the pin (Fig. 2 @A)).
For putting up specimensin the tropics for transmission by post, etc., see Christophers,
Sinton and Cove11(1941). Single mounted mosquitoes put up in numbers in a box are
extremely liable to be damaged in transit. Another danger is mould which is liable to
attack any specimenhermetically sealed up. A method which has served well is the use of
3 by 1 in. specimentubes with certain precautions. A wedge should be cut out of the cork
and the opening so made plugged with wool. As an extra precaution, specimensput up in
the tubes after such procedure can be well dried in a desiccator. For a single mosquito all
that is necessaryis to stick this mounted as above firmly in the cork of the tube. The tube
is then wrapped in a small square of wool, a number of such tubes being again enclosed in
a suitable box when despatched (Fig. 2 (8~)).
If numbers of mosquitoes have to be dealt with they can be mounted on a cork strip set
in a 3 by 1 in. specimentube. A strip of cork sheet, say 24 by 3 in. is firmly pinned towards
one side of the inner face of the cork. Mosquitoes impaled on the small steel pins are now
set along the cork strip in a single or double row. Up to twenty specimenscan usually be
put in a tube in this way (Fig. 2 (8c, D)).
Observationson adults. For mass observations, such as percentage fed, the average weight
for a culture and other bionomical data, the adults in the experimental cage, after being
killed in the killing-chamber, are turned out, counted and classified. Where weight is
required a sufficient number of the required specification, that is males or females, gorged
females, etc., are collected in small stoppered weighing bottles and weighed on the chemical
balance. Or single mosquitoes can be weighed on a torsion balance.
For the latter purpose a fine stainlesssteel pin, as used for mounting, is bent into a hook
to hang on the torsion arm. With this the mosquito is impaled through the tip of the
abdomen or a wing, allowance being made for the weight of the pin. Considerable numbers
can be weighed in this way without undue trouble and the mean taken.
For measurement of wing length the insects should be allowed to dry, as the wing is
then readily detached, whilst in the undried insect to detach the wing is often difficult.
For mounting, wings should be dropped first into a watch-glasswith xylene, then pipetted
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out on to a slide and a drop of thin balsam added whilst the xylene is still in excess.This
prevents the formation of a very troublesome air bubble which is very apt to form in the
hollow of the wing. There is also less danger of scalesbeing detached than if wings are
mounted direct into balsam.
Feeding mosquitoes. Mosquitoes in bulk can be fed in experiments or for oviposition on
the human arm or on an animal. If observations on the number biting are important some
device is desirable to restrict the accessiblearea to what can be clearly seen. Use of a
glove and some other precautions are also useful; see Christophers (1947). The most suitable animal would appear to be the rabbit which gives good feeds and a good egg supply;
see under ‘ Apparatus ‘, p. 107.
For feeding in connection with bird malaria and feeding through a membrane, seeBishop
and Gilchrist (1946). For artificial feeding by capillary pipette, see Hertig and Hertig
(1927) ; Patton and Hindle (1927) ; Kadletz and Kusmina (1929) ; MacGregor (1930).
Artificial feeding is, however, less satisfactory than normal feeding (see p. 490). For
technique in virus diseasesseeDunn (1932), Davis (1940) Merril and Ten Broek (1940) and
Waddell (1945).
A simple method of experimental feeding of single mosquitoes with any desired fluid is
described by Mattingly (1946). The mosquitoes to be fed are allowed to emerge from the
pupa in ordinary agglutination tubes (which are just about the width to prevent free flight)
closed by a plug of cotton wool or gauze through which the water is poured off after
emergence. The food is administered on the end of a half-inch long feeding tube cut from
glasstubing that will easily slide into the agglutination tube. A small circle of linen gauze
is pushed down the inside of the feeding tube to project at the end. Food is dropped on the
projecting gauze from a pipette and the tube pushed down towards the mosquito. Kligler
(1928) makes use of light to cause the mosquito to fly to the netting. When on the netting
the desired fluid is brought into contact with this. Russell (1931) uses a netting cylinder
smeared with mango juice to attract the mosquitoes, but not enough for them to feed.
This is followed by a mixture of the blood and normal saline, 10 drops to the C.C.
Dissection. For dissection of the mid-gut and salivary glands needles should be fairly
stout; or, if fine, mounted short to ensure rigidity. For finer dissectionsthe fine steel pins
used for mounting fixed in match sticks and sharpened on a hone work very well. Russell
(193 1) finds dental instruments, for example nerve canal probes, useful.
For dissectionof the gut, the mosquito, after removal of the legs and wings, is placed on
its left side with the abdomen pointing to the observer. With a needle held in the left hand
transfix the thorax and, holding the mosquito ventral side uppermost, bring the apex of
the abdomen to a small drop of saline. Nick the chitin of the abdomen on each side to
separate partially the last two segments,and placing the needle point held with the right
hand flatly on the partially separated segments,exert gentle traction drawing the separated
segmentsaway with the viscera attached. If, as the viscera are drawn out, the gut threatens
to break, prod the thorax once or twice with the needle and try again. In a successfuldissection the alimentary canal from the proventriculus backwards should be drawn out
together with the diverticula (Fig. 63 (1)).
To examine the mid-gut for oocysts, cut through the intestine and Malpighian tubules
just beyond the pylorus and remove these, as also any fat-body, etc. Cover, using an
excessof fluid. Now remove this with filter paper, allowing the mid-gut to become flattened.
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When satisfactorily flattened the pattern of musclesfibres should show up. Examine under
the oil immersion. Dissection and staining of the mid-gut is dealt with by Seidelin and
Summers-Connal (19 14).
When a dissection is made in this way the ovaries, spermathecae and rectum remain
attached to the terminal segmentsand if required can be dissectedout. If the ovaries are
undeveloped or only partially enlarged, they offer no difficulty and can be readily seen and
isolated. If the female is fully gravid, however, only careful dissection enables them to be
withdrawn intact. For a physiological saline for A. aegypti, see Hayes (1953).
For dissectionof the salivary glands the neatest and simplest method depends upon the
fact that under slight pressure on the thorax these can be made to bulge at the neck. After
removal of the legs and wings, place the mosquito in a drop of saline on its right side with
the proboscis towards the observer. Now place the shaft of the left-hand needle towards
its point across the thorax and exert gentle pressure, so that the soft parts at the base of
the neck are seen to bulge. Now place the shaft of the other needle towards the point
behind the head and drag this steadily away from the body, keeping the needle in position
when the head leaves the body and simultaneously cutting down to sever the small tag of
tissue that has come away attached to the head. In this tag should be the glands, all six of
which may be seenas refractive bodies. If not to be seenin the tag, pressa little more with the
left-hand needle to squeezeout a little more tissueand detach this. For further details, see
Christophers et al. Or in a method usedby Shute (1940) the head is cut off to start with and
the tissuesat the base of the neck expressed(seeBarber and Rice, 1936; Hunter et al. 1946).
For detection of sporozoites the glands should be crushed under the cover-glass, as
otherwise these bodies, even if present, may not be seen still lying in the gland. The glands
in A. aegypti are very small and quite different to the voluminous structures in Anopheles.
Methods of preparing the material for dissection and study of the mouth-parts, hypopygium and various organs and tissueswill be found in the sections dealing with external
and internal structure.
(h) SECTIONING
Histological technique might not be considered a subject which came within the scope of
the present work. But the cutting of good sectionsis so important in connection with the
study of mosquitoes and especially of one like AFdes aegypti so much concerned with
diseasethat some latitude may be allowed. This is especiallyso sincesectioningthe mosquito
is a rather special technique of which little will be found in the usual text-books, so that
some brief description of embedding in this case may be useful.
Mosquitoes are most satisfactorily sectioned by double embedding in celloidin and
paraffin, using the Peterfi methyl benzoate method (see Pantin, 1946). This method is
quicker and simpler than the original oil of cloves and celloidin method. In only one
respectis it lesssatisfactory, namely, as usually described, for orientation as describedlater.
However, by transferring the specimenfrom the thin celloidin to a final thick syrup, which
is quite easy to make, this disadvantage is done away with. The most satisfactory celloidin
is celloidin wool obtained from Gurr. The thick syrup referred to should be about the consistency of golden syrup. The method is as follows:
The Peterfi methyl benzoate method. The material after dehydration (preferably with a final
change to copper-sulphated absolute alcohol) is transferred to 1-O per cent solution of
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celloidin in methyl benzoate. Or a useful way is to place a layer of alcohol above methyl
benzoate in a small tube and allow the specimen to remain until it has sunk into the latter
and has become transparent. When transparent the specimenis transferred for 30 minutes
to a thick syrup of celloidin in methyl benzoate and then placed in a drop of the syrup on
a paraffined cover-slip placed in the bottom of a small glasspot or watch-glass under the
dissectingmicroscope for orientation as described in the next subsection.When oriented,
benzene is pipetted carefully into the pot so that it rises gradually over the cover-glassand
specimen solidifying this as it does so. By proceeding in this way there is no displacement
of the orientation as there is apt to be using the inverted cover-glassdropped on the fluid. ’
When the tablet finally detachesitself it is transferred to benzene, with at least one change
to remove all trace of the methyl benzoate which is not very soluble in paraffin. The tablet
is now ready for embedding.
Orienting for sectioning. Much of the successof satisfactory sectioning depends upon
perfect orientation. To the drop of celloidin syrup in which the object is now lying under
the microscope a suitable length of a fairly thick hair should be added and arranged
parallel to the specimen. The hair should preferably be thick and dark so as to be easily
seen by transmitted light in the final paraffin block. The hairs from a black varnish brush
serve very well. Further to assistin arranging the block for cutting, the anterior end of the
specimen should be indicated. This can be done when the tablet is being finally blocked as
described below and when the object is still visible in the solidifying wax. One way is to
draw out a point on the edge of the wax as it solidifies. Another is to insert a small paper
wedge and still another is to touch the edge of the wax with a grease pencil. Where accurate
orientation is desired it is important that the hair should not only give the line of direction
of the object but be as far as possible lying in the same plane, or, what gives a very good
indication, two lengths of hair, one on each side of the object and in the same plane as this,
can be used.
To embed. In the method describedabove the specimen,duly oriented and passedthrough
two changesof benzene, will be enclosedin a more or lesstablet-like portion of transparent
celloidin jelly This is now transferred to the top of the paraffin bath with enough benzene
to cover it and shavingsof paraffin of the selectedmelting point added until an approach
to pure paraffin is reached when it is transferred to paraffin, after which it can be blocked.
Smear a watch-glass with glycerine (or better melted glycerine jelly). Place the watchglasson wet filter paper on a slab. Pipette in sufficient melted paraffin to form when cold
a suitably sized button. Whilst this is still fluid add the specimen, removing it from the
embedding bath with a heated small doll’s spoon or wide-mouthed pipette. Whilst the top
of the button is still fluid pipette in some more paraffin to make a second button over the
first, stopping short before it overflows. Now lower the watch-glass into a basin of cold
water, tilting it as it is lowered and blowing upon it at the same time, and at such a rate and
tilt that the fluid paraffin does not break through the congealed surface. When fully submerged let it fall to the bottom. When the paraffin floats free scratch on it some identifying
number. Later, when putting aside for sectioning, a printed serially numbered slip can be
melted on to the block with a hot metal holder.
To cut. It is usually possible to locate by transmitted light the position of the object and
guiding hair. Roughly trim the block as desired. Now fix it on the holder of the micro123
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tome and cut the upper and lower surfacesso that when the block is being cut the top and
bottom edge of the sections will be strictly parallel and the ribbon be straight.* Dip the
block momentarily into overheated soft paraffin (about 49” C. melting point is usually
satisfactory for making sectionsadhere), or, using soft paraffin very hot (75-80” C.), smear
both upper and lower surfaces, using a small brush. Trim the block at the sides to an
appropriate width, making one side oblique so that this will give a useful indication later
as to which side of the ribbon may be uppermost. This will prevent some sections being
mounted upside down. If the ribbon tends to break, the soft paraffin may be too soft or
too hard, or not applied hot enough, so that it is not incorporated with the underlying hard
paraffin. Or there may be a crack (if the celloidin syrup was too thick) where the paraffin
meets the celloidin. If the ribbon comes off to one side, the facesof the block may not have
been parallel, or not set parallel to the knife’s edge, or the whole block set at a slant so
that the surfaces, though parallel, do not cut so. When trimming, the guide hairs can
usually be cut off.
To set out sections. Clean slidesin sulphuric acid and potassium bichromate. Wash without
handling, using old forceps dipped in the acid. Keep the slides in absolute alcohol until
used. Wipe clean immediately before use with a single sweep of a freshly laundered handkerchief. Successlargely dependsupon the slidesbeing truly grease-free. Mix a camel-hair
brushfull of Mayer’s glycerine-albumen with about 5 ml. distilled water in a small glass
pot. Mark off on the slide with a grease pencil about the limits of the cover-glass to be
used. This may help later in case any doubt arises as to which side of the slide the sections
are on. With sweepsof the camel-hair brush cover between the marks with an even layer
of the diluted fixative. If properly grease-free this should lie as it is placed. Transfer
suitable lengths of ribbon cut off with a sharp scalpel to the slide, allowing for some
lengthening when these are flattened. Place the slide on a plate just hot enough not to
melt the paraffin and allow the sectionsto flatten out. A very convenient hot-plate for this
purpose, and some other uses,is a thickish sheet of copper about 8 by 5 in. laid on the floor
of the recessnear the bottom of the usual type of embedding bath. It should project about
2 in. When fully flattened, drain off excessof fluid and, after allowing the slide to cool,
blot firmly with smooth white filter paper. A trace of diacetin in the diluted fixative may
be used to give increased flattening and adhesion (Abul-Nasr, 1950).
Label on the opposite side to the sectionsat one end of the slide using a writing diamond.
If this is done on the same side it is apt to become covered with balsam and invisible.
When completed, place the slides to dry, preferably in a slotted trough in a desiccator in
the incubator.
To stain and mount. A good stain for general purposes is Ehrlich’s haematoxylin-picriceosin. This gives many distinguishing gradations in colour, depending on the tissue and
strongly stained nuclei. When slides are thoroughly dry, remove one at a time from the
desiccator to the hot-plate, and when the paraffin is just not melted run over the sectionsin
succession from drop bottles: xylol (xylene), carbol-xylol (melted phenol crystals 1,
xylol 4) and copper-sulphated absolute alcohol. Transfer to a glass pot of 90 per cent
alcohol. Apart from ensuring certain clearing, the carbol-xylol is largely responsible for
complete removal of the celloidin which otherwise stains. Pass through alcohols to 30 per
* Some microtomes have an attachment for doing this, or it is worth while making some small device oneselfto
do this automatically. The narrower the block is made from above down the more sectionsper rowrcan be mounted.
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cent and flood with Ehrlich’s acid haematoxylin. Stain 30-60 minutes. Sections should at
this stagebe strongly overstained, as they are later decolorised by the picric acid. Wash off
the stain with 30 per cent alcohol and passthrough alcohols to 90 per cent. Flood for some
secondswith saturated solution of picric acid in 90 per cent alcohol. Wash out excessof
picric with 90 per cent alcohol and flood with eosin (watery) l-2000 in 90 per cent alcohol.
Wash quickly in 90 per cent alcohol and treat briefly in successionwith absolute alcohol,
carbol-xylol and xylol, finally mounting in balsam. Successdepends on getting the best
effects with the three reagents. (See Addenda, p. 718.)
For further information on histological procedure see Bolles Lee (1950); Carleton and
Leach (1938) ; Baker (1950) ; Pantin (1946). The last-mentioned author gives a particularly
clear account of methods suitable for the zoologist including orientation. For methods of
orienting small objects seealso Patten (1894) ; Drew (1900). For an alternative method of
fixing sections on the slide see Haupt (1930), and for the diacetin method, Abul-Nasr
(1950).
Fixing and sectioningof eggs. For fixing and sectioning eggsof insectsseeNelson (19 15) ;
Gambrel1 (1933); Butt (1934). Fixation usually requires puncture of the egg and use of a
strong fixative, for example Carnoy’s fluid. For fixing mosquito eggsbest results have been
obtained by slicing off the posterior extremity or anterior end, depending on the part to
be studied. Later stagesare reasonably penetrable. When fixed, cutting is not difficult if
care be given to good orientation.
For methods of cutting highly refractory material see Slifer ‘and King (1933) ; also
Tahmisian and Slifer (1942). Slifer and King fix in Carnoy-Lebrun’s fluid, wash with
iodised alcohol, cut the egg in half (grasshopper egg), soak 24 hours in 4 per cent phenol
in 80 per cent alcohol, dehydrate and pass through carbon-xylol to paraffin. Before
cutting, the block is trimmed just to expose the yolk and soaked for 24 hours in water.
Tahmisian and Slifer fix in Bouin’s fluid, transfer without washing to 100 per cent dioxan
for 8 hours with one change, then to paraffin with 0.5 beeswax for 8 hours with two changes.
After embedding, the block is cut to expose the yolk and soaked 24 hours in water.
Eggs and small first instar larvae, etc., can be oriented in rows on small slabsof hardened
liver by dropping glycerine-albumen on to them when lying on the slab in 90 per cent
alcohol. Without some such method the cutting of small objects such as mosquito eggsis
not very satisfactory.
Help may be obtained by softening the brittle egg-shell by use of diaphanol.
Reconstruction. For methods of making reconstructional drawings or models seeNorman
(1923); Wilson (1933); Pusey (1939); Pantin (1946).
Drawings. For suggestionsfor preparing drawings for reproduction see Cannon (1936).
Histochemical studies. For technique in histochemical studies see Lison (1936).

(i) OTHER

SPECIAL

TECHNIQUES

For methods of ensuring desired degrees of humidity see Buxton (1931); Lewis (1933);
Buxton and Mellanby (1934); C. G. Johnson (1940); Seaton and Lumsden (1941);
Lumsden (1947) ; Bertram and Gordon (1939). For psychromatic tables of vapour
pressure, relative humidity and the dew-point see Marvin (1941). For specific gravity
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determination by the falling-drop method seeBarbour and Hamilton (1926). For methods
of determining dissolvedoxygen seeSenior-White (1926) ; Iyengar (1930) ; Theriault (1925) ;
U.S.A. Publ. Hlth Ass. (1920). For method of measuring angle of contact see Beament
(1945). For measurement of light intensity see Muirhead-Thomson (1940). For measurement of pH of microscopic objects seePantin (1923). For use of radio-isotopes seeBugher
and Taylor (1949) ; Brues and Sacher (1952) ; Terzian (1953); Jenkins (1954) ; Scott and
Peng (1957). For use of chromatography with mosquitoes see Micks (1954). For other
special methods connected with the study of mosquito biology see under respective
subsections. (See also Addenda, p. 718.)
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DESCRIPTIONS

OF

THE

EGG

References in the literature to the characters of the egg of Ai’des aegypti with any claim to
detail are few. Parker, Beyer and Pothier (1903) and Otto and Neumann (1905) describe
and figure the white polygonal markings. Mitchell (1907) givesa very good outline drawing
of the egg in respect to its shape and figures the polygonal markings. Goeldi (1905)
figures the chorionic bodies. These were first described and figured by Theobald (1901)
from observations by Daniels, as air chambers, which, seen in profile around the borders
of the egg, they much resemble in appearance. Boyce (19 11) describesthe egg as elongate,
blackish in colour and rather sparselystudded with minute hemispherical bodies of whitish
secretionary matter. Howard, Dyar and Knab (1912) describe the egg as fusiform, black,
very slightly flattened on one side, slightly more tapered towards the micropilar end and
with somewhat irregular callosities forming spiral rows. In the plates accompanying their
monograph this hummocky appearance is shown in Figure 668, whilst Figure 684 shows
an eggcovered only with white polygonal markings. No explanation of the relation between
the two figures is given. As explained later the seeming lack of agreement in the different
descriptions is an indication of the very different appearance given by the eggsdepending
upon the conditions under which they are viewed. Some later descriptions give more
detail, but are still far from describing the essentialcharacters of the egg. It is only in the
description by De Buck (1938) that any indication is given that the egg has a ventral and
a dorsal surface with entirely different characters, or that the polygonal markings are air
channels, or in which the nature of the chorionic bodies is indicated. De Buck’s paper
describing in detail the structure of the exochorion indeed appears to have been somewhat
overlooked and was so by the present writer until very recently.
Of studiesof related eggsmay be mentioned the very detailed description of the structure
of the Anopheles egg by Nicholson (1921), of the Culex egg by Vishna Nath (1924), and by
Christophers (1945), as also the earlier work of Bresslau (1920). The eggs of a number of
English species of AL;des are described and figured by James (1922, 1923), and also by
Marshall (193Q giving measurementsand the points in which they differ, as well as very
clearly indicating the existence in many of these species of the peculiar clear refractile
chorionic bodies described later, which are such a marked feature of the egg of AL;des
aegypti, but which do not figure at all in the anopheline or culicine egg.

DESCRIPTION

OF

THE

EGG

To the naked eye the eggsare small, intensely black, elongate oval, seed-like bodies under
a millimetre in length. Under the microscope they appear somewhat torpedo-shaped with
one end, the anterior, rather thicker and more abruptly tapered than the other. At the
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anterior pole is the micropile, indicated by a ring of transparent globular bodies similar to
those to be described as characteristic of the upper (ventral) surface. The posterior pole
has no special modification of structure such as has been described by me in the Culex egg
(Christophers, 1945).

Figure 4. Showingappearanceof the egg under different
conditionsof wetnessand moisture.
A moist egg seenin lateral view (on edge of filter paper) showingchorionic pad, chorionic
bodiesand air channelreticulum.
A submergedegg. Appearancesimilar whether dorsal or ventral surfaceshown.The extent
of the chorionicpad when fully swollenshownin outline.
Egg as seenin dry state. Lower surface(that is, dorsal in morphological sense). Genera&
effect smooth or very finely granular.
The same. Upper surface. Appearanceas of hummockswith faint indicationsof polygonal
markings.
An egg (upper surface) still moist (but not wet) showingthe chorionic bodies as brightly
refractile bodiesin a dark setting.
Three eggsfloating on the surfaceof water. The extent of the swollentransparentchorionic
pad indicatedby lines.
Although the egg has been described above as torpedo-shaped, it is really rather boatshapedwith a flatter upper surface (morphologically the ventral in respectto the developing
larva) and a more convex lower surface (morphologically the dorsal). These two surfaces
further differ not only in shape but in other respects. Both are covered with polygonal
markings which under certain circumstances stand out conspicuously as a network of
milky white lines. These are in reality, as first pointed out by De Buck, fine channels at the
base of the exochorion filled with air, thus accounting for their striking milk-white
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appearance when submerged. Similar lines are present on the under surface of some
Anopheline eggs.
The upper surface carries the peculiar transparent globular bodies described later as
chorionic bodies. The appearances shown by this surface depend to a remarkable extent
on whether the egg is being examined completely submerged or in various degrees of
dryness. Submerged, no matter which surface is being viewed, the egg shows only the
network of milky white lines on a dark background (Fig. 4 (2)). Out of the water, and
especially as the egg surface dries, the white lines marking the polygonal areas are much
less conspicuous and what now become the predominant feature of the upper or ventral
surface are the low tuberosities formed by the chorionic bodies occupying the centres of
the polygonal areas. In the still wet egg with a film of water over its surface these bosses
may catch the light and give the effect of a surface covered with bright points of light, which
are merely reflections from the wet tuberosities (clearly what Peryassu (1908) saw, who
figures the egg with white points joined by pale lines). On a somewhat drier egg the
tuberosities take on the appearance of bright refractile bodies each lying in the centre of
a polygonal area. At a suitable stage of dryness and well illuminated these have the
appearance of dull diamonds set in dark metal (Fig. 4 (5)). With the completely dry egg
the chorionic bodies show up only as dark rounded hummocks. This is the appearance,
rather like the surface of a pine-apple, described and figured by Howard and others
(Fig. 4 (4)). Seen in profile on the margins of the egg as clear blebs the chorionic bodies
may well be taken as a series of tiny air blisters or floats, as for many years they were
supposedto be.
The lower surface shows the network of air channels, but is devoid of chorionic bodies
and in the dry egg appears uniformly smooth or finely granular (Fig. 4 (3)). The peculiarity
of the lower surface is that its epichorion swells in water and forms a gelatinous pad, the
chorionicpad. Depending upon the time the eggshave been in water and probably on the
pH and possibly other conditions the chorionic pad forms a more or less thick pad of
jelly-like material so transparent that when its surface has not been made apparent by
attached particles of foreign matter it may easily be overlooked. When fully swollen it
forms a kind of aureole surrounding the egg, sometimes up to nearly half the width of the
egg in thickness (Fig. 4 (2, 6)). For some reason not ascertained it is sometimes not so
noticeably swollen, even when eggshave been some time in water, but its presenceis always
evidencedby the way eggsstick to any surfaceagainst which they come to rest. The chorionic
pad is in no way an adventitious secretion but represents a definite chorionic adaptation
which as shown later has important functions.

SITE

OF

OVIPOSITION

The eggs of Ak’des aegypti appear never to be laid on a dry surface, though a wet surface
appears to be preferred to that of water itself. Thus they are readily laid on wet filter paper,
or wet sponge; or, by preference to actual water, in such situations as the floor of the
cage wetted from a leaky pot. That eggsare laid in situ whether on a surface or on water,
not merely dropped indiscriminately, is clear from the fact that almost invariably they are
laid with the flatter ventral surface uppermost. On this account and for another reason
described below it is nearly always the upper surface of the egg that is seen when viewing
eggs under the microscope. On filter paper or other uniform wet surface the eggs are
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usually freely scattered, though often laid in lines or small groups and especially along any
irregularity such as where the edge of a filter paper strip rests on glassand often on lines
formed by scarcely visible streaks in the glass of a specimen tube. In a vesselcontaining
water and with the water surface freely available eggs are usually laid, not on the water,
but on the sides of the vessel just above the water’s edge. A certain proportion are,
however, laid on the water, especially if the receptacle is of glasswhich does not give the
female a good foothold. The eggshave sometimes been described as drawn to the water’s
edge by capillarity. Eggs may be so drawn, but the great majority after an oviposition are
laid in situ in this position and, when dry, are so cemented. When large numbers of females
are ovipositing in earthenware pots the massed eggs so laid may form a line around the
vesseljust above the water’s edge a centimetre in width and several eggsdeep.
When it is difficult for the female to oviposit on a wet surface, as by use of a glassvessel,
eggs may be laid freely on the water where they float ventral surface upwards, often
forming patterns as do Anopheline eggs.Though they have no floats or other obvious aid
to flotation they are not so easily sunk as might be supposed. Nevertheless, when eggsare
laid on water there are usually a certain number which have sunk to the bottom as well as
those floating on the surface. Eggs so found after an oviposition are referred to later as
‘ sunken eggs‘. It is thought that eggs, when freshly laid and before changes referred to
later occur, may be rather readily sunk and so liable to certain effects which may alter
their future behaviour in hatching. This is one reason why, in determining the proportion
of eggs hatching, etc., the use of porous earthenware as a surface for oviposition has a
certain desirability. As pointed out by Fielding (1919), eggs may also be sunk through
larvae nibbling around them. Such eggs would not be necessarily ‘sunken eggs’ in the
senseused above.
Functionsof the chorionicpad. The chorionic pad is a most important structure functionally.
With eggs laid in situ on a wet surface the sticky chorionic pad anchors the egg ventral
side upwards to some extent as laid. Further, when the surface dries, the pad becomes a
hard cement fixing the egg quite firmly in this position. Should such an egg be detached
the exochorion, that is the dried pad, is left behind as a whitish flake and the lower surface
of the egg, now denuded of its exochorion, showsthe smooth shiny surface of endochorion.
Even if eggsare not deposited originally in situ on a surface the sticky chorionic pad may
still function. Its effect will be evident if some eggssunk in water are left for a short time
in contact with the glassat the bottom. On pouring off the fluid most of the eggswill be
left behind adhering to the glass, and stranded eggswill be brought to rest by the sticky
pad oriented with the ventral surface directed upwards.
(b) STRUCTURE
Morphologically the egg of A. aegypti has the general characters common to many insect
eggsand consists,before fertilisation, of the ovumand remains of the nursecellssurrounded
by a covering, the chorion,formed from the follicular epithelium and consistingof an outer
layer, exochorion, and an inner layer, endochorion, which together form the egg-shell.
In the freshly-laid egg the ovum, fertilised in the act of oviposition, consistsof cytoplasm
packed with yolk granules, whilst towards the anterior end lie the female and male pronuclei, the whole surrounded inside the chorion by the vitelline membrane corresponding
to the cell wall of the ovum. In the more mature egg are the various stagesof development
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of the embryo, leading eventually to formation of the primary larva and its membranes as
described in the chapter dealing with the embryology.
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Figure 5. Showingstructureof the chorion.
Egg-shellbleachedby diaphanol showingthe pattern formed by minute projectionson the
surfaceof the endochorionpresentonly on the upper surface,the lower surfaceappearing
blank though actually uniformly covered with small projections. The pattern is probably
visible owing to the larger projectionsshownin Fig. 2 boundingthe polygonal areas.
Portion of above highly magnifiedshowingcentral spacewherepapillae are smalleror absent
on which the chorionic bodiesof the exochorionrest.
Portion of the under surface.
Oblique sectionof endochorionshowingsmall surfaceprojectionsand an inner clearedzone.
Endochorionseenin optical sectionshowingsurfaceprojections.
Portion of endochorionfractured by crushing. Note tendencyto longitudinaland transverse
fracture, the longitudinalbeingin the direction of the length of the egg.
‘Exploded’ egg. All sucheggsshowthe lower (morphologicallydorsal surface)burst.

THE

EXOCHORION

The exochorion is a delicate, colourless and somewhat transparent membrane, which,
especially when the egg is recently laid, is easily damaged or detached. It is also relatively
much more easily affected by solventsand chemicals than is the harder more resistantendochorion. To the exochorion is due most of the ornamentation of the egg, so that eggs
denuded of their exochorion show a uniform and smooth black surface.
The structure of the exochorion can be demonstrated in detached flakes and in sections,
or in the impressions left by eggs which have dried on the slide and been detached.* In
* A technique for study of the exochorion of A2e.s eggsis given by Craig (1955).
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the centre of each polygonal area, embedded in the substance of the exochorion and
occupying its whole thickness,is one of the characteristic refractive bodies already referred
to. These are almost globular or slightly flattened bodies, 9-l 1 p in diameter. In flat

Figure 6. Showing structure of the chorion and the micropilar area.
Portion of upper surface as seen in dry egg.
The same of moist egg showing clear refractile bodies.
Outline drawing showing chorionic bodies and small accessory masses of upper surface with
air channels and an air-lock.
Portion of exochorion at junction of upper and lower surface showing chorionic bodies and
small accessory bodies, the latter alone present on under surface.
Section through egg-shell showing chorionic bodies of exochorion and the underlying endochorion. Some small accessory bodies are present in the exochorionic matrix.
Section through exochorion showing air channel cut near bifurcation.
Portion of exochorion from under surface left as impression on slide from a dried-on egg.
Small rod-shaped bodies and air-locks shown. Some of the fine projections on the surface
of the endochorion are seen here and there in the line of air-channels which are shown by this
preparation to be in the substance of the exochorion.
View of micropilar area seen on flat. The outlying bodies are some of those in the first row of
the general egg surface.
Lateral view of same.
preparations of the chorion they appear as clear, approximately circular bodies with a
slightly wavy contour. They are transparent and at the margin of the egg they look very
much like small air blebs. They are, however, entirely solid and appear to be composed of
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a dense transparent almost crystalline material of a protein nature, since they stain pink
with Millon’s reagent. They are the h‘ emispherical bodies of whitish secretionary matter’
of Boyce. They are easily shed from the exochorion matrix retaining their shape and
appearance. In the fresh state they stain with watery methylene blue or eosin and are
deeply and apparently selectively stained by watery thionin. Seen in section they occupy
the middle of a slight depressionin the endochorion corresponding to the polygonal area
in which they lie. Though they appear to occupy the position of the original follicle cell
nucleus they stain in section as eosinophil matter and do not take up haematoxylin
staining. Under very high magnification they show indications of consisting of agglomerated sago-like masses, an appearance which is accentuated by treatment with concentrated H2S04 or HCl.
Besides these bodies there are present smaller irregular masseswhich appear to be of
the same material. They lie more or less scattered in the polygonal area and on the under
surface of the egg especially. They are rod-like or wedge-like and are arranged at right
anglesto the surface. In fresh preparations of detachedexochorion they give the appearance
of granules, but in dried flakes most of them are seen lying flat when their rod shape is
apparent (Fig. 6 (5, 6, 7)).
The boundaries of the polygonal areas are formed by air channels. These lie in spacesat
the base of the exochorion between this and the endochorion. The appearance of air-locks
and other characteristic appearancesof air leave no doubt as to their nature. They do not
appear to have any definite walls, being merely spacesin the matrix of the exochorion with
support or anchoring from a line of projection in the endochorion, as described later, surrounding the polygonal area.
The exochorion of the under surface of the egg is very similar in essential structure to
that on the upper surface, except that the centrally situated refractive bodies are not
present in the polygonal areas. The smaller peg-like bodies are, however, present and rather
more developed than on the upper surface. Seen in profile in the swollen chorionic pad
these appear as erect wedges presumably giving some support to the jelly-like mass. Here
the air channelsdo not appear to receive any special support from the endochorion, though
equally developed with those on the upper surface.

THE

ENDOCHORION

The endochorion is a dense, tough and hard membrane some 3-5 p in thickness, which
gives the egg its shape and rigidity. By reflected light it is an intense almost jet black and
it is almost black even by transmitted light. It is brittle and fractures in much the same sort
of fragments as glassor china, though it is obviously not so rigid as these substances. In
sections it may give the appearance of an inner thin layer of lighter colour continued
without break into the main thickness of the membrane. Such a distinction into two layers
has not, however, been otherwise demonstrable even after prolonged soaking in various
mixtures of glycerine and HCl and subsequent soaking in water. The membrane is not
dissolved or noticeably affected by heating to 160” C. in saturated KOH for 15 minutes
and is generally resistant to chemicals, except chlorine which decolorises and somewhat
softens it. When ruptured by the hatching larva the fracture forming the cap is obliquely
transverse, but if ruptured artificially or burst by internal pressure the endochorion splits
for the most part into more or less longitudinal rectangular splinters (Fig. 5 (6)).
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The outer surfaceof the endochorionis coveredby closelyaggregatedminute papillae.
Seenon the flat under a high magnificationtheseappearasa specklingof dots.When seen
in profile they seemto be hemisphericalin shapeprojectingabout half their diameter.
They measurelessthan 1-Op in diameter and are not very apparentin sectionsexcept
occasionallywherethe membraneis cut obliquely. On the lower surfaceof the egg they
form intercurvingrows so that the whole surfaceis fairly evenlyand closelycovered. On
the upper surfacethe rows are more aggregatedand the individual papillae are darker
towardsthe boundariesof the polygonalareaswheretoo in the actualline of the boundary
the endochorionis sharplyridged. In the centreof the area,correspondingto the position
of the refractivebody in the overlyingexochorion,the papillaeare increasinglylighter in
tint viewed from above and lessnumerous,being altogetherabsentin the middle of the
area so that they form a kind of bed on which the refractivebody lies (Fig. 5 (2)). As a
result of this arrangement,especiallywhen the endochorionhas beenrenderedlessdense
by bleaching,the upper and lower surfacesof the eggare still indicatedon the membrane,
the upper surfacebeingmarked out in darkly borderedpolygonalareas,whereasthe lower
surfaceis uniformly and very finely granularwith no indicationof suchareas(Fig. 5 (3)).
When eggsare rupturedfrom internal pressure(‘exploded eggs’) it is alwaysthe lower
or dorsalaspectwhich is forced out, suggesting
that the endochorionis here weakerthan
elsewhere. In sections,too, the membraneseemsslightly thicker on the upper surface
whereit is slightlyhollowedalso oppositethe polygonalareas.

THE

SEROSA

In eggswhere developmenthas proceededup to a certain stagethere can be seen on
bleachingthe egg that there lies within the endochorionand surroundingthe embryo a
thin membrane,the serosa.This is very conspicuous
in clearedegg-shells
after hatchingof
the larva. It consistsof a very thin hyaline membranelying looselywithin the empty
egg-shell.When stainedit showssparsely-situated
flattenedcircularnuclei.
For formation of the egg membranes‘in the ovary see sectiondealing with ovarian
changes. Some points regardingthe chemicalnature of the membraneswill be found
under physiologyof the egg. Developmentalchangesare dealt with in the chapter on
embryology.
(c) PHYSICAL
LINEAR

CHARACTERS
DIMENSIONS

Various rough measurementsof the egg of Ak’des aegypti have been given by different
authorswhichare perhapsunnecessary
to give in detail. The most accuratemeasurements
recordedin the literatureare thoseby Buxtonand Hopkins (1927),who givethe following,
basedon messurementof 105 eggs.
Length (mm.)
Breadth (mm.)

Max.

Mean

Min.

0.704
o-192

0.664
o-170

O-624
0.144

These authors also give a frequencycurve for length measurements.The curve is very
nearlysymmetricalwith a peak at 0672 mm. There is, however,someextraloadingin the
region of small eggs,a point that will be referredto later.
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Measurements of length in millimetres for 295 eggstaken at random are given in Table 3.
The measurements have been made to the nearest division of the eyepiece scale used
(1 div. = 0.01 mm. at mag. used) and include the micropilar ring. Measurements of
greatest breadth varied from O-180 to O-210mm. including the refractive bodies. If these
are not included, about 0.01 mm. should be deducted. The greatest depth varied from
0*180 to 0*190 mm.
Table 3. Measurementsof the length of the egg
Date of
examination
made
5. v. 47 (a)
27. v. 47 (6)
28. v. 47 (b)
16. vi. 47 (c)
11. viii. 47 (d)
12. vii. 47 (e)
Totals

0.569
1
1

0.588
4
2
1
7

0.608
7
5
1
2
15

0.627
1
17
9
2
4
33

0,647
6
17
13
2
4
9
51

0.666
27
9
7
5
19
4
71

0.686
19
9
3
3
20
2
56

0.706
5
1
6
18
1
29

O-725 O-745 O-765
1
6
1
1
7
1
1

Total
59
64
40
14
73
22
295

(a) From isolated females in tubes. (b) Dry on cover-glass. (c) Just dry on cover-glass. (d) Measured on water.
(e) Kept moist 4 days.

It will be seen that the frequency curve is largely symmetrical with some loading in the
region of the smaller eggsas in the Buxton and Hopkins measurements. This may be due
to the fact that a small proportion of eggsmay still not have been fully swollen even though
black and apparently mature (see changesfollowing oviposition). These measurementsare
practically identical with those of Buxton and Hopkins for the speciesin nature in Samoa,
the mean length in the two cases being 0.662 and O-664mm. Breadth is less easy to
measure accurately, but there is nothing in the figures to indicate that the results are
significantly different.
A few other measurementsmay be given. The distance of the widest part of the egg from
the anterior pole is about one-third of the length (O-22 mm.). The greatest depth is more
near the middle of the egg. The egg-cap tear is about 0.25 of the egg length on the upper
surface and about 0.19 of this on the lower surface from the anterior pole.
WEIGHT

I have not been able to find in the literature any reference to the weight of any mosquito
egg. Those of A. aegypti are too small to weigh singly, even on the torsion balance, since
one hundred go to the milligramme. They have been weighed in mass on a chemical
balance and in numbers from twenty upwards on a 5 mg. torsion balance.
As a result of experience in earlier weighings certain precautions were found to be
necessary. Thus eggs weighed in mass though approximately dry may have a certain
amount of free moisture included, and if dried further there was the possibility of some eggs
becoming collapsed and shrunken. Further, with ‘sunken’ eggs especially, a certain
amount of debris was liable to be attached to the sticky chorionic pad. Eggs collected
from the surface of water floated on the cover-glassescould be allowed to dry and any
shrunken eggsremoved, but there were always scalesfrom the surface of the water present.
A number of earlier weighings, however, showed that the mean weight of the egg could not
be over at most 0.0117 mg. or under 0.0109 mg. The mean of all weighings up to a certain
date was 0.0113 mg. Finally to remove as far as possible all sourcesof error the procedure
as described below was adopted.
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Eggs taken still moist from the massive deposit at the water’s edge after a single night’s
oviposition were kept moist for 4 days to ensure thorough conditioning. These were then
washed quickly as described in the chapter on technique, transferred to a smooth porous
tile and as soon as the fluid was absorbed and the eggs still moist they were spread about
with a fine brush to allow them to dry without becoming attached to the tile. After
examination and removal of any doubtfully damaged eggsa suitable number were weighed
on the torsion balance. The results were very consistent as shown below and gave a mean
weight for the conditioned egg in the dry state four days from oviposition of 0.0111 +
0.0002 mg.
Weight
Mean weight
Number of
Date
19. 1. 48
19. 1.48
26. 2.48
26. 2. 48
27. 2. 48

(mg.)
0.87
1.02
1.15
2.39
1.24

eggs
79
92
104
213
113

(mg.)
O*OllO
0~0111
0~0110
0.0112
0*0110

Eggs that had been kept some time gave the following results.
Date
30. xii. 47
9. i. 48
13. ix. 47
13. ix. 47
13. ix. 47

Description
15 days dry (3 sets)
25 days dry
Slightly shrunken
Shrunken to prismatic form
Flattened, saucer-like

Number
(mg.)
488
186
20
41
20

Weight
(mg.)
5.06
1.94
0.15
0.24
0.08

Mean weight
(mg.)
0.0104
0.0104
0.0075
0.0059
0*0040

From this it would appear that the loss of water in eggs still possibly viable is about
OGO3mg. or 28 per cent of the original weight.
SPECIFIC

GRAVITY

Though eggsare commonly found floating on the surface they are in this position clearly
only because some portion of their surface is not wetted. Viewed from above, floating
eggsusually show the water line encroached on the upper surface to an extent all round the
egg of about one-quarter of its width, that is, very little extension of the wetted area is
required to sink the egg. Once the egg is completely wetted by forcible submersion or
addition of a surface tension lowering substanceto the water it sinks at once.
The specific gravity was determined by ascertaining that strength of solution of sodium
sulphate in which selected conditioned eggs neither rose nor sank when introduced into
the middle of the fluid by means of a pipette, the eggs being previously sunk in water to
avoid any surface action. There was no reason to supposethat the small amount of water
introduced with the egg affected the issue. A first observation gave the point as between
1.074 and 1.076 and this was confirmed some months later by a second estimation as
given below.
Readings
Corrected
Readings
at 20” C.
1.066
1.070
1a072
1.073

to 15”c.
1.0668
1.0708
1.0728
1.0738

taken as
1.067
1,071
1a073
1.074

1.074

1.0748

1.075

1.075

1.0758

1.076

1.076

1a0768

1.077
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Result
All eggssank
All eggssank
All eggssank
Eggs showed little tendency
to sink or rise
Eggs suspendedwithout
movement
Eggs suspendedwithout
movement
All eggsrose
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The eggswere used 3 days from collection. The weight of 1.10 C.C.of water at 20” C. is
given in tables as O-998203 g. and at 15” C. as O-998956g., giving the correction factor
used of lOOO75. The findings give the specific gravity at 15” C. of conditioned eggs3 days
old as l-075-6. Though such a density may seem high, it is not so great as the density given
by Bodine and Robbie (1943), for some stagesof the grasshopper egg (see under changes
following oviposition). Some larvae which hatched in the fluid seemedslightly lighter than
the eggs.
VOLUME

Volume of the egg should be given by the relation weight/density = volume, which taking
weight and density as determined would.be 0.0103 mm.3. However, it was thought desirable to determine the volume directly if possible and after some tentative trials a modification of the method used by C. G. Johnson (1937) in measuring the volume of the egg of
Notostirus was employed. The method consistsin making use of a U-shaped tube with a
bore somewhat under 1.0 mm., one end of which is drawn out to a fine capillary point.
This is linked to a thermometer by a fine rubber band, the whole being included in an outer
tube kept at a uniform temperature by circulating tap water. The tube is emptied or filled
by suction and the application of filter paper to the fine capillary tip by which the meniscus
in the opposite limb can be brought to any desired level. For a full description the author’s
paper should be consulted. In place, however, of determining volume by differences in
weight this was done by direct observation of change in position of the meniscusas observed
through a binocular microscope in the horizontal position with an eyepiece scale and using
a marked portion of the tube and as small a displacement as possible to avoid parallax.
Though the apparatus was much the most promising of any used, it required considerable
care in manipulation and especially in calibration. It was calibrated by dropping in small
measured amounts (l-3 mm.3) of mercury from a blood-measuring pipette after testing this.
One difficulty was to get the dry eggs to sink without manipulation. This was finally
achieved by the use of butyl alcohol in the tube and using the point of a fine pipette cut
off to make a tiny funnel, so preventing eggswhen tipped in from sticking on the sides of
the tube above the fluid. With butyl alcohol the eggs sank at once and appeared not to
be affected when examined later. Kerosene was also effective in allowing eggs to sink at
once, but the exochorion was swollen and tended to become detached. A 4 per cent
solution of tauroglycocholate was also tried, but was less satisfactory than butyl alcohol.
The following are the results obtained.
Date of
observation
21. i. 48
26. ii. 48
27. ii. 48
27. ii. 48

Fluid used
4 per cent sodium tauroglycocholate
Kerosene
Butyl alcohol
Butyl alcohol

Displacement
of meniscus Total volume
(1 div.
(divisions
O-193mm.3)
of scale)
22.0
4.246
3.0
15.0
16.0

0.580
2.895
3.100

Number
of eggs
424

Mean
volume
(mm.3)
O*OlOO

64
279
304

0.0091
0.0104
0.0102

In each of the last three observations the mean weight of the eggsweighed on the torsion
balance was 0.0110 mg.
Though the later observations give figures in keeping with the theoretical value, it was
not felt that volume determination direct was sufficiently critical to do more than support
values obtained for weight and density. The method used as above appeared, however, one

THE

EGG

very suitable for volume determination of small objects and probably could have been
made very accurate provided error due to varying angle in reading the meniscuswas kept
small.
In the next subsection reference is made to a model used to supplement information
regarding surface area of the egg, the model being of the correct weight in proportion to
length and, as far as was possible, the accurate shape of the egg. Displacement of the
model was 13.25 ml., and since the volume of the model (see next section) was calculated
to be 1,286,OOO
times that of the egg this gave a value of 0.0103 mm.3 for the mean volume
of the egg.
SURFACE

AREA

An estimation of surface area was made from a camera lucida drawing of a flattened and
completely disrupted egg-shell and its cap at a magnification of 170. Including areas of
overlapping which were clearly displayed, this gave 0.052 mm.2 as the area of the cap and
O-266 mm.2 as that of the rest of the shell. The total area on this computation was therefore
0.3 18 mm.2. The area of the cap in this casewas about one-sixth of the total area of the egg.
As a further way of arriving at such an estimate a model was made in plasticine as nearly
as possible the shape of the egg. Its length measured by gauge was 72 mm. In this
respect it therefore represented an egg (mean length 0.662 mm.) multiplied 108.76 times
linear dimensions. The volume should therefore be 108~76~or 1,286,OOOtimes that of the
actual egg and if the model were of the same density as the egg its weight should have been
this number of times the weight of the egg or 14.275 g. The specificgravity of the plasticine
was, however, 1.675 whilst that of the egg as previously given was l-075 giving the weight
for the model as 22.242 g. This with very slight adjustment was made the weight. * The
circumference of the model was now taken at intervals of 0.5 cm. projection, which plotted
on squared paper gave the area enclosed as 35.2 cm.2 and this divided by the square of the
linear magnification (11828) gave as the area of the egg 0.297 mm.2.
A value of about O-3mm.2 may, therefore, be given for the surface area of the egg.

WEIGHT

AND

SPECIFIC

GRAVITY

OF

THE

EGG-SHELL

The following observations were made on the weight of the egg-shell and cap.
Weight
(mg.1
0.075
0.35
0.30
0.06
0.02
0.14

Egg-shellswithout cap, dry overnight
Egg-shellswithout cap, dry overnight
Egg-shellswithout cap, dry overnight
Egg caps, dry overnight
Egg-shellswith attached caps, dry
Egg-shellswith attached cap, dry

Number
91
465
380
377
20
140

Mean weight
(mg.1
0~00082
0*00079
0*00079
0.00016
0.001
0.001

The mean weight of the egg-shell complete is, therefore, approximately OWl mg. and
that of the egg-cap 0.00016 mg. or again about one-sixth of the total egg-shell.
It was thought possible that the shell when forming part of the egg might not be so dry
as when treated as above. The following results are, however, in favour of the view that
the weight as given above is at least approximately that of the shell as it exists in the egg,
* The weight of the model before this alteration was 22.107 g., so that it required only less than 1 per cent
adjustment.
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there being no further loss of water after the wet shellshave been exposed to the laboratory
for 30 minutes.
Direct from porous tile
0.98 mg.
After 15 minutes
0.54 mg.
After 30 minutes
0.29 mg.
After drying overnight
0.30 mg.
Determination of the specific gravity of the egg-shell after hatching was made by transferring egg-shells from water into solutions of sodium sulphate of known density, and
allowing a short time for diffusion of contained water into the surrounding medium. The
shells sank in all the concentrations used up to a density of 1*2OO.Placed in a solution of
this density egg-shellssank to the bottom in from 5 to 10 minutes. Whole eggs remained
floating even overnight.
The specific gravity of keratin in the dry state is given by Robertson (19 18) as 1.318 and
as the egg-shell is evidently of protein nature and very hard and tough it may well have
a density approaching that of keratin.

(d) CHANGES

FOLLOWING
COLOUR

OVIPOSITION

CHANGES

When first laid the eggs of AtYdesaegypti are of a translucent pure white and seenagainst
a white background such as filter paper are scarcely visible at a casual glance. Whether
exposed to light or not they soon darken. O’Connor (1923) gives 15 minutes for becoming
grey and 40 for black. Buxton and Hopkins (1927) consider this too short a time, as in the
case of a female seen laying eggsat 4.30 p.m. the eggswere grey at 6 and black at 7 p.m.
Actually the first changeoccursin about an hour (seeTable 4), the eggsgradually darkening,
rather more rapidly as they are becoming black.
Table 4. Change in colour and size of the egg
following upon oviposition
Obs. 1

Obs. 2

,
Time from
oviposition
(minutes)
In oviduct
Immediate
30
60

iii
120
150
180
210
240
20 hours

L

\

I

Colour
White
White
White
Faint tint of blue

Mean ’
length
(mm.)
0.467
0*500
0.522

Pale blue
Darkish blue
Blue black
Blue black
Black

0550
-

Black
Black

0600
0.684

-

-

Colour
White
White
White
White
Faint tint of blue
Pale blue
Darkish blue
Dark blue
Blue black
One black, one
blue-black
Black
Black

Mean
length
(mm.)
0560
0.580
0.620
-

What does not seem to have been recorded is the colour of the darkening eggswhich is
a distinct and at times a vivid blue. The first tint is a pale watery blue which begins to be
apparent in about an hour from oviposition. This colour darkens and in about 3 hours the
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eggs are a deep blue-black. Complete darkening to black takes about 4 hours. The egg
develops colour and darkens uniformly and not as in the Culex egg first in a zone around
the posterior pole (Christophers, 1945) (see also under ‘Physiology of the egg’, p. 154).

CHANGES

IN

VOLUME,

WEIGHT

AND

SPECIFIC

GRAVITY

Eggs when first laid are not only white in colour but are much smaller than the mature
black egg. In Table 4 are given measurements (together with colour changes) as observed
in eggsseen to have been oviposited and kept under observation for some hours. Those in
the first seriesrelate to six eggsand those in the second series to two eggs. It will be evident
that there is a steady increase in size which continues even after the eggsin about 4 hours
have become black. As shown by measurements given in the table there is an increase in
the length of the egg when oviposited amounting to 0.66 of its length in the oviduct.
A similar increase amounting to O-1 is noted by Roy and Majundar (1939) for the egg of
Culex fatigans and a similar lengthening of the egg of Anopheles subpictus and A. annularis
is recorded by Roy (1940). There is then a further increase from the length when laid to
that at 20 hours of 1.37. Such an increase, provided there was no change in shape, would
correspond to the cube of this amount, that is to 2.57 times the volume when laid. Actually
the egg does change slightly in shape, being somewhat more oval and less torpedo-shaped
when first laid, the diameter being about the same as that of the mature egg, but the general
order of the estimate should hold. This increase can only be brought about by imbibition
of water, so that the egg must imbibe about its own volume of water during this period.
The imbibition in the first few hours at least would appear to be fairly uniform, the rate
of increase in length being about 0.02 mm. per hour.
Since the volume of the egg increases,which can only be by taking in water, the specific
gravity of the newly laid egg should be greater than that of the mature egg. This is actually
so. Determination of the specific gravity of white eggs some little time after oviposition
gave a density of 1.098. On another occasion white eggssank in sodium sulphate solution
of 1.130 sp.gr. Some black eggspreviously laid rose at the same time that the white eggs
sank. Fully developed eggstaken from gravid females slowly sink even at 1.130 and even
the whole ovary sinks without hesitation when introduced into fluid of this or slightly less
density. The condition in the egg of A&les aegypti would seem, therefore, very similar to
that described by Bodine and Robbie (1943) in the grasshopper egg. These authors give
the density of the grasshopper egg as varying from about 1.13 to about l-06, whilst the
weight due to absorption of water increasesfrom 3.2 to 6.0 mg. Development in this case
takes 18 days to reach diapause and a further 18 days following upon diapause to reach full
development. The egg of A. aegypti absorbs water and swells to about double its size in
a few hours. Before such intake it has a high density, again very similar to that described
in the grasshopper egg.
DESICCATION

Provided eggsare kept moist they retain their shape and if first kept moist for a period of
24-72 hours they do so even if exposed to prolonged desiccation. If not kept moist for
this initial period they dry and collapseeven in a matter of minutes. As noted by MacGregor
(19 16) two chief forms of collapsed eggsare seen. With a moderate degree of collapse the
sides of the egg flatten or fall in leaving a central ridge so that the egg is prismatic or triI44
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radiate in section. In a more completely collapsed form the egg is completely flattened in
a saucer-shapedfashion. These two forms of collapsed egg are quite characteristic, but all
degreesof collapse are seenfrom a slight dimpling to completely flattened saucer-like eggs
as described by MacGregor. The former in profile appear narrower than normal, the latter
considerably broader when seen on the flat, but narrowly crescentic seen on edge.
When eggsare removed from a moist atmosphere shortly after being laid all may collapse
completely within some minutes. As resistanceto desiccation increases,some eggscollapse
while others remain unshrunken though these latter may in turn, if the eggs are not fully
conditioned, also eventually collapse within a variable time. After full resistancehas been
achieved, which may require keeping in a moist atmosphere for several days, eggs remain
rounded and normal for periods of weeks or months. Eventually, however, perhaps after
some months to a year, depending on conditions, these too become collapsed, the number
so collapsing increasing with time. The process of keeping eggsin a moist condition until
they become resistant to desiccation has been termed by Shannon and Putnam (1934)
‘conditioning’, and eggs in such a state may conveniently be termed ‘ conditioned eggs’
(see ch. v).
SWOLLEN

AND

EXPLODED

EGGS

When eggs collapsed from desiccation are placed in water they swell up and are scarcely
distinguishable from normal unshrunken viable eggs. Such eggs are, however, at once
identified when treated with diaphanol or other bleaching agent, since they show only disorganised contents or macerated embryos. They often form the bulk of unhatched eggs
left behind with empty egg-shellsfrom which larvae have hatched, and unlessthe condition
is recognised may lead to error from being mistaken for viable eggs that have not yet
hatched. Sometimes such swollen-up eggs may appear as specially large eggs and may
measure up to O-8 mm. in length.
What is probably the final stage of suchswollen-up eggsare ruptured or ‘ exploded’ eggs.
In this case one surface of the egg, apparently always the dorsal, that is the under surface
and the one nearest to the yolk remnant, is burst outwards in a long tongue giving with the
rest of the egg an appearance much like a safety pin. Or there may be such a tongue at
each end of the egg, which then resemblesa penknife with two blades half open (Fig. 5 (7)).
Such ruptured eggsnever show any indication of the forcing off of an egg-cap, showing
that the latter structure is not the result of any structural condition of the chorion (see
under ‘ Mechanism of hatching ‘, p. 162).
Ruptured eggsas described above are evidently what Howard, Dyar and Knab refer to
when they say that eggs in prolonged immersion do not remain intact but split open
longitudinally. Young (1922) also refers to split and collapsed eggs.
A certain number of eggs,depending upon circumstances,may be unfertilised. These do
not differ from normal viable eggsuntil bleached, when the absenceof embryo formation is
apparent. A common appearance when bleached is the rounding up of the yolk into one
or more globular masseswhilst other eggsare showing various stagesof embryo formation.
Besidesunfertilised eggs, obviously abnormal eggsare sometimes seen. The commonest
form of such are small oval eggs. On one or two occasionsa very large egg has been seen,
half as long again as a normal egg. Among the usual black eggs on the surface of the
water newly laid white eggs may be seen and may be mistaken on account of their small
size for prematurely laid eggs. Or some of such may be prematurely laid eggswhich are
IO
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not darkening. Prematurelylaid eggsmay sometimesbe seenwhich have swollenup to
resemblea coiled worm, a shapeseenwhen follicles in the ovary at certain stagesare
treated with potash,that is the wall of the follicle doesnot yield to swellingevenly but
causesthe swollenfollicle to elongate.
CHANGES

DUE

TO

DEVELOPMENT

Sinceeggsin their natural condition are intenselyblack and opaque, nothing of their
contentsis visibleby directobservationwithout someform of bleaching.After diaphanol
or chlorinetreatment,however,variousstagesin the formation of the embryo up to the
fully developedprimary larva can be seen. A detailedaccountof the embryologywould
herebe out of place,but a brief descriptionof the embryologyof the mosquitoasworked
out on Culex molestus is given later in chapterVII. The following are the most obvious
appearances
which may be seenin ordinary manipulationof eggs.
Eggswhich containfully developedlarvaereadyto hatch showwhen bleachedtowards
the anterior pole three conspicuousdark spots,two lateral, the pigmentedocelli of the
larva, and onemediandorsal,the egg-breaker.At this stagethe largeheadoccupiesabout
one-third of the egg and there is a smallermassat the posteriorpole consistingof the
siphon and other terminal parts. Betweenthesetwo massesare clearly shownthe three
thoracic and eight abdominal segments,all very compactedlike a rouleau of coins
(Fig. 9 (1)). Many larvaeat this stagewill, however,almostcertainlybe extrudedfrom the
eggdue to the effectof the bleachingagentas describedlater. The segmentsin suchcases
are no longercompactedbut widely expandedand separatedby deepnotches. It may be
noted that Roubaud (1927) terms the larva whilst still containedin the egg, the primary
larva, a name which may sometimesbe usefullyemployed.
In larvaenot quitefully developedeye-spotsmay be present,but not the spotindicating
the egg-breaker,or still earliereventhe eye-spotsare not to be made out, or asis often the
case,theseare visiblebut not conspicuous.
Still earlierstagesshowvariousappearances
of the developingembryo. A very characteristicstageis one in which the anteriorend of the embryois bifid, due to the presenceof
the labial grooveand anotherone in which, the groovehavingeverted,thereis a bulbous
prominenceanteriorly. At suchstagesthe body of the embryois elongateand curvedon
itself with the caudalsegmentslying along the dorsalaspectto within a varying distance
from the head.The appearances
seendependupon the positionin whichthe eggis viewed.
If seenfrom the dorsalor ventral aspectthere is a somewhatsausage-shaped
body, bifid
or with a protrusionin front asdescribed.If seenlying upon its sidethe embryoappearsas
a bulbous head with a narrow bent hairpin-like body. Earlier stagesare usually not
recognisableexcept in stained specimenswhere the blastodermstagesmay be characteristicallyshown.
Segmentationbecomesapparentat about24 hoursfrom oviposition. Eye-spotsbecome
visibleat about 70 hoursat 25” C. Conspicuouseye-spotswith egg-breakerare first seen
at about 90 hours at this temperature. Eggsbetween24 and 48 hours usually showthe
bifid appearanceor globularprotrusionas describedabove. Eggsyoungerthan 24 hours
showwhat appearsasa more or lessuniform yolk mass,thoughin sectionsvariousstages
in cleavageand blastodermformation are strikinglyshown.The timesgivenare for Culex
molestus for whichthe full developmenttakesabout 56hours. For Agdesaegypti somewhat
longer may be allowed.
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(e) VIABILITY

OF

EGGS

UNDER

RESISTANCE

TO

DIFFERENT

CONDITIONS

DESICCATION

That the eggs of A. aegypti are capable of retaining their viability for long periods of
desiccation was first brought to the notice of workers in this country by Theobald (1901),
who hatched out in England eggs sent from Cuba which had been dry in a tube for
2 months. But that eggs may remain a long time in the dry state without losing their
vitality had been noted as early as 1886 by Finlay, who sent the eggsreferred to above to
Theobald.
Numerous later observations on the length of time that eggs of A. aegypti kept in the
dry state can retain their viability have been given in the literature. Francis (1907) found
eggskept dry for 4 months still viable. Newstead and Thomas (1910) obtained larvae from
eggs sent from Manaos after these had been dried for 24 hours over CaCl, and kept
45-47 days in a tightly corked tube. Bacot (1916) found eggs still viable that had been
stored under dry conditions for 262 days and the same author (1918) found eggskept dry
at a temperature varying between 6.6” and 178” C. on filter paper still viable after 15 months.
Fielding (1919) found a percentage of eggs kept at room temperature still living after
257 days (8$ months). Eggs stored 391-579 days did not hatch. Shannon and Putnam
(1934) state that, if well conditioned, eggscan be kept stored for six months without high
mortality and that about 5 per cent will survive a year or more.
Such statements do not, however, give the whole picture, for as noted by Buxton and
Hopkins (1927) the longer eggs are stored the greater the mortality. In Fielding’s series
the percentage of different batcheswhich hatched at times between 114 and 216 days varied
from 21 to 58 per cent with one exception. At 257 days only 1 per cent hatched. BonneWepster and Brug (1932) give the following data obtained by their assistant R. Soebekti
for imagos bred out from eggskept various times in the dry state and placed to hatch in
grass infusion.
Period
1 month
2 months
3 months
4 months
5 and 6 months

Percentageof hatchings
60, 60, 23, 14, 100, 52, 40
4, 12, 13, 10, 36, 66, 18, 44, 26, 28, 60, 3, 60
65, 0, 0, 8, 12
4, 8, 6, 0, 0, 0, 0, 0, 0, 0, 0

0, 0, 090

Means
46.5
34.0
17-o
l-6
o-0

In nature Cooling (1924) found that eggs collected from a tree-hole hatched, though
they must have been dry for from 12 to 14 weeks.
The longest period in the experience of the present author has been 233 days (8 months)
when an egg-pot kept at 25” C. and 70 per cent relative humidity and containing some
thousands of eggs yielded only ten larvae on the second day of submergence. Other
examples of pots under similar conditions kept for periods over two months are:
Batch
number
960 (2)
977 (1)
981 A
969 (2)
977 (2)
970 (2)
968 (3)
968 (2)

Days kept
dry
233
209
166
108
107
102
71
66

Result of
placing to hatch
Ten larvae on second day
One or two larvae only
About 200 larvae from fragment overnight
Many in 90 minutes
Many
Many hundreds from small fragment
Normal hatch
Normal hatch. A small fragment with sixtyone eggsgave 100 per cent hatch overnight
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It is evident that under such conditions and protected from psoci, cockroaches, etc., eggs
up to 100 days had largely retained viability. The general experience has been that up to
one month eggshave not appreciably lost viability or exhibited delay in hatching, and that
no seriousloss in viability took place up to 4 months. After this resultswere uncertain and
after six months rarely more than a small percentage hatched. Shannon and Putnam also
state that well-conditioned eggs, if used within a month, should serve as well as freshly
conditioned eggs for routine rearing.
The time eggsremain viable, however, is largely dependent on the degree of desiccation
to which they are exposed and where a relatively high humidity is not present the period
for which they remain viable is usually much reduced. In the laboratory keeping eggs in
a closed container under damp conditions favours long viability, but care is required since
if left without occasional airing mould may cause trouble and if too moist premature and
imperfect hatching may occur as described later.
Artificial desiccation greatly reduced the viability period. Fielding found some eggs
kept over CaCl, still living after 19 days, but all were dead after 26 days. Buxton and
Hopkins found that eggskept over HzS04 were all killed in from 30 to 40 days. Eggs kept
in the laboratory without precautions showed collapsed eggsvery much earlier than when
kept in the constant temperature room at a raised humidity.
Developmentof resistantproperties.The dormancy of the egg of A. aegypti is dependent on
the formation of the primary larva, a term applied by Roubaud (1927) to the larva whilst
still in the egg, and is not due to arrest of embryonic development as is more usually the
casein diapause of insect eggs. Bacot (19 17) seemsto have been the first to note that moist
conditions were essential for some time after laying if the eggswere to resist desiccation.
He gives for this a period of about 30-40 hours by which time he says the larva was fully
developed in the egg. Buxton and Hopkins emphasisethe importance of this period which
they term ‘maturation’, pointing out that observations relating to viability of eggsundertaken without regard to the period of maturation are valueless. H. A. Johnson (1937)
found in dissection of freshly laid eggsthat the embryo was not developed. As eggsaged
the embryos progressed to the point of hatching, provided eggs were kept moist. If eggs
dried out, the young embryos died before maturing.
The time necessaryto keep eggsmoist to ensure their viability when subjected to desiccation has very generally been given as about 24 hours. MacGregor (19 16) gives the
following results of drying eggs at different times after oviposition:
Maximum time left on water (hours)
Percentagecollapsedafter drying 12 hours

15
100

20
100

25
100

37
62

43
28

48
2

60
0

65
0

70
0

At 15 hours eggs collapsed in 15 minutes.
Buxton and Hopkins found that of 295 eggswhich had been dried when they were not
more than 24 hours old, 197 (67 per cent) hatched. Shannon and Putnam, however, for
optimum conditioning give several days on damp filter paper which is placed in the open air
to dry slowly.
The following are results obtained with eggslaid by isolated females on filter paper strips
in tubes kept moist at the temperature noted and allowed to dry after various periods.
The eggs referred to in the table were those laid on the paper slips and not the whole
oviposition.
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Female
12
3
8
5
18
13
10
21
14
16
22

Temperature
at which
Allowed to
eggskept
dry after
hours
(” C.)
4
25
20
28
20
28
20
28
20
28
24
25
44
25
44
28
48
28
25
69
69
25
28
72

Collapsed
25
5
4
3
2
2

-

2

0
0

Not
collapsed
0
9

23
17
63
11
10
8
42
12
6

Hatched

Per cent
hatched

0

0

9

10
8
42
12
5
6I

91

96

Though the majority of eggs kept moist for 24 hours after oviposition had become
capable of resistingcollapse on drying overnight, some eggswere still collapsed which had
been kept moist for 48 hours or more. Obviously, however, 48 hours had sufficedto allow
protection to be achieved by the great majority of eggs.
In the main, lossof viability runs paripassu with collapse, so that long-stored eggswhich
are seento be collapsed may be expected to give at the best a small yield of larvae. To what
extent collapse is certain evidence of loss of viability was tried out in the following series,
which was a sample of fifty-five eggs taken from a pot some 6 months old in which the
eggs appeared all more or less collapsed.
One egg apparently unshrunken
Thirty-one eggs showing various degrees of collapse of prismatic
form
Twenty-three eggsflattened or grossly
shrunken

Larva hatched in 3 hours
Five larvae (four in 3 hours), two
dead larvae, two half emerged
No larvae overnight

As a rule therefore eggs showing a marked degree of collapse have ceased to be viable.
A small percentage of moderately collapsed eggsmay, however, still be viable.
Briefly, everything points to the fact that if eggs are prevented from drying up until the
larva is fully formed they have the power of resisting desiccation and retaining their viability for long periods in the dry state. It does not necessarily follow that it is the larva
itself which has this power. Indeed, it is almost certain that such resistanceis due to waterproofing of the egg membranes at some stage, which one would expect to begin some time
before 24 hours from oviposition. The onset of waterproofing must indeed take some hours,
for up to some 6 hours or possibly longer the eggsare actively absorbing water (see under
‘ Changes following oviposition’, p. 144).
Duly protected from desiccation the embryo develops to the larva in which state it has
the remarkable power to lie dormant until the egg is again submerged,or until, as observed
by Buxton and Hopkins, a slow desiccation ultimately destroys the egg or the reservesheld
by the larva are exhausted. This state of dormancy has been termed by Roubaud (1929)
one of secondary diapause, diapause in most insect eggsoccurring during, not at the end of,
embryonic development. So far there is no evidence that any of the eggs of A. aegypti
undergo any period of suspended development before the embryo becomes the primary
larva.
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Bacot (1916) notes the following effects on viability of eggs exposed for 24 hours to
different temperatures.
29” F. (- 1.7” C.)
75” F. (24.0” C.)
95” F. (35.0” C.)
102” F. (39.0” C.)
1076” F. (42.0” C.)

81 per
80 per
28 per
12 per
0 per

cent
cent
cent
cent
cent

hatched
hatched
hatched
hatched
hatched

Marchoux, Salimbeni and Simond (1903) exposed eggs taken from water the day after
they were laid for 5 minutes to temperatures varying from 37” to 49” C. and found they
afterwards hatched. Above 48” C. they failed for the most part to hatch and above 49” C.
they did not develop. Macfie (1920) found that eggswithstood 5 minutes exposure to temperatures as high as 46” C. They were generally killed at temperatures above this and all
were killed at 49” C. The same result was obtained with undried eggsabout 24 hours old and
eggson filter paper kept dry for two months. 45” C. had no appreciable effect. Larvae, it
may be noted, are rapidly killed at this temperature. Davis (1932) found that fresh eggs
were killed by 48 hours exposure to 40” C., mature eggsin less than 7 days. In general it
may be taken that the lethal temperature for short exposure to high temperatures is about
49” C., but that temperatures as low as 40” C. are fatal for exposureslasting several days,
and that 45” C. was fatal to all eggs,fresh and mature, within 24 hours, mature eggsbeing
somewhat more resistant than those in an early stage of development.
In regard to the effect of cold, Howard, Dyar and Knab state that freezing does not kill
A. aegypti eggs. Davis (1932), however, found that freezing kills both fresh and mature
eggs after 48 hours, fresh eggs being slightly more resistant.
These results are in keeping with observations now made. Whilst eggs are not very
susceptible to lethal effect from low temperature, such effect depends largely upon time
of exposure. Two distinct issuesare concerned, namely the lethal effect of low temperature
and the limiting temperature at which development can proceed. In regard to lethal effect
eggs exposed 24 hours at lo” C. hatched when placed at 25” C. Eggs after eleven days
exposure at 7” C. on being placed at room temperature and then at 27” C. gave a 25 per
cent hatch. Those exposed at 1.0” C. for nine days gave only a single larva out of some
hundreds on being similarly treated. It was thought from these and other observations
that the point at which prolonged exposure to low temperature ceased to be lethal was
about 10” C. This is in keeping with Bacot’s observation that some eggswere viable after
being kept some months at a variable cool temperature of from 6.6” to 17.8” C.
The above remarks relate to conditioned eggs, that is eggs in which development has
proceeded to formation of the primary larva before exposure. Where eggsare exposedfrom
shortly after oviposition the question of delayed or inhibited development has to be taken
into account (see ch. VII). Eggs shortly after oviposition exposed to 18” C. had not hatched
after 21 days, but did so almost at once when placed at 28” C. In the case of those eggs
placed at 7” C. not only was development entirely inhibited so that after 21 days no
developmental changes beyond those seen when the eggs were first taken, but the eggs
failed to hatch after 5 days at 28” C., that is exposure for 21 days had not only stopped
development but had killed the eggs. This is in keeping with the observations of Davis
that 10” C. has a very deleterious effect on fresh eggs. It was thought that about 15” C.
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might provisionally be taken below which no development takes place in the egg. These
results are of interest in relation to the limits of distribution of the species;seechapter II,
section (d) on temperature in relation to limits of distribution.

EFFECT

OF

SALT

AND

CHEMICALS

Marchoux, Salimbeni and Simond found that eggs of A. aegypti on one-sixth seawater
hatched in four days, as also on one-fifth seawater (about O-6 per cent salt). With one-third
seawater (about 1-Oper cent salt) eggswere killed. Macfie (1915) notes that on 2 per cent
salt eggs of A. aegypti do not blacken but remain soft and white. Eggs not only failed to
hatch out on 2.3 per cent salt but failed to do so later, that is they were killed.
Owing to their impervious endochorion, once this has become hard and waterproofed
eggsof A. aegypti are resistant up to a point in such substancesas alcohol (Barber, 1927) ;
lysol (Atkin and Bacot, 1917, and others) ; hexyl resorcinol (Hinman, 1932) ; mercuric
chloride (Trager, 1937); formalin and indeed most other chemicals for a short exposure,
a fact which enables the substancesnoted above to be used for the production of sterile
larvae (see next section). Eggs bleached with diaphanol sufficiently to show the larval
ocelli and egg-breaker through the membranes are not by such treatment prevented from
hatching (see p. 158).
Powers and Headlee (1939) found various mineral oils lethal to eggs of A. aegypti. The
effect was most pronounced at a certain viscosity, being slight with very low viscosity oils
(under 40), reaching a peak at about 108, and falling gradually to viscositiesof 300 or more.
No penetration of the chorion, as shown by use of oils with oil-soluble dyes, occurred, nor
was any chemical change in the endochorion to be detected. As a result of observations on
effect of exposing eggsto nitrogen, hydrogen and oxygen gas the authors conclude that the
lethal effect of oils was due to oxygen deprivation, those oils whose physical characters
best allowed of forming a closely investing layer on the egg being the most effective. Eggs
subjected to pure nitrogen for 24 hours were largely killed (81-96 per cent). Hydrogen was
fatal in 6 days. CO2 killed 50 per cent of eggsin 24 hours.

STERILISATION

OF

VIABLE

EGGS

Sterilisation of the eggs of A. aegypti as a means of obtaining sterile larvae that can be
cultured in sterile media has become an important technique in nutritional and other
studies. The first authors to carry out observations in this connection were Atkin and
Bacot (19 17). Eggs after being washed with a fine jet of tap water in a deep pan were
pipetted into 05 per cent lysol, vigorously washed with the jet, transferred after a few
minutes to 2 per cent lysol for 5-10 minutes and again washed in boiled water.
Barber (1927) dripped 80 per cent alcohol for 2-3 minutes over eggsdistributed on a piece
of sterile cloth laid on a perforated spoon. The cloth was dried as quickly as possible by
draining alcohol away with a wad of sterile asbestoswool placed under the spoon for a few
seconds. The cloth was then lifted off with sterile forceps, the alcohol burned away from
the spoon and the warmth of this used to assistin drying the cloth held at a safe distance
above it. Eggs were transferred to the tube with a fine sterile spatula moistened with sterile
fluid. The same method was successfulwith Anopheles eggs. MacGregor (1929) reared
larvae on sterile standard bread using soap to sterilise the eggs(see under ‘Trager ,‘ p. 152).
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Roubaud and Colas-Belcour (1929) sterilised eggs using hydrogen peroxide and also
mercuric chloride. Hinman (1930) used chlorinated lime, but later, 1932, thoroughly
disinfected in hexyl resorcol. Trager (1935), in cultivating mosquito larvae free from living
organisms, used a modification of MacGregor’s method. Boats made of cover-slips by
heating the edges in the flame and sterilising by dry heat were placed in small sterile petri
dishescontaining 5 per cent solution of Castile soap. Ten to forty eggswere placed in each
boat and left in soap solution 5-7 minutes. After being drained of excessfluid they were
then transferred to 80 per cent alcohol for 15-17 minutes and thence to a sterile petri dish
of distilled water. Finally boats were dropped into a tube of culture medium. One hundred
per cent were successfulso long as eggshad been laid recently (within l-3 days) on filter
paper half immersed in distilled water. Later the same author (1937) used 15 minutes
immersion of eggs in White’s solution (see below).
The sterilising fluid most frequently used is that recommended by White (193 1) for
sterilisation of blowfly eggs (Trager, 1937; De Meillon, Golberg and Lavoipierre, 1945.
and others). The following is the composition of the fluid:
Mercuric chloride
Sodium chloride
Hydrochloric acid
Ethyl alcohol
Distilled water

0.25 g.
6.5 g.
1.25 C.C.
250.0 C.C.
750.0 C.C.

The technique used by De Meillon, Golberg and Lavoipierre is as follows. Gravid
females were confined singly in sterile test tubes with 2-3 C.C.sterile distilled water in an
incubator at 28” C. When oviposition had taken place the water was removed with a sterile
pipette and the eggsleft stranded. The tubes were then half filled with White’s solution and
left 15 minutes. The fluid was then removed, the eggs washed several times in distilled
water using a sterile pipette to remove the water. In the final wash eggs were dislodged
with a platinum loop, poured into a sterile petri dish and covered. Five or more eggswere
removed at a time to tubes containing agglutinating broth and stored at 37” C. On about
the third day hatching begins. Larvae do not grow in agglutinating broth but remain alive
for several days. There is no difference in the ultimate growth whether such larvae when
used are 12, 24 or 96 hours old.
An account of various methods that have been used in preparing sterile blowfly eggsfor
surgical use are discussedby Simmons (1934) with a bibliography. This author found that
mercuric chloride with phenol, as also formalin alone, caused agglutination of the eggs;
5 per cent formalin with 1 per cent NaOH for 5 minutes was, however, an excellent sterilising fluid. White found sodium hydroxide followed by 5 per cent formalin for 15 minutes
a satisfactory disinfectant for blowfly eggs. A device described for storage of blowfly eggs
by White (Simmons) is a jar with a cap (like a canada balsam bottle) with a Gooch crucible
fixed in the neck on which sterile gauze with eggscan be placed after disinfection. About
50 C.C.of sterile water is poured slowly over the eggsto remove disinfectant.
It is obvious that a tube into which a mosquito, bred in the ordinary way, has been
introduced is no longer sterile. It would be quite possible, however, if thought necessary,
without much trouble, to perform the whole process under sterile conditions. The pupa
of A&!es aegypti is extremely resistant to chemicals and will live for a considerable time in
say 80 per cent alcohol and especially so in more watery solutions of such a substanceas
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mercuric chloride. A disinfected pupa could be washed and placed in a sterile tube with a
gauze top to hatch out and could be fed on a sterile skin through this and allowed to oviposit
all under sterile conditions.

(f) PHYSIOLOGY

OF

THE

EGG

Very little is recorded specifically in the literature regarding physiology of the egg of
A. aegypti other than in respect to influences affecting hatching which will be dealt with in
the next chapter. Much of what is known of the physiology of insect eggs in general, of
which a short account is given by Wigglesworth (1942) in the first chapter of his Principles
of InsectPhysiologyand later communications by Pryor, Beament and others, will no doubt
relate also to the eggsof A. aegypti. There are certain points, however, which are of special
interest in the present case. These are: (1) the chemical nature of the egg membranes,
(2) the nature of the waterproofing of the egg to enable it to resist desiccation to such a
marked extent as it does in respect to some other mosquito eggs, and (3) its oxygen
requirements.
CHEMICAL

NATURE

OF

THE

EGG

MEMBRANE

The chorion of the insect egg is often spoken of as though it were a homogenous structure.
Actually, as shown by Beament (1946), it may be extremely complex. In the case of
A. aegypti the two portions describedas exo- and endo-chorion are clearly of very different
nature. Whilst the former, especially in the fresh moist egg, is very delicate, soft and readily
detached, acted upon by hot KOH and by various solvents, the latter, besides being
remarkably tough, is resistant alike to strong acids, hot KOH and solvents.
The exochorionconsistsof two distinct elements, the matrix forming the membrane and
the chorionic bodies and pegs, seemingly o’f similar nature, which are embedded in it.
Though somewhat resistant to action of KOH in the cold, the matrix completely disappears after 15 minutes’ exposure to sat. KOH at 160” C. and is therefore not chitin.
Detached fragments and egg-shells with the exochorion in situ treated overnight with
cont. H,SO, or HCl show the matrix still intact with the chorionic bodies embedded in it.
It is eventually, however, destroyed by cont. H,SO, in the cold, but requires one or two
weeks for this. In cont. HNO, the exochorion is quickly destroyed.
In solventsthe matrix commonly swellsand becomes more or less disorganised. Treated
with ether it becomes after a time fragmented and leaves the egg largely bare. Chloroform
causesswelling of the matrix and its detachment. The most marked and curious effects by
a solvent is given by acetone, which causesthe exochorion to become markedly swollen
and opaque with the chorionic bodies projecting beyond its surface. It has already been
noted that water causesthe exochorion of the under surface of the egg to swell and become
gelatinous. The upper surface is not so affected.
When dried, as when left as a flake after a dry egg has been detached, the substanceof
the exochorion (chorionic pad) appears to become altered as it no longer swells up in
water and is more resistant to solvents, but it is dissolved in strong KOH overnight and
eggs cemented by it become detached.
The chorionic bodies are noticeable for their transparency and absence of colouring
matter. They are resistant to most reagents including cont. H,S04 and HCl. In such acids
they become very visible in the clear matrix and seemto become somewhat swollen showing
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a sago or cauliflower effect. It is possible that they swell somewhat in water appearing
9-l 1 r_~
in a dry state and 12-13 p after 30 minutes in water. They stain with methylene blue
and more readily with eosin especially in sections. They stain deeply and selectively with
watery thionin. In general the reactions of the chorionic bodies indicate that they are of
untanned protein nature and they stain pink with Millon’s reaction. Unfortunately, except
that the whole exochorion disappeared after heating for 15 minutes in sat. KOH at
160” C. the effect on the chorionic bodies was not further investigated. The exochorion
appears to play no part in waterproofing the egg, as eggs that have been largely deprived
of the exochorion are still resistant to desiccation. What function, if any, the chorionic
bodies subserveis unknown, but they seem to be associatedwith eggsthat are resistant to
desiccation and they may play some role in this respect or in subsequent stimulus to
hatching when eventually submerged.
The endochorionmicroscopically consists,in the greater part of its thickness at least, of
a uniform very dark and tough layer. That it is not chitin is shown by the fact that though
it resistsheating for 15 minutes to 160” C. in sat. KOH, it does not after such treatment
show any indication of dissolving in 3 per cent acetic. It seemscertain that it is a tanned
protein as shown by Pryor (1940), for the hardened larval skin of the Calliphora pupa and
by Beament (1946) for the resistant endochorion layer of the Rhodniusegg. In support of
such a view is the fact that if the newly laid (white) egg be placed in water with some
crystals of pyrocatechol the endochorion becomes a beautiful pink indicating the presence
of polyphenolase, the ferment concerned in the tanning of protein in insect cuticle. In
bleached egg-shellstreated with Millon’s reagent there is some darkening and a distinct red
tinge where the egg-shellis broken and the edge turned up. At the suggestionof Dr Pryor
a quantity of egg-shells were submitted for determination of the sulphur content. Only
a very small sulphur content was found, indicating that sulphur was not an important
.
constituent of the endochorion.
Some interest attaches to the colour exhibited during the process of darkening (tanning)
of the endochorion. As previously noted in Ai;des aegypti egg, this is a distinct blue. In
Culex molestus,as I have previously noted (Christophers, 1945), it is green. Herms and
Freeborn (1921) describethe egg of Anophelespunctipennisas at first pearly white becoming
progressively yellowish and then darker. At 35 minutes it is leaden, at 45 dull black and
under the microscope a rich chitinous brown. Blue and green I am informed by Dr Pryor
are unusual, the most common colour developing in insect cuticle being yellow or brown.

WATERPROOFING

OF

THE

EGG

Though the endochorion consistsof a very hard and tough material this does not suffice
to waterproof the egg, since as already noted the endochorion has become fully darkened
in 24 hours without the egg being prevented from collapsing from desiccation in a short
time, whereas after some three days the egg resistsdesiccation for months. Wigglesworth
(1945) has shown that the waterproofing of insect cuticle is commonly brought about by
a thin layer of wax, in which case the insect at a critical temperature, depending upon the
point at which the wax layer is disorganised, suddenly ceasesto resist desiccation and, as
shown by loss of weight, rapidly loses water. Similarly in the egg of Rhodnius waterproofing is by waxy layers, the critical temperature at which desiccation becomes rapid
being 42.5” C. (Beament, 1946). In the caseof different speciesof tick Lees (1946) found this
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critical point ranged from 32” to 75” C., those specieswhich are normally more resistant
to desiccation having the higher critical temperatures. Another way of determining the
critical temperature is by heating in a strong solution of salt. On disorganisation of the
waxy layer osmosis, now possible, causescollapse of the egg. Acdes aegypti eggs heated
to 50” C. for 24 hours in sat. NaCl showed no change, whereas heated to 55.5” C. collapse
in every case took place within 2 hours. The critical temperature lay therefore in this case
between 50 and 55.5” C., and it is probable that the waterproofing of the A. aegypti egg
is by a waxy layer, the position of which, however, has not been determined.

OXYGEN

REQUIREMENTS

OF THE EGG

It is probable from what is known of respiration of insectsin general that, expecially during
the period of development of the primary larva, a certain oxygen requirement is necessary.
Powers and Headlee (1939) have shown that eggs coated with certain oils are killed and
ascribe this effect to deprivation of 02, the maximum effect being produced by those oils
which give the most complete coating. It is of interest in this connection to consider the
function of the air channels in the chorion. In the dry condition of the egg it would seem
that these channels, lying outside the dense endochorion, could have little usefulnessin
supplying oxygen. But during the early stagesof development and when the egg is wet and
the parts soft, such channels may well have a functional role to play, either in respect to
hardening of the endochorion or development of the embryo or both these processes.
In regard to the latter this may explain some of the apparent anomalies connected with
such questions as rate of development and hatching under different conditions. Thus
Shannon and Putnam (1934) note that eggs freshly deposited less than 12 hours old if
placed immediately in water containing food do not undergo as rapid or as uniform development as those kept in open air on moist filter paper. Howard, Dyar and Knab (19 12)
refer to eggsperishing which have been submerged shortly after laying. Mature eggsfrom
the ovary and white eggssunk in fluid may or may not darken. In the latter casethey swell
only to a moderate extent, fail to hatch, and after remaining in the fluid some days collapse
from desiccation on removal.
When the primary larva is in a state of diapause the need for 0, is almost certainly less
marked. In testing for lethal effect by oils, etc., it may therefore be important to state at
what stage the eggsused have been taken.
If the views of certain authors as to the effect of reduced oxygen in bringing about
hatching be correct (see under next chapter) such reduction must in some way be capable
of making itself felt through the extremely impervious egg membranes. It is not known
how this could be brought about.
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VII
ECLOSION
(a) THE

ACT

OF

HATCHING

No detailed account of the hatching of the egg of A&?e,saegypti appears to have been given
in the literature. Whilst, therefore, there is still much to be investigated as to the physiological processesinvolved, a brief account of the act as seenunder the microscope will not
here be out of place.
As already noted, eggsare normally oviposited and cemented in situ with the ventral or
flatter surface uppermost in respect to the object on which they are laid. The larva in the
egg occupiesa position in accordancewith the naming of the surfaceshere given, that is with
its ventral aspect upwards. Since the line of fracture which forms the egg-cap passes
further caudal on the ventral than on the dorsal aspectof the egg, it follows that the opening
made by detachment of the cap faces obliquely upwards so that looking at eggsthat have
hatched still cemented in situ all the openings to some extent face the observer. Actually
there seemsto be no difficulty in hatching should the egg by any chance not be in this
position or detached and lying loose in the fluid. It is useful to remember, too, that since
the crack forming the egg-cap starts on the dorsal aspect, this is the aspect that should be
in view if early stagesin hatching are to be observed.
The whole processis best watched using the following technique. Eggs from a fragment
of pot with massive deposit of non-shrunken mature eggsthat are known to hatch shortly
after submersion are brushed off into a watch-glass with a fine camel-hair brush, a little
hatching fluid added and the eggs rapidly squishedin and out with a pipette and teat to
ensure that a sufficient number will be sunk in the fluid. Seeing that there are such a
number, the watch-glass is moved with a rotatory movement which brings the scattered
sunken eggstogether in a little heap in the middle. Pipette a suitable number of these on to
a hollow-ground slide and add hatching fluid until on sliding a 13 by 4 in. cover-glassalong
the slide and over the cavity no air bubble is left. Any moderate excesspushed before the
cover-glasswill serve as an extra reserve of fluid. If this be done as described the eggswill
not be disturbed or moved. Observe under a strong illumination by reflected light, keeping
under observation such eggsas have their dorsal surface upwards and the anterior portion
of this surface well illuminated. A lamp giving a bright beam of light is very suitable and
a warm stagehelps, though it is not essentialif the room temperature is reasonably warm.
It is advisable to use as hatching fluid some undiluted old culture fluid as the evolution
of bubbles of oxygen when tap water is warmed is otherwise troublesome. If it is desired
to bleach the eggs,they should be covered in the first place with 1 in 5 diaphanol in distilled
water for 15 minutes or until at least some eggs show eye-spots and then transferred for
a few moments to 1 in 1000 NaOH and thence to tap water. They should be sunk in the
diaphanol with a pipette and teat as described above and any egg that is not easily wetted
and sinking may be neglected. Select eggsfor watching with the egg-breaker well displayed
(Fig. 7 (1)).
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The first indication of hatching is the appearance of a slowly widening transverse crack
in the egg-shell towards the anterior end of the dorsal aspect of the egg. In the bleached
egg on one or two occasions an appearance was seen as if the sharp point of the eggbreaker had previously penetrated the shell, but this requires confirmation. The slit widens
slowly and evenly showing in sharp contrast the pale larval tissue. It extends fairly quickly
round the egg bringing into view the egg-breaker and, laterally, the two conspicuousdark
eye-spots or larval ocelli (Fig. 7 (2)). Active pulsatile movements are now seen within the
head as this begins to be exposed, due most probably to muscular movements of the
pharynx. Soon it is evident that a cap-like portion of the egg-shell is being pushed off.
In a few secondsthe bulging head, advancing steadily, pushesthe cap before it still attached
ventrally so that it is opening like the lid of a box. During this process the cap is firmly
impacted like a muzzle over the front of the head up to about the level of the egg-breaker
and ocelli. Finally, as the head bulges more and more, the egg-cap, now forced ventrally
almost at right angles to the egg axis, is suddenly freed by breaking of the ventral connection and the head with the cap perched on it is rapidly extruded followed by the thorax
in a tumultuous-like movement of the soft parts and later by the foremost segmentsof the
abdomen. The appearance in fact is as if some force from behind had pushed the larval
parts out from the egg-shell. After a short pause a rapid movement of the now largely free
body liberates the larva from the shell and usually detachesthe egg-capfrom the head. The
larva, now with all its hairs erect, usually remains stationary for a moment or two and then
swimsoff. The egg-shellis left as an empty case.Within it when decolorisedcan be seena thin
loosely attached lining membrane, broken acrosslike the egg-shellitself, the amnion-serosa.
The larva, however, is not yet in a position to take on its normal functions, for it is not
until an hour or more from hatching that the head swellsfrom its triangular to a globular
shape and the feeding brushes are liberated.
The above is a description of hatching as may be observed in the case of mature eggs
submergedin water or other medium. Mention should, however, be made of the appearance
seen when hatching occurs under the influence of strong chemicals such as sodium hypochlorite or diaphanol. In this casethe larva is usually dead, extruded from the egg with the
caudal extremity still lying within the egg-shell. The abdominal segments,closely packed
together in the egg, are now widely separated with intersegmental notches. The brushesare
expanded and free and the egg-cap is almost always still attached to the egg-shell ventrally (Fig. 7 (6)). It is generally assumedthat the chemical has led to the hatching of the
live larva, but that this has been killed on emerging. The nature of such hatching is dealt
with later.
(b) MECHANISM

OF

HATCHING

In the egg ripe for hatching the fully developed primary larva lies ventral aspect upwards.
The head occupies about the anterior third of the egg and almost another third at the
posterior end is taken up by the siphon and anal segment with its papillae. In the intermediate portion are the three thoracic and the remaining seven abdominal segments
flattened like coins in a rouleau and showing no indication of constrictions between the
segments.The long lateral hairs lie directed forwards along the length of the egg, except the
prothoracic hairs which are directed backwards. In the mid-line dorsally towards the
anterior end of the egg is the egg-breaker and laterally and a little behind its level are the
black pigmented ocelli (Fig. 7 (1)).
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The egg-breaker in shape and appearance is not unlike a thorn in a young rose shoot,
except that it is not curved. It consistsof a heavily sclerotisedcircular plaque which rises
conically in the middle to an extremely sharp point (Fig. 7 (4)). Posteriorly the plaque is
continued backwards as a rod-shaped extension giving to the whole rather the appearance
of a tennis racquet. The hard and thick plaque lies in a circular depressionon the dorsum
of the head and is surrounded by soft membrane which forms the floor of the fossa
(Fig. 7 (5)). It seemsclear from the structure that the plaque carrying the conical spine,
whilst normally it lies at rest depressedin the hollow and so inoperative, if forced upwards
would bring the very sharp point of the spine against the endochorion.
The most obvious way by which the spine of the egg-breaker could be so protruded
would seem to be by intracranial pressureand though, as noted by Bresslau (1920) there is
a muscle inserted into the plaque (the inner retractors of theflabella or feeding brushes)
it is difficult to see how this could cause protrusion of the spine unless, acting along with
intracranial pressure, it served to draw the spine forwards at the same time as it was
protruded. There is just another possibility, namely that these muscles are inserted into
the plaque as the only rigid place of origin, the cuticle of the head otherwise being noticeably very soft. It is important that the feeding brushes which at hatching are still folded
in the head should be everted and the muscles in question may be more related to this
function than to forcing out the spine of the egg-breaker.
Further points regarding the mechanism of hatching may most readily be given as
answersto the following questions, namely, (1) How does the larva use the egg-breaker to
cut the cap ? (2) Does the larva swallow water to increase its bulk when forcing off the
egg-cap? and (3) How is final escape from the egg brought about?
HOW

DOES

THE

EGG-BREAKER

WORK?

It had previously been assumedby the author that the egg-cap in mosquitoes was cut by
the egg-breaker and that the only way that this could be done was by rotation of the head
of the larva. In favour of this is the fact that there is no indication in the unhatched egg of
Figure 7. Eclosion.
Dorsal view of bleachedegg showingfully developedprimary larva.
Lateral view of egg showingfirst indication of hatching. Note the egg-breakerand larval
ocellusshowingin the fissure.
Larva killed in the egg and extracted. Diaphanol specimen.
Lateral view of egg-breaker. Anterior direction is on the left. The line acrossthe drawing
showsthe level of the generalsurfaceof the dorsum of the head.
Dorsal view of head of newly emergedlarva showingthe egg-breakerset in a membranous
depressionand the bent antennae.
Larva ‘hatched’ in diaphanol. Note extrusion of brushesthough the head is as yet not
swollen. Only the upper portions of the egg-shell have been shaded to enable position and
appearance of the larval abdomen to be seen.
Larva immediately after hatching from the egg. Note expansion of the abdomen and general
increase in size and length of the larva. An egg drawn at the same time and scale is shown at
its side.
Head of larva 2 hours after hatching. Same scale as no. 7.
Ventral view of head of larva hatched in suspension of Indian ink. Note blackening of brushes,
palatum and mandibles.

160

Olmm.

I

I
@l

1

1

PO1 mm.

mm.

O-1 mm.

I

4

I

@l

@l

mm.

1

Figure 7
II

161

mm.

O-1 mm.

,

ECLOSION

any line of weakness corresponding to the line of detachment of the cap and that in
Anopheleswe know that the larva has the power of rotating the head through as much as
180”. Further, in the case of a mycetophylid (Bolitophila) Edwards (1919) notes that the
young larva can be observed moving its head up and down and cutting or scratching a slit
in the shell. In order to ascertain how the egg-breaker in A&ks aegypti worked, hatching
has been observed in eggsbleached with diaphanol to the point where the shell is sufficiently
decolorised to allow the larval ocelli and egg-breaker to be seen, a processwhich evidently
had no harmful effect since the larvae escaped from the egg in living condition and
seemingly in no way affected. In such preparations movement of the head would be at
once evident, but no movement of the egg-breaker preparatory to or during formation of
the egg-cap break has ever been seen. All that was seen was that just before the crack
started there was an appearance resembling a thin layer of air passingup to the point of the
egg-breaker spine. This, however, was found to be due to reflection of light from the very
smooth enamel or china-like surface of the egg-breaker at this time. On some occasionsit
was thought that the point of the spine had been observed to pass through the endochorion, but this requires confirmation. Following the appearance described above a slit
appeared at the site of the spinepoint and passedrapidly round the egg. The spine made no
movement.
Since the egg-breaker does not appear to be rotated from its median position during
formation of the egg-cap the only conclusions possible seem to be, (1) that the egg-cap is
cut some time previous to hatching, (2) that the egg-breaker besidesmerely perforating the
endochorion starts a crack in a particular direction which is followed up by further
splitting caused by pressure, or (3) the endochorion under pressure breaks in the way it
does once it has been punctured.
Bringing pressureto bear upon eggs in various ways showed that a cap was only to be
detached in eggs that were fully ready to hatch, that is those with a conspicuousand presumably fully developed egg-breaker. Eggs that were in this condition when pressedwith a
needle could usually be made to release an egg-cap in a manner that could almost be
described as a ‘ pop ‘. Further, examination of the endochorion when larvae were extracted
through the posterior end of the egg showed no indication of any previously cut or marked
line. It was therefore concluded that mechanical pressurealone could force off an egg-cap
once the egg-breaker was fully developed and that natural hatching was possible without
any cutting action. It has previously been noted that the endochorion when ruptured by
internal pressure(exploded eggs)breaks into longitudinal strips. Nevertheless, it was noted
that by crushing eggs some transverse breaking of the endochorion also tended to occur,
fragments to a large extent being rectangular in shape showing that this structure had some
tendency to split transversely as well as longitudinally.
Seeing that splitting of the endochorion appeared to be started in a fixed direction as a
result of perforation by the egg-breaker spine, it was thought that the spine might have
a chisel-shapedpoint, but no evidence of this could be found. Later it was interesting to
find that Marshall (1938) in his book The British Mosquitoes states that the point of the
egg-breaker in the British speciesother than those of the genusAFdes is chisel-shaped,but
that in all speciesof Ai;desit is round.
It therefore seemsmost probable that the egg-breaker in AL;desaegypti acts merely by
puncturing the endochorion and that pressure then is able to start a crack which under
continued pressure of the swollen head front is led round the egg in a relatively fixed
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course. In other words, the structure and forces being the same, what is likely to happen
in one egg is likely to happen in all. In favour of this view is the fact that though the cap is
roughly equivalent in different eggsits cutting is far from being meticulously accurate as it
might be expected to be if prepared and carried out by some more precise method of
detachment.
It may be mentioned here in relation to hatching that where eggshave been kept rather
wet a certain number may be found with the egg-cap already cut, though the larva has not
hatched and often the crack is so narrow as to be easily overlooked. Should the surface
on which the eggs are lying then become dry the larva dries and perishes, a fact later
sometimes made apparent by a little tuft of mould growing at the crack. Where, however,
eggs have been kept in a just critical state of dampness it is possible such larvae may
survive, a fact which it is thought may account for the almost immediate hatching of larvae
in some caseswhen eggs are submerged. This, however, requires confirmation.

DOES

THE

LARVA

SWALLOW

WATER

DURING

ECLOSION?

That there is some active movement within the head when this is first exposed in the
widening crack in the egg-shell has already been referred to and ascribed to the movements of the pharynx in the swallowing of fluid. That insectsin hatching swallow amniotic
fluid and later air to cause increase in volume is well established(Sikes and Wigglesworth,
1931). Seemingly the Ai;deslarval head occupies the whole available space in the anterior
portion of the egg, the clear transparent area in front of the darker area formed by the
mouth-parts and other structures as seen in the bleached egg being occupied, not by
amniotic fluid, but by the swollen clypeal region of the larval head, that part in fact which
later is seencovered by the dislodgedcap. Further, the swallowing movements appear most
active when the head is slowly bulging forward against the separating egg-cap. It seemed
probable therefore that the insect at this time is swallowing water from the outside
medium.
To ascertain whether this was actually so eggswere allowed to hatch in weak suspensions
of Indian ink. Under such conditions, whether as a result of toxicity of the suspension,or
by the blocking effect to be described, practically all larvae died in various stagesof
escape from the egg and most usually with the cap still firmly impacted over the front
swollen portion of the head as previously described, that is, covering the parts just up to
the level of the egg-breaker and ocelli (Fig. 7 (2)). At this stage the larval head is unexpanded and triangular in shape, the brushes and the bent down hairy labral area (epipharynx) being tucked into the pre-oral cavity as when in the later stages the larva
‘swallows’ its brushes. Only when the head within an hour or two has swollen into a
globular state are these organs free and everted. In larvae hatched in Indian ink suspension
the compacted brushes with the hairy epipharynx and the bases of the mandibular hairs
appear quite black from accumulation of the black suspendedparticles. No dark material
at this stage could be detected in any part of the alimentary canal. It would seem, therefore, that fluid has been taken in but filtered through the compacted brushes. In some cases
where larvae were still alive and removed to clean water they were observed attempting
to comb out the brusheswith the mandibular combs which at this stage are relatively very
large and conspicuous. In time some succeededin clearing the obstruction with the brushes
still impacted and particles of the ink were then seen in the proventriculus or lower down
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the alimentary canal. It was clear that active imbibition of fluid had taken place before
the larva had left the egg, but not clear whether such imbibition had occurred in the earlier
stageswhen the cap was first being pushed off.
Since particulate matter was thus prevented from entering, the effect of hatching in a
strong solution of cochineal was tried. This stain was used by Bishop and Gilchrist (1946)
for testing food choice by the adult and was found very suitable for the present purpose.
The solution, made up by a dispensingchemist, was presumably an alcoholic tincture, but
it did not prevent hatching in a 1 to 4 dilution. Larvae pipetted out as rapidly as possible
as they hatched into water heated to 80” C. invariably showed the alimentary canal from
behind the thorax to the seventh abdominal segment distended with pink fluid. The same
condition was found in larvae which had not emerged beyond the first stage of hatching,
that is with the cap in process of being pushed off as in Fig. 7 (2). It is certain, therefore,
that external fluid is being swallowed during the pushing forward of the cap by the head,
further strengthening the conclusion that the pulsatile movements seen in the head at this
time are due to muscular movements by the pharynx.
In a 1 to 2 dilution of the stain no larvae hatched, but a number of eggs were found in
the stage referred to above, with the egg-capjust beginning to be displaced. These larvae
were all dead, but on being extracted from the egg-shell they showed the broad band of
pink colour down the abdomen indicating distension of the gut with external fluid.
Presumably the larvae began hatching, but having reached a certain stage had swallowed
sufficient alcohol to cause their death. This was found to be the readiest way to demonstrate imbibition as it is difficult to catch specimensearly enough once they are seen to be
hatching to exclude the possibility of their having taken in fluid at some later stage. By the
above procedure eggscan be put to hatch in the stain and after a suitable interval examined
for the above described stages.

WHAT

IS

THE

MECHANISM

LATER

STAGES

OF

PROPULSION

IN

THE

OF HATCHING?

When, with extension of the fissure in the egg-shell, the ventral connection of the egg-cap
with the rest of the endochorion finally gives way, there occurs a rapid completion of the
process of hatching almost as if the larva were being pushed out by some propelling force
behind. This effect continues until the thorax and a part of the abdomen have left the eggshell, a very similar appearance to that seen in the egg artificially hatched by diaphanol,
fixatives, etc. From then on the act of leaving the egg is clearly only a matter of ordinary
locomotion. Interest lies in what caused the initial extrusion. The larva whilst in the egg
measures in length about the same as the egg, that is about O-7 mm. of which the head
occupies a third. The abdomen and thorax occupy about one-half of the egg length and
the abdomen alone about 0.26 mm. If the larva be killed by heat, or other means which
coagulate it, and then extracted from the egg-shell,the abdomen is cylindrical in shapewith
smooth sides, the segmentsbeing compressedand resembling a pile of thin coins. This is
the condition when the egg-cap has been partially pushed off. Then a few secondslater,
when the final connection of the cap with the rest of the shell gives way, the whole appearance of the abdomen changes so that it is now elongate with deep intersegmental
notches. In other words it calls to mind the toy jack-in-the-box in which a figure with
compressedspring leaps upwards when the cover of the box is opened. From measuring
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about 0.26 mm. the abdomen now measures quite double that length and its hinder half
still occupies most of the length of the egg-shell.
When first hatched the larva is unable to move or use its feeding brushes. The head is
bluntly triangular in shape and the antennae elbowed (Fig. 7 (5)). The cuticle appears to
be very soft and that on the dorsum of the head is seen in sections to be thrown into
wrinkles. The only sclerotised parts are the egg-breaker and the triangular mental sclerite.
The long lateral hairs soon take up their normal position. During the first four hours the
head, and especially the anterior portion that will become the fronto-clypeus of the later
larval stages,swellsgreatly until it becomes globular (Fig. 7 (8)). During this process the
feeding brushes are everted and begin to function. As shown by Wigglesworth (1938) no
air is at first present in the tracheal trunks, nor has air appeared to take any part in the
hatching process.Very shortly after hatching the young larvae seek the surface and make
contact with the surface film. Of a number of newly hatched larvae observed at 27” C. in
water of depth 1, 3 and 6 cm. the majority had attached themselvesto the surface film in
10 minutes in depth 1 cm. and smaller proportions at 3 and 6 cm. Further information
regarding the first instar larva and the changesundergone after hatching will be found later
when the different larval instars are described.
(c) CONDITIONS

AFFECTING

HATCHING

SUBMERGENCE

A vital essential to hatching is that eggs should be submerged. It is necessaryin view of
such a statement, however, to guard against what may be a seriousmisunderstanding. For
though eggsrequire submergencefor the act of hatching, submergencebefore the eggsare
ready for hatching may be fatal to them. Eggs sunk immediately after oviposition may not
even undergo the normal processesof swelling and darkening. Even at a later stages‘ unk
eggs’ under some conditions may not develop and unless eggs, before being placed to
hatch, are known to be conditioned (see p. 45) serious error may arise in interpreting their
subsequentbehaviour when placed to hatch.
Whatever the conditions, hatching never seems to occur unless the eggs are actually
bathed in fluid. Though eggs do not hatch in the absenceof fluid, in a damp atmosphere
they may show incomplete hatching should there be condensation. Under such circumstances eggs are often found with the egg-cap wholly or partially separated. In such
circumstances, even though the egg is wet, larvae have never been seen emerged from the
egg-shell. If desiccation now occurs, the larvae soon die.
Even incomplete submergence appears to be, in some degree at least, inadequate.
Buxton and Hopkins (1927) refer to the fact that they found it advisable, to ensure
hatching of eggs on filter paper, to sink the paper beneath the surface. It is a common
experience to see eggson filter paper hatch only where they have become submerged and
remaining unhatched on the paper where it is merely wet.
A possible instance of lack of complete submergenceis the frequent failure of floating
eggs to hatch if undisturbed. Young (1922) notes that in Manaos the majority of floating
eggsdid not hatch unless submerged. Of eggsfloating for 20 days without hatching 96 per
cent hatched after being submerged. Fielding (1919), however, found no difference,
eighteen of twenty-one submerged eggs and twenty-one of twenty-three floating eggs
hatching on the same day.
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In my experience I have found that floating eggs left undisturbed may remain largely
unhatched and that their submergenceleads to hatching. But as with many other features
in the hatching of the eggs of this speciesno hard and fast line seemsto hold good.
With properly conditioned eggslaid by well-reared broods I have found, as have Shannon
and Putnam (1934), that the number failing to hatch on submersion under appropriate
conditions is very small. As noted by these authors a certain number of the small proportion not hatching on the first submersion may do so if re-dried and again submerged.
Such experiencesemphasisethe advantage of arranging for oviposition, as is the natural
method of choice, to be carried out in porous earthenware receptacles where the eggsare
laid in situ under optimum conditions. If other methods are used, for example on filter
paper, etc., allowance must be made for possible adverse effects.
AGITATION

Many authors have referred to the effect of agitation in bringing about hatching. Dupree
and Morgan (1902), working with the eggs of several speciesof Ai;des,noted that agitation
seemsin some way associatedwith hatching. Eggs of many species,after remaining upon
the surface of the water or upon the bottom of breeding vesselsfor days, hatch if removed
to a phial and shaken, but if left undisturbed will remain unhatched for months. Young
(1922) found in Manaos that when eggs of A. aegypti were submerged before they were
ready to hatch and left undisturbed, they remained unhatched provided no food was added.
Buxton and Hopkins also emphasise the fact that agitation is an important stimulus to
hatching, shaking being sufficient when eggs were ready for hatching to cause them to
hatch immediately.
The following count made of the hatching of floating eggs when subjected to agitation
will serve to illustrate such an effect. The hatching in the shaken eggsoccurred within less
than half an hour from the shaking.
1. Still floating in original vessel
2. Submerged by sinking with a needle
3. Transferred to test tube and shaken

20 per cent
44 per cent
93 per cent

The fact that Young found that not only floating, but also sunken eggsleft undisturbed,
remained unhatched for 5 months indicates that submergence alone may not ensure
hatching under certain circumstancesand that absence of agitation may be unfavourable
to hatching.
What may be considered as a form of agitation is the nibbling of eggsby larvae already
present in the medium as described by Fielding (1919) and others. Apart from nibbling,
the presenceof larvae in active movement would also act as a form of agitation. This may
be the explanation of the observation made by Thomas (1943) that when hatching eggs
under sterile conditions, the degree of hatching was increased as the number of eggs was
greater. Thus with one egg per tube 6 per cent hatched, with two eggsper tube 21 per cent
and with fifty-three to sixty eggsper tube SOS4 per cent hatched.
NATURE

OF

MEDIUM

There is very general agreement that hatching occurs less readily in clean tap water or
distilled water than in media rich in organic matter, such as infusions or fluids containing
food material (Bacot, 1917; Young, 1922). Bacot saysthat in water of low organic content
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the hatching of dry eggs was often delayed for weeks or months. In two instances eggs
hatched after 5 months’ submersion. Addition of foul contaminated water, on the other
hand, causeda high percentage of hatching in a brief time. To explain such effects Bacot
considers the stimulus might be smell or some closely analogous stimulus. Searching for
favourable media to produce maximum hatching Buxton and Hopkins tested the effect
of dilute solutions of tannin (0.1 per cent), formaldehyde (0.01 per cent), maltose, mannite,
saccharose,glucose, glycerine, methyl and ethyl alcohol, citric acid and lactose. With the
exception of the last two, the effect of which was uncertain, they found that dilute solutions
Table 5. Experiments with dried eggs
Hatched by
L

r-

De cription of experiment
Eggs 4 days dry
Old culture fluid
Clean tap water
Eggs 20 days dry
Old culture fluid
Clean tap water
Distilled water
Eggs 136 days dry
Old culture fluid
Clean tap water
Distilled water

\

15 minutes

30 minutes

Later

Numerous
Some

Numerous
Less numerous

Numerous
Numerous

c. 200
0
0

Numerous
c. 100
A few

Numerous
Numerous
Numerous

2
0
0

10
8
8

-

of all these substanceswere more effective than distilled water, but none so effective as
grassinfusion. They found that if the fluid is favourable (for example, grassinfusion) there
is no difference in the hatching of eggswhich have been matured and then dried and those
which have not been dried. But if the medium is unfavourable there may be a great
difference in the two cases, eggs that have never been dried hatching readily in distilled
water, whilst dried eggs which had hatched readily in grass infusion failed to do so.
Shannon and Putnam (1934), however, found that a large proportion of eggshatched even
in distilled water.
Our own observations have been much like those of these authors. In general the results
in old culture fluid are better than in tap or distilled water. There is also a noticeable
difference in the rapidity and uniformity with which hatching takes place in old culture
fluid. That properly conditioned eggs hatch to a considerable extent in distilled water is,
however, clear (see Table 5). In general it has been the practice to use some diluted old
culture fluid when placing eggs to hatch.
PRESENCE

OF MICRO-ORGANISMS

Bacot (1916) found that water charged with organic matter and swarming with bacteria
and yeasts exerted a powerful stimulus to the hatching of eggsthat had not responded to
immersion in clean water. Bacot (19 17) and Aitken and Bacot (1917) sterilized eggs by
exposing them for 5-10 minutes to 2 per cent lysol followed by washing in boiled water.
Eggs thus sterilised and kept in sterile water failed to hatch over long periods, but did so
when exposed to the action of yeasts or bacterial cultures. Roubaud and Colas-Belcour
(1927) found that in sterile or little contaminated water eggsmay remain months without
hatching. Addition of water rich in organic matter and containing bacteria and yeasts
brought about rapid hatching, as also did pure bacterial cultures. On the other hand,
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Barber (1927) sterilised eggs by momentary immersion in alcohol (2-3 minutes in 80 per
cent) and found no indication that addition of bacteria promoted hatching. Rozeboom
(1934) found that of fresh moist eggs35 per cent hatched in distilled water, 51 per cent in
sterile filtered medium and 82 per cent in contaminated medium. Hinman (1932) cultured
eggs that had been superficially sterilised in hexyl resorcinol and found only a few of
several hundred eggsshowed on hatching a growth of organisms. This author appeared to
have no difficulty in hatching larvae from such eggs. Trager (1935), using eggs sterilised
by the method of MacGregor and later by exposure for 15 minutes to White’s fluid (see
under sterilisation of viable eggs),found such eggs hatched readily in the sterile medium
used (killed yeast plus liver extract). De Meillon, Golberg and Lavoipierre (1945) apparently found no difficulty in rearing larvae from sterilisedeggs. It would seem,therefore,
that absence of micro-organisms does not necessarily prevent eggsfrom hatching.

EFFECT

OF

ENZYMES

Roubaud and Colas-Belcour found that animal and vegetable digestive diastases(pepsin,
trypsin, papaine) acted in the same way as cultures of organisms or their filtrates in
bringing about hatching. Hatching with these substancestook place in a few minutes when
in concentration capable of killing the larvae after hatching. After autoclaving they were
ineffective.
COOLING

Fielding notes that of 228 eggs which failed to hatch on immersion varying from 5 to
19 days, 128 were induced to hatch after periods of cooling (placed in the ice chest). One
hundred and five of these hatched within 2 hours. Bacot (1917) had also noted that a fall
of 6-10” F. usually causesa percentage of eggsto hatch, though as a rule the majority do
not respond. Other authors have also drawn attention to the effect of cooling in bringing
about hatching. Atkin and Bacot (1917), however, say that change in temperature of the
water seldom causedmore than a few dormant eggsto hatch and sometimeshad no effect.

EFFECT

OF

CHEMICALS

Dupree and Morgan (1902) noted that A&?eseggswhich normally remain unhatched will
hatch if placed in 1 or 2 per cent formalin. Howard, Dyar and Knab (19 12) refer to
Agramonte as noting that wood ashes hasten hatching. Fielding found that after short
exposure to lysol resistant eggshatched on being submergedin water. Soft soap 1 in 8000
had the same effect. Roubaud (1927) notes that sulphuric ether, potassium permanganate
and hydrogen peroxide can cause hatching, but the effects are inconstant. On the other
hand, sodium hypochlorite has an effect comparable with that of the diastases. Eggs kept
three months in water without hatching, hatch in less than 24 hours in eau-de-Javelle
1 in 1000 and in l-6 days in 1 in 10,000. The newly emerged larvae die rapidly in the
solutions.
In the above connection it is important to recognise a distinction between what might
be called normal hatching and that which occurs with chemicals killing the larvae in the
act. Diaphanol causeshatching if extrusion of the larva be considered as such. -Normal
eggs exposed for a short time to diaphanol and washed may still hatch normally with the
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living larva, though the egg-shell has been bleached. Eggs left in diaphanol (1 in 5) for
half an hour are often not hatched at the time, but are found next morning protruded
from the egg-shell nearly always with the hinder part of the abdomen still lying within the
egg-shell. The brushes are commonly expanded, even though the larval head has not
swollen, and nearly always the egg-cap, instead of being completely detached is still
adherent ventrally (Fig. 7 (6)). It would appear doubtful whether such ‘hatching’ is a
vital phenomenon. The fact that the egg-cap has been cut need not indicate living action
by the larva, as we know from what has been said above that the cap in an egg ready for
hatching can be detached by pressure on the egg by a needle.
REDUCED

DISSOLVED

OXYGEN

Gjullin, Hegarty and Bollen (1941) found that a reduction in dissolved oxygen caused
hatching of eggsof A. vexansand A. lateralis. King and Bushland (1940) similarly found
that a large percentage of eggsof A. aegypti will hatch with a normal amount of dissolved
oxygen, but only a small percentage of eggs 20 days or more old will do so unless the
dissolved oxygen is lowered. Barber (1928), on the contrary, found that eggsembedded in
agar or placed in broth recently boiled under vaselin failed to hatch.
Table 6

Anaerobic
Boiled tap water
Boiled distilled water

Some hundreds
Some hundreds

Nearly all
Nearly all

It was thought in view of these findings that a strictly anaerobic test as used for cultures
of anaerobic organismswould be of interest. Eggs floated on cover-glassesand kept some
days in a moist chamber were so arranged that they could, when anaerobic conditions were
fully establishedin a Bulloch’s apparatus, be tipped into boiled water and boiled distilled
water and the resultscompared with eggsof the same batch treated aerobically. The results
are given in Table 6.
The larvae in the anaerobic experiment examined next morning were all dead, many half
emerged from the egg. There were, however, many seenactive and swimming about on the
previous evening. The percentage of eggshatched was 100 per cent in the boiled tap water
and 98 per cent in the boiled distilled water. It was clear that anaerobic conditions did not
militate against hatching, even if they were not the direct cause.
HEREDITARY

INFLUENCE

Recently Gillett (1955a, 6) has studied variation hatching responseof A. aegypti eggsfrom
the genetical point of view. Using removal from water for one minute as a moderate
stimulus, this author found differences in the responsepercentage to hatching not only in
the same batch from a single female, but in batches from the result of pairing different
females and males. Especially marked was the difference in eggslaid by two strains of the
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species,a strain from Nigeria maintained from 1947 (strain W) which gave low response,
and one from Tanganyika started in March 1953 (strain E) which gave a high response
often approaching 100 per cent, whether used alone, or as females or males with the
opposite sex of strain W. The author considered that responseof the eggsto hatching was
mainly controlled by an inherited property, though the fact that the depth of diapause
may vary within very wide limits in a single batch led him to suspectthat a multiple factor
mechanism is involved.

(d) INCUBATION

PERIOD

AND

INCUBATION

HATCHING

TIME

PERIOD

In many of the earlier observations in the literature the time taken for eggs to hatch is
commonly given as from 2 to 4 days. It is evident that most of such statements relate to
the time when eggs have been left to hatch from time of oviposition under conditions
suitable for hatching. Actually there can be distinguished no less than four periods connected with hatching. These are: (a) The period it takes the larva to be formed and before
which the egg cannot hatch under any circumstances. This has been termed by Buxton
and Hopkins maturation time, but may perhaps be most simply termed incubationperiod.
(b) The time during which the egg, even after full development, remains unhatched because
the conditions for hatching have not been available and for which the term diapauseperiod
may be used, covering such period as the egg has been left dry or wet as the case may be.
(c) The time taken for the egg to hatch when placed under such conditions as cause it to
hatch. (d) The time taken for the act of eclosion. As this last is at most some minutes it
need not be further discussedhere.
For the incubation period Marchoux, Salimbeni and Simond give 2-3 days from oviposition at 27-29” C. and 4-5 days at 25-26” C. H. A. Johnson (1937) gives 100 hours as
the time at 70-75” F. (21-24” C.) from oviposition until the time the primary larva has
been formed and is ready for eclosion. Shannon and Putnam give as time of development
to the pre-hatching state: 2-3 days at 25” C., longer under 25” C. and 4-5 days at 23.5” C.
These authors have also made a very detailed and special investigation as to the time at
which eggskept moist and exposed to air (that is their time of conditioning) hatch on
being submerged. At 24” C. larvae conditioned for 40-60 hours still took 18 hours. In
those conditioned for 60-8 1 hours the first larvae hatched in 8 minutes on being submerged,
but for all to hatch took another 24 hours. When conditioned for 87-l 11 hours all hatched
in 10 minutes.
The following are the times for incubation period as determined for a number of
temperatures :
Temperature
(” C.)
28
25
23
18
7
1

Time
Round figures
(hours)
(days)
74
3
96
4
114
5
12
Development inhibited
Development inhibited

There is thus no very marked drop in the rate of development as from 28 to 25” C. and
only a gradual lengthening of the period to 23” C. But between the last mentioned tempera170
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ture and 18”C. there is a rapid and disproportionatelengtheningand at 7” and lower
there is completeinhibition.
The aboverelatesto eggsas laid by the insecton porousearthenware.As previously
noted floating eggsmay not hatch in the normal time. This, however,is not due to delay
in development,for sucheggswhen submergedand shakenhatch in a few minutes. Eggs
submergedfrom oviposition,accordingto Shannonand Putnam showretardeddevelopment, and as noted by Howard, Dyar and Knab eggssunkat ovipositionare liable to be
renderednon-viable.
HATCHING

TIME

Oncehatchinghasstartedasshownby appearanceof the fissurein the egg-shellcompletion
of the processquickly follows, usuallywithin a few secondsor minutes.The time from
submergenceto appearanceof the larva may, however, vary from a few minutes to
24 hoursor more. With relativelyfresheggs,includingthosekept up to a month or so in
the dry condition,hatchingtime is usuallya matter of minutesor at most an hour or two.
Table 7. Numberof larvaehatchingat intervalsof 20 minutes
from eggs
kept varioustimesin the dry stateand thensubmerged
Minutes from
submersion
15
20
30
40
60

80
100
120
140
160
180
220
Over 240
Over 480

I
7
Very many
Less

8
1178
1604

Still fewer
-

841
1780

-

-

-

-

-

-

3

Number of days eggskept in the dry state
*
66
69
75
20
c. 200
0
4
Larger
number
5
c. 100
Many
Still larger
Many
Fair
23
number
Much fewer
38
Many
-

\
77
0
7
72
70
39
25
22
15
7
1
3
-

Bacot(1916),afterstoringeggs50 hoursundermoist conditions,found hatchingtook place
in the majority of caseswithin 30 minutesand that eggsdried l-7 dayshatchedout to the
extent of 58-84 per cent in from 1 to 4 days. Shannonand Putnam statethat well-conditionedeggson submergence
hatch in from 10 secondsto 10 minutes. Conditionedeggs
dried l-4 weeksbeganto hatch in 30 minutes,but in water in which food had lain for
12 hours they hatchedin 7 minutes.With floating eggseclosionwas irregular,requiring
l-5 daysor more. Eggslaid round the water’s edgewere more favourablysituated.
My own experiencehas beenvery similar to that of Shannonand Putnam. Eggskept
moistfor a few daysafter the periodnecessary
for maturinghatchalmostat once. Usually
with a pot undersuchcircumstances
swarmsof larvaeareliberatedwithin 5 minutes. Older
pots commonly take about 20 minutesfor the first larvae to appearand pots kept many
months do not start for somehours and may take 24 hours or more for hatchingto be
complete. In Table 7 countsare given of the number of larvae hatchingat intervalsof
20 minutesfrom eggskept dry for varioustimes. In all casesthe fragmentsof pot with the
eggswere placedto hatch in one-third old culturefluid in tap water at 27-28” C.

ECLOSION

The effect of temperature on time of hatching does not greatly differ down to about
18” C. Some interest attaches to temperatures lower than this and especially to that at
which hatching is inhibited. Marchoux, Salimbeni and Simond give 20” C. as the minimum
temperature at which hatching takes place. This, however, probably relates to eggsplaced
to hatch shortly after oviposition, that is it might be the effect on development.
Conditioned eggswere found to hatch freely at 17” C. (water temperature). A fragment
of pot placed overnight to hatch in water cooled to this temperature, and later maintained
at it, gave a count of 239 shells and four intact eggs. Massive hatching has also been
observed at as low as 13” C., at which temperature the young larvae are still able to live and
are motile. Mature eggsplaced to hatch at 12” C. showed, however, no normal hatchings
up to 48 hours, though at this and even much lower temperatures an occasional dead larva
is seen extruded from the egg-shell as previously described. At 7” C. in one experiment a
single apparently dead larva was seen on the fifth day and a few macerated larvae on the
ninth day. In another experiment one motionless larva was seenon the fifth day and on the
tenth day 250 unhatched eggs and four dead half emerged larvae were counted; in still
another trial two dead larvae were seen at 48 hours and a few more on the fourth day.
These eggs were all conditioned and mature, so that no question of interference with
development was at issue and the results relate only to the act of hatching.
At 1.0” C. there were no hatchings of living larvae from two samplesof mature eggsup
to 9 and 18 days respectively. The fact that a few characteristic half-emerged larvae were
still present strongly suggeststhat such were not a living phenomenon, but like the result
of chemicals previously described were artifacts. The act of hatching as shown by these
results can take place at a temperature as low as 13” C., below which temperature hatching
is inhibited.

(e) RESIDUAL

EGGS

No account of conditions affecting hatching of the eggs of A. aegypti would be complete
without a consideration of eggswhich do not hatch, or which do not hatch normally, but
do so only after abnormally long intervals of time or by some special stimulus. Eggs
behaving in this way have been referred to as ‘ resistanteggs’ as a result largely of Roubaud’s
work. Roubaud (1929), however, terms them ‘ durable’ or sometimes ‘inactive’ eggs.
Buxton and Hopkins (1927) use the term ‘residual eggs’ and as this designation seems
more precisely to describe such eggs, their term has been here adopted. By ‘residual
eggs’ is here meant eggs which are still found unhatched, though viable, when other
eggs with which they have been associated, usually the great majority, have hatched
normally.
Since observations on such eggs have bulked very largely in the literature, it is very
desirable to start with a clear appreciation of the facts. In the first place, most observers’
experience has been that under normal conditions the great majority of mature eggs will
hatch within minutes or hours if submerged. Buxton and Hopkins, speakingof their massed
results, state that 80 per cent of eggshatched by the first and 95 by the second day and they
also make it clear that the great majority of eggswill hatch in any medium. The samewould
appear to have been the experience of Shannon and Putnam who lay little stress on the
small percentage of eggsthat do not hatch when submergedunder suitable conditions. The
chief author with a contrary opinion is Roubaud who has devoted much study to the
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phenomenon and whose conclusions succinctly stated may be briefly given almost in his
own words :
(1) Certain eggs contain ‘active’ larvae ready for spontaneous hatching in from 3 to
4 days. Even in sterile water these ‘active’ eggshatch. This takes place at the least excitation (mechanical agitation, cold, changes in the fluid, etc.). These eggsare unsuitable for
long preservation in the dry state.
(2) ‘Les cufs durable’, more numerous than the above, are unsuitable for spontaneous
hatching. They contain larvae which preserve a state of latent life in the dry egg, floating
egg or eggsin pure water. Diastases and excitants, physical or chemical, start the process
of hatching of such ‘inactive’ larvae and call forth resumption of active metabolism.
Roubaud further states that if development of the egg in the mother is effected rapidly
and if the batch is reared normally and rapidly the eggsproduced are in the majority or
totality ‘active’ eggs. On the other hand, if ovular development is tardy in the mother the
majority of eggs are ‘inactive’. Even in the same female some eggsmay be ‘active’ and
others ‘ inactive ‘.
Residual eggs have been seen by us under two conditions, namely, as unhatched eggs
left in egg-pots after these have been submerged overnight or longer or as eggs left by
isolated females in tubes which have failed to hatch. In both cases,whilst resistant eggs
in the true sensemay well occur, there are two serious causesof possible error. These are
(1) that dried collapsed and dead eggs may swell up and appear to be still viable; and
(2) the assumption that an egg hatched by some chemical or other exciting agent, but where
the larva has been seemingly killed on emerging, is necessarily a vital act. The following
experiences may be given.
When rearing A. aegypti on a large scale the earthenware pots used for egg-laying were
at an early stage in the work reset after being placed for hatching with the object of ascertaining what proportion of eggs were still left unhatched. On examining the residue in
such pots, sometimes after 5 or 6 days’ resetting and when no larvae were appearing,
apparently intact and still unhatched eggs were usually present in considerable numbers.
Examined, however, after bleaching with diaphanol most of such eggs were found to
contain only debris or macerated embryos of different ages, being in fact collapsed eggs
reswollen as described in a previous section. When care was taken to see that the pots
after oviposition were kept moist sufficiently long to ensure conditioning, the appearance
of large numbers of such apparently unhatched eggs ceased. A particularly interesting
condition was seen in pot 981/21. 8.46(2), that is, one of two pots removed from the cage
after oviposition on the date noted. This was put to hatch on 26. 3.47 (7 months later)
but failed to show any larvae. Yet large numbers of seemingly intact eggs were present.
They contained the usual macerated embryos and some with eye-spots. Left overnight in
diaphanol it showed many h‘ atched’ larvae with the dead larva projected from the eggshell, but with the caudal extremity in position and the egg-cap still attached ventrally.
The pot was found to have been removed with third-day eggs only, for example, it must
have contained only one night’s eggs. The pot would have kept moist for some time, but
just not long enough to allow the eggs to reach full development and resistancebefore
being desiccated. Yet after sevenmonths they were hatched by what is termed by Roubaud
‘stimulants irresistibles’. Seeing that these eggs must have only just become conditioned
and not very resistant it is almost certain that the action of diaphanol was exerted on
larvae already dead and desiccated.
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What seems to be proof that such hatchings are artifacts is that eggs have frequently
been seen after a short exposure to diaphanol with a crack in the egg-shell indicating the
first stageof hatching but with the larva dead, evidently killed by the chemical. Observation
showed that the larvae were dead, but next morning it was quite common to find the same
specimen with the larva fully extruded. If what has been said as to the mechanism of
cutting the egg-capbe correct, there is nothing mysterious in the forcing off of the cap in an
egg with a mature dead larva provided the egg cutter is fully developed and sharp and the
necessarypressure is brought to bear. It is quite conceivable, therefore, that a chemical
could cause sufficient swelling of the body of a dead larva, or for that matter of a living
larva that might otherwise have been unable to hatch, to bring about the appearances
shown. It has already been noted that there are differences to be seen as between the
natural hatched larva and the artificial condition referred to.

(f) HATCHING

RESPONSE

OF

NORMAL

EGGS

That eggskept under normal conditions hatch on reaching full development if submerged
is a common phenomenon and requires no comment. That in eggssubjectedto desiccation
the primary larva passesinto a state of suspendedanimation which may last 6 months or
more, though a striking fact, is also a condition commonly seenin insect life and recognised
under the term diapause. A discussionon the large question of diapausewould here be out
of place. It occursvery commonly as a result of reduced temperature, but also of restricted
food, drought, seasonor other condition. Such a state may occur in the adult insect, but
also in the egg. What is unusual in the A. aegypti egg is that the state of diapause does not
occur in some stage in embryonic development, but as a condition affecting the fully
developed larva. Of interest in this connection is the nature of the stimuli which are known
in other insects to break diapause. Some of these strongly recall the stimuli already
mentioned as bringing about hatching. The one essentialstimulus and the one which in the
great majority of eggs acts apparently without need of any further assistance is submergence. In most casesother influences appear to be largely adjuvant, though they are
neverthelessclearly effective and may much modify the normal response. Some of these
influences, such as cold, agitation, action of micro-organisms, presence of larvae, suggest
the kind of mechanical or physical stimuli already referred to as effective in diapause in
other insects. Reduction in dissolved oxygen could be a cause underlying many of the
other observed stimuli. Thus cooling enables water to take up more oxygen and thus
reduces the degree of oxygen saturation. Shaking might seemat first a means of increasing
dissolved oxygen. But if tap water be shaken it might, at a warmer room temperature,
give up rather than take up oxygen. Obviously fluids containing organic matter and
bacteria would be ideal for providing a medium with a low dissolved oxygen content.
Reduction of oxygen appears to be an important stimulus, but how far it is the essential
stimulus, as has been claimed, it is not possible at present to say.

(g) HATCHING

RESPONSE

OF

RESIDUAL

EGGS

How little importance has been attached by many observers to resistant eggs has been
exemplified in the results already given. Shannon and Putnam suggestthat Roubaud’s
material was a different strain from the Brazilian strain which they themselveswere using.
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On the other hand, the experience of too many authors (Bacot, Fielding and others) has
recorded results not unlike Raubaud’s and it would seem more probable that the solution
lies in the methods of feeding and culture used. This would be in keeping with Roubaud’s
hypothesis of asthenobiosis. On such a hypothesis resistant eggs might be regarded as
eggsin which the primary larva is in some way deficient in power to puncture the egg-shell
or in responsivenessto stimuli so that submersion alone does not cause hatching, or not
with the same facility as with normal eggs. Such an hypothesis also receives some support
from observations by Gillett (1955 a, b) that there may be differences in hatching response
as between local strains of A. aegypti, the less effective eggs of two strains experimented
with being, as judged from the author’s description, those of an otherwise less vigorous
strain. Differences in feeding activity and other life processeshave been recorded as
characterising strains from different geographical areas and less vigorous strains may
conceivably be more prone to lay asthenobiotic eggs.
Whether resistant eggs are a provision for enabling the speciesto tide over unusually
long periods of drought seemsvery doubtful sincenormal eggsappear already well adapted
for this and procedures taken in the laboratory to cause hatching may merely cause eggs
to hatch that would in nature be casualties.
It is perhaps desirable briefly to sum up the general position, so far as the author’s
researcheshave taken him, regarding resistant eggs of A. aegypti.
(1) The conditioned eggs of well-bred females when submerged rarely fail to hatch.
(2) The condition of dormancy of the primary larva in the egg is very similar to the
diapause state in various insect speciesand as such its termination is dependent on some
form of stimulus. Normally in A. aegypti this appears to be submersion, but in certain
casesthere are evidently accessorystimuli which may hasten, or even be necessary,to make
cessation of the diapause state effective.
(3) All deductions based on hatching by ‘ stimulants irresistibles’ (hypochlorite, etc.)
require revision in view of the fact that such hatching does not necessarily indicate that
the eggs contained a living larva, or one that would ever have hatched in nature.
(4) Rowbaud’s conclusion that the cause of ‘durable’ eggs is asthenobiosisand due to
inadequate vitality in some form seemsvery probably correct. A too hard egg-shell, a too
poorly developed hatching spine or a too feeble larva due to asthenobiosiscould each be
a cause of deficient hatching.
(5) It seemsdoubtful whether resistant eggs are a provision for tiding the speciesover
periods of drought, and it seemsmore probable that such eggs under natural conditions
might be fatalities and that their hatching in the laboratory might be an artifact.

REFERENCES*
M. A. (1928). The food of culicine larvae. Publ. Hlth Rep. Wash. 43, 11-17.
A. and GILCHRIST, B. M. (1946). Experiments upon the feeding of Aedes aegypti through
animal membranes, etc. Parasitology, 37, 85-100.
DUPREE, J. W. and MORGAN, H. A. (1902). Mosquito development and hibernation. Science,
(n.s.) 16, 1036-8.
EDWARDS, F. W. (1919). A note on the egg-burster of eucephalous fly-larvae. Ann. Msg. Nat.
Hist. (9), 3, 372-6.
BARBER,
BISHOP,

* For authors mentioned in the text, but not given here, see referencesto chapter VI.

=75

ECLOSION

GILLETT,J. D. (1955a). Variation in the hatchingresponseof A&Ies eggs(Diptera: Culicidae).
Bull. Ent. Res. 46, 241-54.
GILLETT, J. D. (1955b). The inherited basis of variation in hatching responseof Aedes eggs
(Diptera: Culicidae). Bull. Ent. Res. 46, 255-65.
GJULLIN,C. M., HEGARTY,C. P. and BOLLEN,W. B. (1941). The necessityof a low oxygencontent
for the hatchingof AL;desmosquitoeggs. J. Cell. Camp. Physiol. 17, 193-202.
KING, W. V. and BUSHLAND,
R. C. (1940). Quoted by Gjullin, Hegarty and Bollen (1941).
ROUBAUD,
E. (1929). Recherchesbiologiquessur le moustiquede la fikvrejaune, AL;desargenteus
Poiret, etc. Ann. Inst. Pasteur, 43, 1093-209.
ROZEBOOM,
L. E. (1934). The effect of bacteriaon the hatchingof mosquitoeggs. Amer. J. Hyg.
20,496-501.

SIKES,E. K. and WIGGLESWORTH,
V. B. (1931). The hatching of insectsfrom eggs and the
appearanceof air in the tracheal system. Quart. J. Micr. Sci. 74, 165-92.
THOMAS,H. D. (1943). Preliminary studies on the physiology of Acdes aegypti (Diptera:
Culicidae). 1. The hatchingof eggsunder sterileconditions. J. Parasit. 29, 324-8.
WIGGLESWORTH,
V. B. (1938). The absorption of fluid from the tracheal systemof mosquito
larvae at hatchingand moulting. J. Exp. Biol. 15, 248-57.

VIII
EMBRYOLOGY
(a) GENERAL

OBSERVATIONS

ON

DEVELOPMENT

LITERATURE
In the present connection embryology may be defined as the developmental changestaking
place in the egg between fertilisation and hatching. Such development has been described
for a number of families of Diptera Nematocera. Excluding those chiefly concerned with
chromosome characters, paedogenesis,or other special aspectsmay be mentioned accounts
of the embryology: of Sciara (Mycetophilidae) by Schmuck and Metz (1932), Du Bois
(1933), Butt (1934); of Simulium (Simulidae), by Gambrel1 (1933); of Chironomus(Chironomidae), by Kolliker (1843), Weismann (1863), Kuppfer (1866), Ritter (1890), Miall and
Hammond (1900), Craven (1909), Hasper (19 1l), Sachtleben (19 18) ; of Miastor (Cecidimyidae), by Metschnikoff (1865). No observations at all appear to have been made up to
date on the Culicidae. (See however Addenda, p. 718.)
CHOICE

OF

MATERIAL

For various reasons the eggs of A&Yesaegypti are not the most suitable form on which to
study mosquito embryology and the following account is of observations upon Culex
molestus. In A&Zesaegypti the egg coats are quite opaque, the eggsare laid singly and intermittently and hatching is apt, as has been seen, to be rather uncertain and variable. In the
Culex egg-raft the eggsmay be considered as laid almost simultaneously, the egg coats are
somewhat transparent and showthe eyesand some other details of the stageof development,
and hatching in the case of C. molestusoccurs with great regularity at 18” C. at 54 hours.
Further the egg coats in the CuZexegg are more penetrable to fixatives and less brittle.

TECHNIQUE

A description of the external egg structure of C. molestushas been given by me in another
publication (Christophers, 1945). For the method of procedure using this speciesrafts are
picked up as soon as possible following oviposition as judged by their colour and kept on
water at 18” C. for the required periods. When first laid the rafts are creamy white without
any trace of colour or darkening. An hour after being laid the upper surface of the raft
(posterior poles of the eggs) shows a faint greenish tinge which becomes greyish green and
by 2 hours brownish grey. By 3 hours the raft is definitely dark. These changes are independent of exposure to light. Darkening does not occur uniformly over the egg. The first
colour change is round the posterior pole. Later the whole egg becomes slightly darkened
with a more intense ring of darkening round the posterior pole. At about 36 hours the
eye-spots become visible through the chorion and at about the same time segmentation of
the contained embryo can be made out, especially in fixed material. Towards the time of
hatching the egg-breaker is visible.
12
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Whole eggscontaining well-developed embryos are readily fYixedwithout special manipulation. A fixative found very useful for routine use was Bless fluid (formalin 7, glacial
acetic 3, 70 per cent alcohol 90). Good results were also obtained with Carnoy-Le Brun
fixative (absolute alcohol, glacial acetic acid and chloroform equal parts, mercuric chloride
to saturation), which should be freshly made.
In the early stagesno fixative tried was satisfactory in preventing collapse of the egg
unless this was made penetrable by puncture or cutting. The most satisfactory procedure
was found to be that of placing the eggsin the fixative, removing to a paraffin block under
the dissectingmicroscope and cutting down with a sharp razor to slice off one or other end
of the egg according to requirements. The egg is then removed to the fixative for the
necessaryperiod. This gave less disturbance than puncturing.
Eggs were sectioned serially by double embedding in celloidin and paraffin (see ch. v).
The stain found most generally useful was Ehrlich’s haematoxylin-picric acid-eosin
method. For the greater part, reconstruction is necessary Useful preparations can, however, be obtained by staining the embryo in situ and examining after clearing whilst still
within the egg-shell or after dissectingit out.

BRIEF

SUMMARY

OF

COURSE

OF

DEVELOPMENT

Fertilisation probably takes place when the egg passesthe opening of the spermathecal
ducts during oviposition. In the early stagesdevelopment follows closely that described
for other insect forms. Following upon fertilisation there is cleavage, which results in the
formation of the blastoderm. Following upon the formation of a uniform layer of blastoderm covering the whole egg surface beneath the egg membranes there appears a thickening
of the blastoderm giving rise to the germ band. From the edges of the germ band there
develop folds which grow until they entirely cover the germ band, eventually forming a
double layer, the outer layer being the serosa, the inner the amnion. Over the anterior end
of the embryo the amnion becomes especially thickened, forming a hood-like covering to
this portion of the embryo, cephalic amnion. A similar hood develops over the posterior
end of the embryo, caudal amnion. Meanwhile the germ band becomes differentiated and
thickened anteriorly, forming a projecting lobe, the precephalic element, which will form
the future labral structures, and behind this are massive thickenings, the procephalic lobes,
from which are developed the brain and overlying head capsule. Behind these parts are
indications of three thoracic and nine abdominal segments. At about 12 hours there
appears on the ventral surface, just caudal of the precephalic element, the medianly
situated thickening which is the first indication of the rapidly developing invagination,
the anterior mesenteron rudiment that forms the stomodaeum and eventually the alimentary
canal as far back as the termination of the mid-gut. About the same time posteriorly is
the invagination forming the proctodaeum from which is developed the posterior portion
of the alimentary canal including, in the mosquito, the Malpighian tubules. Other changes
complete the larval structure as it appears at hatching. In the present case it is these later
changes, or organogeny, that offer most opportunity for obtaining information regarding
certain parts of the larva of which the homologies are uncertain.
So far as observations have been made on development in the egg of AL;des aegypti the
changesclosely follow those seen in CuZex molestus. In Table 8 has been set out the time
in hours of the more important changesin the last-mentioned species.
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Table 8. Giving hours and stagesin developmentof the
embryo in the egg of Culex molestus
Hours
1
2
3
6
8
10

Stagesin development
Cleavage up to about eight nuclei
Basket arrangement of nuclei formed in yolk
Cleavage largely completed. Nuclei appearing at surface
Blastoderm forms complete layer over egg
Formation of the germ-band
Cephalic and caudal amnion folds begin
Germ-band extends dorsally beyond middle of egg
Precephalicelement and procephalic lobes indicated
(Pre-stomodaealstage)

12

Labial groove gives bifid appearanceto embryo
Thickening of stomodaeal area with commencing invagination of anterior
mesenteronrudiment
(Early stomodaealstage)

24

Labial groove everted giving head appearanceto embryo
Antenna1 and mouth-part rudiments present
Anterior mesenteronand proctodaeal invagination well advanced
Caudal extremity at posterior pole of egg
(Late stomodaealstage)

36

Brain mapped out and cerebral commissureformed
Ventral nerve cord differentiated into future ganglia
Anterior mesenteronrudiment and proctodaealinvaginationswell advanced
and Malpighian tubules forming
Delamination of the head capsule
Myoblasts evident in segments

48

Egg-breaker begins to be visible
Setae present on epipharynx and mouth-parts
Dorsal closure completed
Muscles of feeding brushesconspicuous
Salivary glands present
(Prehatching stage)
Larva hatches

(Organogeny)

54

(b) CLEAVAGE

AND

FORMATION

CLEAVAGE

OF

THE

BLASTODERM

(Fig. 8 (l), (2))

The earliest stage seen was that in which the first cleavage nucleus had been formed. This
is situated near the anterior end of the egg. Cleavage proceeds with great rapidity, the
nuclei dividing with typical mitotic stages followed by separation of the newly formed
nuclei to a distance commonly almost equal to half the diameter of the egg (Fig. 8 (2)).
By the time the egg-raft has developed a greenish colour (about an hour from oviposition)
there are already present eight cleavage nuclei. At the end of 2 hours fifty or more nuclei
were counted and at the end of 3 hours, in an egg where an attempt to count the nuclei
was made, the number was approximately 720. At the end of 4 hours, when nuclei are
present both in the surface layer and in the yolk, an estimate of their number based on
sample counts of portions of the egg gave approximately 2000. By 6 hours a uniform layer
of nuclei has been formed over the whole egg surface, the estimated number of nuclei being
5000-6000. Plotting the logs of the figures arrived at for the first 3 hours against time gave
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practically a straight line and a rate of division equivalent to three powers of 2 (23, 26, 2g)
per hour, or a nuclear division every 20 minutes.
This rate of division is much greater than that given by Roonwall(1936) for cleavage in
the grasshopperegg, where the time for division arrived at in the sameway would work out
as over one hour. The time taken to form the blastoderm in the mosquito is, however,
6 hours, as against 28 in the grasshopper,and the time to hatching in the two cases54 hours
and 13 days respectively.
After 3 hours the rate of division has fallen off and the logarithmic curve falls short.
New conditions are, however, now being introduced, for by the fourth hour the nuclei no
longer have the appearance of actively dividing nuclei, but resemble more nuclei of formed
blastoderm with resting chromatin and large nucleolus.
At least in the early part of the period of active division all the nuclei divide simultaneously or nearly so (Fig. 8 (2)), the appearance shown in any particular egg depending
upon the stagethat division happens to be in at the time of fixation. This stagemay be that
of the resting nucleusor some stagein mitosis. Those nuclei having characters of the resting
nucleus are large, vesicular, globular or oval with clearly defined nuclear membrane and
chromatin in small granules or beaded threads peripherally disposed. Probably the
condition is more correctly described as late telophase. That they have recently divided is
shown by the presence of the flare-like appearance in the cytoplasm as described below.
Nuclei in process of division have no clearly defined outline or nuclear membrane. They
appear as a cluster or clusters of deeply stained chromosomes, around which can be made
out an area representing nuclear substancebut quite diffuse in its limits. The chromosomes
exhibit striking appearances indicating prophase, metaphase and anaphase. In all cases
Figure 8. Formation of blastoderm and amnion.
Showing three of four pairs of dividing nuclei in yolk towards anterior end of egg. About
1 hour. Reconstruction.
Showing 52 nuclei in late telophase in process of forming basket-like network in yolk. 2 hours.
Reconstruction. The darkened nuclei are those lying on opposite side of yolk from the
observer.
Transverse section of egg showing complete layer of blastoderm nuclei. 6 hours. a, nuclei
and dark staining cytoplasm of blastoderm; b, layer of light granular cytoplasm. Periplasm
of egg; c, nuclei still in yolk showing degeneration.
Portion of 3 showing blastoderm forming nuclei and cytoplasm. a, b, as in 3; c, small oval
bodies in cytoplasm resembling bacilli.
Section through posterior pole of egg showing forming blastoderm and germ cells. About
6 hours. a, as in 4.
Transverse section of egg showing formation of amnion (cephalic amnion) and serosa.
10 hours. a, blastoderm; b, amnion; c, serosa.
Transverse section of egg showing formation of germ band and thickening of cephalic area.
12 hours. a, germ band; b, amnion; c, inward growth of cells forming cephalic lobes.
Lateral view of embryo at 10 hours (right side is ventral). Showing formation of cephalic
and caudal amnion. a, cephalic amnion; a’, line of edge of amnion fold; b, caudal amnion;
c, as yet uncovered portion of embryo.
Lettering: gee, germ cells; y, yolk.
Note. The dark line surrounding the egg represents endochorion. The exochorion is not
indicated.
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there is present in the cytoplasm a pink staining area with radial striations, attraction sphere,
forming either a spindle or two flare-like areas at the poles of the dividing system. Small
pink staining disk-like bodies about 2 p in diameter, presumably centrioles, are commonly
present.
Movement of nuclei at this time certainly appears to be associatedwith, or a result of,
the division process. In the early stages of cleavage (two to four nuclei) the nuclei are
situated near the anterior pole of the egg. In the eight-nuclei-stage telophase daughter
nuclei are seen spreading towards the posterior pole of the egg. About this time the nuclei
with their associated cytoplasm tend to form a globular or oval basket-work of cleavage
nuclei. Most usually this is situated in the anterior portion of the egg gradually extending
towards the posterior end. In forming this closed hollow cylinder the nuclei divide in a
longitudinal, transverse and oblique direction. Those dividing in a transverse direction
usually passround in the plane of the cylinder wall until they reach the opposite side of the
cylinder.
The processdescribed continues until a hundred or more nuclei have so arranged themselves. But by the end of the third hour numbers have reached the surface of the yolk. In
an egg in this stage a count gave 756 peripherally situated and 549 still in the depths of the
yolk. The centrally situated nuclei remain much as before, namely large nuclei with
elaborate expanded chromosomes.The peripherally distributed nuclei, which are no longer
dividing synchronously with those in the basket-work, now have the appearance of tightly
compressedchromosomal knots. These later take on the appearance more characteristic
of the blastoderm nuclei. They still do not show any limiting nuclear membrane, but the
chromatin is in the form of a reticular network and there is a large nucleolus. They are
embedded at intervals in a thin, defined layer of dark cytoplasm, which appearsto have been
formed by the cytoplasm of the cleavage nuclei passingwith the nucleus to the surface of
the egg and displacing the light-staining finely reticular cytoplasm which previously formed
the cortical layer of the egg (periplasm). This latter now forms a considerable and welldefined layer, the inner cortical layer, situated internal to the darker outer layer containing
the nuclei (Fig. 8 (3, b)).
FORMATION

OF THE BLASTODERM (Fig. s(3),(4))

At 6 hours the characteristic appearance of (early) blastoderm is seen, the whole surface
of the egg being uniformly covered with regularly arranged, almost contiguous, large
globular nuclei, each with a conspicuouslarge nucleolus (Fig. 8 (4)). The dark superficial
layer has now become divided by furrows apportioning it to the nuclei so that it gives the
appearance of epithelium, except that the cells are not yet separated at their bases. In the
yolk are still seen some nuclei which have not migrated, but they are indefinite in outline
and for the most part apparently undergoing degeneration.
Whether seen in surface view or in section the blastoderm stage is a most striking and
characteristic phenomenon entirely unlike any other stage in development. When eventually fully developed it consists of large columnar cells measuring up to 25 ,U or more in
length with dark-staining coarsely reticular cytoplasm and a large oval nucleus containing
a diffuse central mass (karyosome?). A peculiar appearance seen at an early stage is the
presenceof clear vacuole-like spaceslying between the nucleated layer and the underlying
periplasm. In tangential sectionsthese are seenas branching channels or lacunae, possibly
collections of oily material.
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Differentiation of the blastoderm cells clearly accounts for the appearance of many of
the early tissuesin the embryo. Thus the cells first forming the embryo are not very dissimilar to those of the blastoderm and those forming the pro-cephalic lobes in their early
stage, though largely ‘neuroblasts’ are not unlike blastoderm cells.
The blastoderm layer, except for a small area at the posterior pole of the egg, shows at
one stagelittle or no difference in thickness. At the posterior pole, however, there are some
large cells lying more or less extruded, the germ cells. In this area the regular covering of
blastoderm cells is deficient, its place being taken by large globular cells lying loosely
arranged upon the layer of periplasm. The fate of these cells will be described later.

(c) THE

GERM-BAND

AND

EMBRYONIC

THE GERM-BAND

MEMBRANES

(Fig. 8 (7),(8))

The uniform layer of blastoderm thickens ventrally to form the germ-band. The thickening
extends also beyond the posterior pole of the egg along the dorsal surface. The result is a
thickened band of blastoderm almost completely encircling the egg longitudinally from a
point a little dorsal of the cephalic pole along the whole ventral surface, past the posterior
pole and along the dorsal aspect almost to the starting-point (Fig. 8 (8)). Elsewhere the
blastoderm becomesthinned. But since the area of thickening is wide, the thinned area is
relatively small, namely narrow bands laterally on each side linked by an area on the
dorsal surface near the head where the posterior end of the germ-band fails to reach to the
head end. Over these areas the blastoderm has become so thinned as to be merely a delicate
nucleated membrane such as later always limits the yolk where this is exposed at the
surface. Over the area occupied by the germ-band, however, the blastoderm now forms a
deep layer of long columnar cells (Fig. 8 (7)).
THE AMNION-SEROSA

(Fig. S(6))

As in other insectsthe amnion and serosaoriginate in a fold, the amnion-serosalfold. This
arises around the edges of the germ-band and, extending over the embryo, forms by its
inner and outer layers respectively the amnion and the serosa. The outer layer of the fold
is an extremely thin membrane formed of flattened cells. The inner layer when it is first
formed consistsof more or less cubical cells. This layer forming the amnion is continuous
with the edges of the embryo, that is the germ-band.
As the amnion-serosal folds become more and more extended over the embryo they are ’
much thinned out and the two layers closely approximated. Early in development, however, it is usually possibleto distinguish an inner thicker element with nuclei elongate oval
in section, the amnion, and an outer exceedingly thin membrane, not above 1.0 p in thickness,with smaller and still more flattened nuclei, the serosa. Since the amnion-serosal folds
arise around the edges of the embryo and are directed over this, such portions of the egg
surface as are outside the germ-band are at first not covered by amnion-serosa, but only by
thinned blastoderm, which, however, closely resembles the serosa with which it is continuous. As the area of exposed yolk, however, becomes covered eventually by extension
over it of the embryonic margins carrying with them the amnion-serosal folds, the whole
egg surface beneath the egg-shell becomes covered with amnion-serosa. Eventually this
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becomes detached from all underlying connection to become the thin membrane which is
left lining the egg-shell after the larva has hatched.
The final stages of the covering-in process, referred to as dorsal closure, are not so
important in the mosquito as in some insectswhere the yolk is relatively large in amount
compared to the embryo. They will be described later.
THE

CEPHALIC

AMNION

Though the amnion-serosa takes origin all round the edge of the germ-band it is specially
conspicuous and thickened in certain areas, namely at the cephalic and caudal ends of
the germ-band where it forms what appear as hood-like folds. The two portions may be
distinguishedrespectively as the cephalic and caudal amnion-serosa (Fig. 8 (8)). The cephalic
amnion-serosa, as it develops, progressesin a ventral direction overriding the cephalic end
of the embryo and eventually, with the later developed lateral fold, covers most of the
ventral surfaceof the egg.The cephalic amnion is particularly thick and massivenear its origin
where it is continuous with the edge of the thickened embryo in its anterior portion. The
appearance is here much as if two deeply-thrust-in pockets had been formed, and in transverse sectionsthese two pouches appear as deep fissuresaround which, radially arranged,
are large cells such as later are characteristic of neuroblasts.
Each pouch eventually becomes divided into two, due to a fraenum-like extension of the
amnion-serosa, namely an anterior or Zabral pouch which covers the rudiment of the feeding brush of its side, and a posterior larger pouch, cephalic pouch, which covers the procephalic lobe of its side. The labral pouches lie on each side of the anterior end of the
embryo, a reflection of the amnion forming a tongue dorsally between them. Their thickened
floor becomes increasingly conspicuous as the large button-like rudiments of the feeding
brushes develop. The cephalic pouches extend backwards nearly to the mid-dorsal line,
being separated only by a narrow portion of uncovered yolk. Their thickened floor later
forms the brain and head capsule overlying this.
THE

CAUDAL

AMNION

About the time that the cephalic amnion is forming a fold over the anterior end of the
embryo the caudal amnion is similarly forming a thickened hood over the posterior
extremity. At this stage the posterior end of the germ-band is, as already noted, situated
dorsally not very far behind the dorsal extension of the cephalic amnion (Fig. 9 (1)). Here
the germ-band dips inwards forming a deep pocket in a somewhat globular mass of
cellular tissue, in the deeper portions of which are now situated the germ cells, apparently
moved forwards by extension of the posterior end of the embryo from their former position
at the pole of the egg. In this position too there forms a dimple which is the first indication
of the proctodaeal invagination. As with the cephalic amnion, the caudal amnion, where it
is continuous with the embryo in the region of the pouch, is thick and massive. As it
extends backwards to meet the lateral amnion it becomes thin and membranous.
THE

LATERAL

AMNION

Somewhat later in starting than the cephalic and caudal folds a less massive fold can be
traced along the edge of the embryo. Where this joins the cephalic fold, that is just
posterior to the cephalic lobe, there is an inconspicuous fraenum serving as a landmark
between the parts in the cephalic pocket and those lying posterior to this.
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The precephalic element (Fig. 9). Underlying the most anterior portions of the cephalic
amnion on each side and forming the floor of the labral pouches are convex areas of
blastoderm which soon begin to develop as the future feeding brushes.These form buttonlike massescomposed of long closely packed columnar cells early showing indications of
forming the filaments which characterise the mature organs. Throughout later development
these large button-like bodies form a striking feature of the embryo, giving at times rather
the appearance of the suckers on the head of a tapeworm.
At first the rudiments are separated in the median line ventrally by a deep groove, Zabral
groove,indenting the cephalic end of the embryo and extending back on the ventral surface
as far as the position of the future stomodaeum (Fig. 9 (5)). The presence of this deep
groove gives rise to a very characteristic appearance indicating a stage to which development has progressed,namely an embryo with a bifid anterior end. Later the deep sulcus
becomes everted so that a prominent projecting lobe is formed. With the increase in size
of the feeding brush rudiments, eversion of the labral groove and further delamination of
the amnion dorsally the parts anterior to the procephalic lobes become marked off by
a neck-like constriction to form an almost head-like projection. This pseudo-head may be
termed the precephalic element. With its appearance the embryo takes on a further easily
recognised and very characteristic stage. The parts forming the precephalic element are
preoral in position and anterior to the procephalic lobes with their extensionsforming the
antenna1rudiments. They give rise to the feeding brusheswith their supporting structures
and that part of the larval head usually described as the fronto-clypeus. The smooth
convex ventral surface of the precephalic element formed by eversion of the labral groove
gives rise to the epipharyngeal structures as far back as the larval pharyngeal opening.
There can be little doubt that all the structuresderived from it represent the labral segment,
preoral in position and anterior to the antennae and eyes.
The procephaliclobes. Lying under that portion of the amnion forming the cephalic pouch
is an area of blastoderm that early undergoes thickening indicative of the formation of
the brain. This area is sharply demarcated dorsally where it comes up against the yolk and
the thickened base of the amniotic fold. Anteriorly it abuts upon the head-like precephalic
element and at each side of this border it shows swellingswhich later become prominences,
the antennal rudiments (Fig. 9 (2), (3)). The procephalic lobes are characterised by the
presence of large cells with nuclei containing a central mass surrounded by a clear zone.
Cells of this type are seen where brain or ganglionic tissue develops and are precursors of
neuroblasts. Originally a single layer of blastoderm cells, the procephalic lobe area, soon
becomes greatly thickened to form on each side a cellular mass extending deeply into the
yolk. Eventually the massesmeet in the middle line to form the rudiment of the protocerebral commissuraZ
tract. It can be seentoo that, whilst in other directions the developing
nervous tissueis rather sharply delimited, there is ventrally a passageof such tissueinto that
developing about the neural groove. These areas eventually form the cerebral connectives.
The stomodaealarea (Fig. 9 (5)-(8)). Between the neurogenic areas just described there is
situated ventrally what is at first a relatively thin area of germ-band, the stomodaealarea.
At an early stage this consistsof a single layer of columnar cells with a certain number of
polygonal cells lying beneath it. Anteriorly this area extends as far forwards as the ventral
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termination of the labral groove, or, when this becomes everted, to the bulged ventral
surface of the precephalic element. Laterally the limits are well-defined, especially where
they come up against that part of the cephalic lobes which will eventually develop into the
antenna1 rudiment. Posteriorly the area occupiesthe notch where the neurogenic tissue of
the future ventral nerve cord extends forwards in a forked fashion to link up with the
cephalic lobes.
Approximately in the centre of the area fairly early in development and before eversion
of the labral groove some of the blastoderm cells show some elongation, thereby indicating where the stomodaeum will form. A little later this point is backed by a button-like
mass of proliferating polygonal cells with reticular nuclei constituting the beginning of the
anterior mesenteron rudiment (Fig. 9 (5)). A dimple followed by a deepening depression
now starts the invagination that forms the stomodaeum and eventually the anterior portion
Figure 9. Formation of the embryo.
Lateral view of embryo at 15 hours. Ventral to right. Showing early segmentationand
appearanceof the anterior mesenteronrudiment. Reconstruction. a, anterior pouch of
cephalicamnion and indication of feeding brush rudiment; b, posterior pouch of cephalic
amnion and procephaliclobe; c, first indication of stomodaealinvagination.
Dorsal view of embryo prior to dorsal closure, 24 hours. a, precephalic element with
indication of feedingbrush rudiments;b, procephaliclobe; c, thoracic segments.
Lateral view of embryo, samestageas 2. Reconstruction. a, b, c, as in 2.
Dorsal view of embryoshowingstomodaealand proctodaealinvaginations.Reconstruction.
a, b, as in 2.
Ventral view of anterior end of embryo at 12 hours showing labral groove and early anterior
mesenteron rudiment with beginning of stomodaeal invagination.
a, labral groove;
b, rudiment of feeding brush; c, anterior mesenteron rudiment with beginning of stomodaeal
invagination.
Ventral view of later stage. 24 hours. Showing eversion of labral groove and appearance
of antenna1 rudiments and common rudiment of mandible and maxilla. The same stage is
shown in lateral view in 3. Magn. as for 5.
Precephalic element. Ventral view. 28 hours. a, indication of feeding brush rudiment;
b, beginning of epipharynx; c, slit-like entrance into stomodaeal funnel; d, lip-like fold
anterior to stomodaeal opening. Rudiment of suspensorium.
On the right the mandibular and maxillary rudiment, as also the antenna1 rudiment, are shown
as cut away.
8 The same dorsal view. a, area becoming pre-clypeus; b, area becoming clypeus; c, area
between cephalic lobes dorsally.
9 Inner view of developing brain. About 30 hours. Reconstruction. I, protocerebrum with
cerebral commissure; II, deutocerebrum pointing towards antenna1 rudiment and later
giving rise to antenna nerve ; III, tritocerebrum with commissure ; g, sub-oesophageal ganglion
with cut-away circum-oesophageal connective.
The arrow shows position of stomodaeal invagination.
10 Tangential section through ventral ganglionic area. a, conspicuous twin nuclei. Probably
connected with forming inter-commissural tracts ; b, cellular massesof future ganglion tissue ;
c, mesodermal tissue with forming myoblastic tissue.
Lettering: A, anal lobe; amr, anterior mesenteron rudiment; an.r, antenna1 rudiment; anp, anal
papillae ; g, ganglion; gee, germ cells ; md, rudiment of mandible ; md’, cut base of same; mdx,
common rudiment of mandible and maxilla; Mt, Malpighian tubules; mx, rudiment of maxilla;
mx’, cut base of same ; pcd, proctodaeal invagination ; pee, precephalic element ; Sd, stomodaeum;
Sd’, position of stomodaeal invagination; y, yolk.

186

5

an.r

,

@l mm.

1

Figure 9
If37

9

,

PO5

mm. 1

IO

EMBRYOLOGY

of the alimentary canal as far as the termination of the mid-gut, but in the mosquito not
the Malpighian tubules.
As the anterior mesenteron rudiment increasesin size its cells replace the original blastoderm of the notch between the cephalic lobes, and there is formed an area of some extent in
which the cells have wholly the character of those of the rudiment. The stomadaeal
opening deepens and widens, forming a flattened funnel. The dorsal wall of this funnel,
which will become the roof of the larval pharynx, merges without break into the ventral
surface of the precephalic element, now largely formed by the everted labral groove. In
each lateral angle of the funnel, close up against the now bulging antenna1 rudiment
eventually to become the antenna1 prominence, there develops a small notch where the
fishhook-like lateral oral apodeme of its side will appear. Ventrally the edge of the opening
forms a low lip-like ridge, later to become the suspensorium of the larval head.
Just ventral to this lip on each side there arise the rudiments of the mandible and maxilla.
These commonly commence as a single globular projection on which there later appears
a groove or fissure dividing off a dorsal portion, the mandibular rudiment, from a more
ventral portion, the maxillary rudiment. Even up to the end of development, however,
these two structures largely have a common base (Fig. 9 (7)). In the median line a little
posterior to the ventral lip of the stomodaeum is an area which much later develops into
the hypostomal area and mental sclerite of the larva.
Body segmentation. In the early stomodaeal stage, when the germ-band still extends far
forwards on the dorsal surface, segmentation becomes indicated by the appearance of
slight annular constrictions (Fig. 9 (1)). Starting from the sulcusthat indicates the posterior
limit of the procephalic lobes eleven more or less normally developed segments can be
counted. Of these the first three are the three thoracic segments,at this time no larger or
noticeably different from the following eight, which are abdominal segmentsI-VIII.
In
addition there is a terminal mass that becomes evident with the retraction of the caudal
extremity to the posterior extremity of the egg (Fig. 9 (2), (3)). The eighth abdominal
segmentlater becomes considerably enlarged, especially in its dorsal parts, which are early
freed from amnion and eventually form the soft somewhat globular respiratory siphon of
the newly hatched larva. The small terminal segment becomes the anal segment. With the
invagination of the proctodaeum it comes to form a ring around the proctodaeal opening
from which there project the anal papillae. These are first formed within the proctodaeal
opening and only later come to project externally.
Nothing resembling clearly defined mandibular, first maxillary or second maxillary
segments,as are present in many insect embryos, has been made out in the embryo of the
mosquito. All that can be said is that there is an area posterior to the mandibular and
maxillary rudiments and lying between these and the first thoracic segment which might
represent such segments.
Dorsal closure. Eventually the segmentsof the embryonic abdomen become clearly delimited on the ventral aspectby surface constrictions and by segmentation of the mesoderm,
followed by the arrangement of developing myoblasts derived from this, as also by the
differentiation of the ventral ganglia. Dorsally also there is an indication of the first
thoracic segment being closed in just caudal to the procephalic lobes. Abdominal segments VIII, VII and VI, in this order, also early become completed dorsally, followed by
partial closure of segment V and to some extent of segment IV. Over the remaining
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segments,occupying about the middle third of the egg, there remains until a comparatively
late stage an oval exposure of the now much diminished yolk (Fig. 9 (2), (3)).
This area of uncovered yolk is small and its final covering in (dorsal closure) is less
important in the mosquito than in the case of many insectswhere the yolk surface may be
relatively large. Nevertheless, something requires to be said regarding it. In the very early
stagesthe yolk is left exposed at the surface in three positions, (1) on the dorsal aspect of
the cephalic end of the embryo, with an extension backwards between the procephalic
lobes; (2) covering the dorsal surface between the procephalic lobes and the caudal
amnion dorsally; and (3) in two narrow strips down the sidesof the egg between the germband on the ventral surface and its continuation on the dorsal surface of the egg.
The first-mentioned area, that part of the yolk exposed near the cephalic pole, is encroached upon and finally covered by backward extension of the cephalic amnion-serosal
fold, so giving rise to important structuresas described later under organogeny. Areas 2
and 3, after retraction of the caudal extremity of the embryo to the posterior pole of the
egg, become merged into a singlearea. As development proceedsthis is progressivelyclosed
in as already described by growth from the sidesof the last few segments,the general effect
being that there is left an oval area of exposed yolk occupying about the middle third of
the egg on the dorsal surface. This area gradually becomes covered by growth from the
sidesand surrounding areas. By this time the anterior mesenteron rudiment has progressed
backwards as far as the hinder border of the procephalic lobes and here comes into close
connection with the anterior end of the exposed oval area of yolk. It is possiblethat cells
derived from it play some part in the final closure.
The anterior mesenteronrudiment. The anterior mesenteron rudiment, at first a somewhat
rounded mass of cells with the stomodaeal depression at its centre, rapidly grows backwards as a hollow finger-like process until it reaches the anterior end of the now much
reduced yolk mass. This it does just caudal of the procephalic lobes dorsally. It is at this
point that it comes into close connection with, and may help to complete, dorsal closure.
Having reached so far, the walls of the rudiment split and continue growing caudal in the
form of twin, rapidly growing ribbons. These consist of a layer facing inwards of columnar
cells resembling those of the rudiment more anteriorly and a layer facing outwards of what
seemsto be mesoblast. At about one-third of the embryo’s length from the posterior pole
the ribbons meet and eventually fuse with the blind extremity of the proctodaeal invagination (Fig. 9 (4)).
The general outline of the alimentary canal can now be clearly seen. Anteriorly is the
wide mouth, the anterior opening of the stomodaeal funnel, the site of the stomodaeum.
Behind this lies the funnel itself which becomes the pharynx and its posterior narrow part
the oesophagus.Still further back is a swollen portion indicating the future proventriculus.
From the ribbons which grow round and largely enclose the yolk is formed the larval
mid-gut. The remaining portions of the canal, including the Malpighian tubules, are
formed from the proctodaeal invagination.
The proctodaealinvagination. In the prestomodaeal and early stomodaeal stagesthe caudal
extremity of the germ-band lies somewhat curled inwards and limited in this direction by
the fornix of the caudal amnion-serosa. Extending inwards from the fornix in the middle
line is a button-like massof cells, theposterior mesenteronrudiment. Into this there extends
from the amniotic cavity a finger-like hollow which indicates the position of the future
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In the cell mass are a number (about fifteen) of large cells, germ cells, which
in the blastoderm stage occupied the posterior pole of the egg and which will end up
eventually in the fifth and sixth abdominal segmentswhere they give rise to the gonads.
As development proceedsthe caudal extremity of the embryo is dragged backwards so that
it comes to lie at the posterior pole. By this time the proctodaeal invagination has passed
some distance forwards. Later the invagination deepensrapidly and at about one-quarter
of the egg length from the posterior end it meets and fuses with the anterior mesenteron
rudiment. Before it does so there appear as outgrowths from its inner end five tubules
which eventually become the Malpighian tubules. At an early stage four tubercles appear
just inside the proctodaeal opening. They elongate and project through the anus as sharp
pointed outgrowths eventually to become the anal papillae.

proctodaeum.

The neural groove and ventral nerve cord. In the early stomodaeal stage indication of the
formation of the ventral nerve cord is given by the appearance in the mid ventral line of a
groove, neural groove. This is a narrow sharply incised depressionmade more conspicuous
in sections by the occurrence at intervals of characteristic large elongate cells with the
rounded body of the cell lying inwards. As previously noted tissue containing such neuroblasts connects up the procephalic lobes with an area lying behind the stomodaeal area.
Similar tissue occupies a broad band on the ventral aspect of segmentsas far back as the
caudal extremity and gives rise in due course to the ventral nerve cord.
Formation of the mesoderm. No appearance suggestingformation of a median ventral
invagination giving origin to the mesoderm has been seen, though such a stage, if of short
duration or modified in character, may have been overlooked.
The mesoderm is first evident in the early stomodaeal stage as a mass of cells on each
side of the anterior mesenteron rudiment. A bridge of similar cells links up the two masses
anterior to the rudiment. Extensions of loosely arranged cells also pass forwards from
these massestowards the precephalic element and posteriorly soon become linked up with
mesoblastic tissuealong the rapidly developing anterior mesenteron rudiment. Cell masses
having a similar appearance also appear about this time on each side of the ventral nerve
cord (Fig. 9 (10)).
(e) ORGANOGENY
THE

LABRAL

STRUCTURES

(Fig. 9 (7),(8))

As already noted, the precephalic element, owing to its anterior projection, its large size,
the presenceof the conspicuousfeeding brush rudiments and its pinched-in neck, is a very
striking feature of the embryo. Before eversion it is responsible for the bifid anterior
extremity of the embryo and, after eversion, it might easily be mistaken for the head of the
embryo. Following eversion, its ventral surface is much expanded forming a smooth
convex area. Across the middle of this area there develops a transverse thickening in the
middle of which is a small differentiated area. The latter becomes the so-called epipharynx
(that is the peculiar median processwith a crown of setae so conspicuousin the larva). The
transverse thickening becomes the epipharyngeal bar. A large part of the ventral surface
remains undifferentiated and eventually constitutes the large post-epipharyngeal lobe of the
larva. Where the ventral surface is continued into the dorsal wall of the stomodaeal funnel
a dimple forms which will ultimately develop into the frontalganglion. The position of this
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ganglion therefore marks very definitely in the larval head where the original embryo
surface ends and the stomodaeal invagination begins.
The portion of the element situated apically between the two brush rudiments becomes
the hairy lobe that has been termed the palatum. The subsequenthistory of the palatum
shows that this is the labrum, sen,sustricto, its hypodermis eventually forming the trunklike projection in the pupa which becomes the labrum of the imago.
On the dorsal surface of the precephalic element and situated between the feeding brush
rudiments is an area shaped like an inverted heart formed of rather small cubical cells.
This can be identified clearly as the rudiment of the future preclypeus of the larva. The
area caudal of this forming the broad basal bulge of the element is the area previously
described as formed by the backward progression of the cephalic amniotic fold. It is
formed of cells having the appearance of blastoderm. It eventually forms the clypeus of
the larva, that is the area lying between the diverging frontal sutures and forming the
greater part of the dorsal surface of the head of the larva. It is this area which mainly
forms the bulged front portion of the head that is so striking a feature of the young first
instar larva and ends as the relatively insignificant clypeus of the imago. Beneath this
blastoderm-like area myoblasts early appear which eventually form the large muscular
massesworking the feeding brushes,and a little posterior to these a specialisedarea develops
that gives rise to the egg-breaker.
The rudiments of the feeding brushes occupy the sides of the precephalic element. The
brushes develop from button-like masseson the floor of the pouches in which they are
first formed and which it may be recalled are the anterior pouches formed by the cephalic
amnion. As the brush filaments increase in length they pass inwards and backwards out
of these pouches to the position they eventually occupy in the hatching larva.
It seemsclear that all the structures mentioned are parts of a preoral segment or lobe
corresponding to the primitive labrum of the generalised insect head.
STRUCTURES

DERIVED

FROM

THE

CEPHALIC

LOBES

(Fig.9(9))

The area which the cephalic lobes occupy at an early stagein development may be described
as rather like a butterfly’s wings, expanding from the narrow stem at the bifurcation of the
neurogenic area of the germ-band ventrally to the broad posterior borders which approach,
but do not meet, each other on the dorsal surface of the embryo. Each lobe forms a massive
plaque of thickened epidermal layer containing large modified cells developed around a
deepfissure(the cephalic amnion pouch), the outer wall of the fissurebeing greatly thickened
amnion and the inner wall original germ-band. Later the amniotic portion becomes progressivelyshrunken and to a large extent eventually disappearsby delamination. By such
delamination the deeper parts are left to form the brain. The delaminated layer includes the
antenna1rudiments, later to become the antennalprominences and that portion of the head
capsuleforming the genae. Towards the ventral aspectthe procephalic lobe areas abut upon
the post-oral area and at this point on each side there develops a deep sulcus. In the larva
this becomes the hypostomal suture separating the genal from the labial area.
The brain (Fig. 9 (9)). With the thickening of the procephalic lobe areas and ingrowth of
the characteristic neurogenic tissue containing large neuroblasts there come to be formed
two large lateral masses. By continued inward growth these eventually meet in the middle
line acrossremnants of the yolk, forming what will later appear as the cerebral commissure.
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Where the procephalic lobes lie lateral to the stomodaeal area two further neurogenic
tracts develop forming the cerebral connectives,linking the procerebral lobes with the
ventral nerve chain. The main massof the delaminated lobes becomestheprotocerebrum(I).
Only much later in the fourth instar larva do the large optic lobes develop and become
linked with the more central portion of the brain. Forming the most anterior portion of the
protocerebral lobes are two prominent portions which become the deutocerebrum(II), from
which are eventually developed the antenna1 nerves. Lying somewhat ventral to the lastmentioned lobes there is on each side a small, but well-demarcated, lobe with its own core
of neuropile, the tritocerebrum (III). From the tritocerebral lobes a small commissural
tract crossesthe median line close to, but distinct from, the larger connectives passing
from the protocerebral lobes to the sub-oesophagealganglion.
THE

VENTRAL

NERVE

CORD

At an early stage the neurogenic area posterior to the stomodaeum shows three neuropile
areaswhich later fuseto form the heart-shaped sub-oesophagealganglion. Along the ventral
aspect of the embryo the broad band of neurogenic tissue similarly becomes differentiated,
indicating the position of the future thoracic and abdominal ganglia. These first become
clearly evident as areas of pinkish stained neuropile. In coronal section at about 36 hours
these show two conspicuousnuclei, one on each side of the median line at about the middle
of the segment(commissural ?), and anterior and posterior to this from two to three compact
groups of nuclei which appear to be the forerunners of the cortical areas of the ganglia.
The ganglia so indicated are three thoracic and eight abdominal, the eighth abdominal
ganglion lying in the eighth abdominal segment. No appearances have been seen of
neuropile areas posterior to the eighth segment or indicating that the eighth abdominal
ganglion includes more than one such area. When fully formed the ventral neurogenic
cord is relatively broad, occupying a large part of the ventral aspect of the segments,as is
the case also in the newly hatched larva.
THE

MUSCULAR

SYSTEM

In the late stomodaeal stage collections of mesoderm cells in various parts of the body take
on the appearance of myoblasts and the development of muscular bundles rapidly follows.
Among the most conspicuousof such are the large internal and external retractor muscles
of the feeding brushes. These develop beneath that portion of the precephalic element
which has previously been noted as becoming the clypeus of the larva. Since in the larva
the musclesin question arise well back on the dorsum of the larval head, their origin in the
precephalic element is confirmatory that the dorsum of the larval head is largely formed
from this element, which there seemsreason to believe is essentially labral in nature and
pre-oral. Other conspicuousbundles form in the thoracic and abdominal segmentslateral
to the ventral nerve cord (Fig. 9 (10)).
OTHER

LATER

DEVELOPMENTS

The development of the alimentary canal, and nervous and muscular systemshas already
been indicated. One or two further details may be mentioned. A conspicuousfeature of
the embryo in the later stagesare the ocelli. These first appear, indicated by their pigment,
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at about 36 hours and later become fully developed as the ocelli of the first instar larva.
Another feature conspicuous in the later stagesis the egg-breaker. This becomes visible
through the egg-shellsomewhat later than the ocelli (at about 45 hours). It is situated on
the precephalic element immediately posterior to the origin of the internal retractor muscles
of the feeding brushes.These musclestake origin largely on the anterior border of the eggbreaker and as they pass between this structure and the feeding brushestheir contraction,
if it fails to move the feeding brushes,would seemingly drag forwards the spine of the eggbreaker. Other features of late development are the structural details and hairs associated
with the mouth-parts and body generally. These appear only in the latest stagesand have
not been followed in detail. For the conditions in this respectat full development see under
the section dealing with eclosion.
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THE
(a) GENERAL

LARVA
DESCRIPTION

The first author to describe the larva of AL;desaegypti appears to have been James (1899),
who figures it as the larva of the tiger mosquito; see also Theobald (1901), vol. I, p. 28,
where James’s description is given as that of the larva of Culex fasciatus. Many other
authors have since described the larva in various degrees of detail, usually from the point
of view of characters of systematic importance. One of the most complete descriptions of
its external characters is that by Macfie (1917), who has describedthe chaetotaxy and other
cuticular structures of the different instars.*
To the naked eye the chief distinguishing characteristics of the larva of Ak’des aegypti
(Fig. 10 (1)) are its rather cylindrical and elongate form and the dead white colour of the
body due to the almost entire absenceof sclerotisedparts other than the head and siphon,
which latter being almost black offers a marked contrast to the rest of the insect.
The head is rather globular and, at least in the later stages,small in relation to the thorax.
Anteriorly are the clypeal structures carrying the feeding brushes(f.). The antennae (an)
are much reduced in sizecompared with many culicine larvae, small, cylindrical and smooth.
They carry a little distal to the middle a small simple antenna1hair (Fig. 10 (2) anh), which
is double in the first instar, and a small simple terminal hair (ant). The head hairs are small
and inconspicuous. Laterally are the developing imaginal compound eyes (om) and the
larval ocelli (0~).
The thorax is roughly globular in shape consisting of the fused three thoracic segments,
* Among other authors who have given descriptionsof the larva are Blanchard (1905), Goeldi (1905), Wesche
(1910), Doane (1910), Howard, Dyar and Knab (1912), Cooling (1924), Kumm (1931), Barraud (1934), BonneWepster and Brug (1932), Walkiers (1935), Hopkins (1936). For authors describingspecial structuresor systems
see the appropriate sections.

Figure 10. Showingexternal charactersof fourth instar larva.
1 Mature fourth instar larva. Dorsal view.
2 Antenna of same. Dorsal view and terminal portion.
3 Terminal segmentsof same. Lateral view.
4 Comb spines.
5 Pectenspines.
6 Showingdorsal view of baseof dorsal (caudal) hairs.
7 Showingbasal thickeningsof hairs of ventral fan.
Lettering: A, anal segment;Adh, dorsal or caudal hairs: 1, dorso-internalhairs. 2, ventrointernal hairs; Adp, dorsal plate; Ap, anal papillae; Ash, saddlehair; an, antenna; anh, antenna1
hair; ant, terminal hair of antenna; cm, comb; CY,cratal tufts of ventral fan; cr’, simplehairs of
same; fb, flabella (feeding brushes); Zh, lateral hairs; MS, mesothorax; MT, metathorax;
oc, ocellus;om, ommatidia of adult eye; PR, prothorax; pet, pecten;ph, pilot hair; rt.r, pupal
trumpet rudiment; s, respiratory siphon; sh, siphonhair; spl, perispiracularlobe; st, spiracular
puncta; tt, tracheal trunks showingat intersegments.
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except just after hatching when these are distinct. The segmentsare, however, indicated by
their hair series. Each of the segments,besidesmany small hairs, carries long lateral hairs
arising from small chitinised plates, those of the meso- and metathorax being produced
into sharp, thorn-like points very characteristic of the species. In the mounted larva the
lateral hairs give the appearance of being closely approximated in tufts, but in the living
larva free in water the hairs of each segmentalseriesstand out more or lessevenly spacedin
a plane transverseto the body length. Though they are movable, the lateral hairs are not
supplied with any musclesand if used in swimming must take their movements secondarily
from those of the body. Most probably their chief function is sensory and protective.
Among the lateral hairs are included the pleural hairs of Keilin, representing respectively
the pro-, meso- and metathoracic legs. In the fourth instar can be seen, in the shoulders of
the thorax, the rudiments of the future pupal respiratory trumpets (Fig. 10 (1) rt.r) which as
pupation approaches become more and more conspicuous,until, when they finally become
yellow, they give an indication that the larva will shortly pupate. Also conspicuousin the
fourth instar larva, seen through the cuticle, are the imaginal discs or buds of the legs,
wings and halteres as described in the section on the prepupa (ch. XIII).
The abdomen, apart from the small terminal anal segment, consists of eight roughly
equal segmentsincreasing in size somewhat to the third and then decreasing to the last or
eighth. Each of these segmentscarries a number of hairs, including a decreasing seriesof
long lateral hairs comparable with those of the thorax. At the posterior lateral aspect of
the eighth segment on each side is a conspicuousrow of spiny scales,comb teeth, forming
the comb (Fig. 10 (3) cm), the number and arrangement of which and the absenceor presence
of a plate from which they arise being used in the identification of larvae of the genus. In
the kdes aegypti fourth instar larva there is no plate, the comb teeth form a single row of
8-12 teeth and have well-developed basal denticles (Fig. 10 (4)). Just behind the comb at
the posterior end of the segmentare five hairs, three large and branched and two small and
simple, named by Marshall the pentad hairs, useful as landmarks and referred to in detail
when dealing with the chaetotaxy (Fig. 10 (3)). From above down in the figure the five
small hairs are respectively those designated a, p, y, 6, e by Marshall.
Projecting from the dorsal and posterior portion of abdominal segment VIII is the
respiratory siphon. At its apex are the terminal spiracles surrounded by certain structures,
perispiracular lobes (spl), that play an important role in respiration and are described in
detail later. On the posterior aspect of the respiratory siphon in its basal half are two
slightly diverging lines of spines,pecten teeth (Fig. 10 (5)), constituting the pecten (pet).
A little apical and internal to each line of pecten teeth is the siphon hair (sh). In A. aegypti
above each line there is one hair, characteristic of certain genera, the genus Culex
having several such hairs. Certain characteristics of the siphon are of importance in
identification : the proportion of length to diameter at the base, siphonic index, the number
and character of the pecten teeth and the situation and number of branches of the hair tuft
or tufts. In A. aegypti larva in the fourth instar the siphonic index is slightly above 2, the
pecten teeth number 12-20 and the siphon hair is single with from 3 to 5 branches.
Ventral to the siphon and at an angle to the rest of the abdomen is the small anal
segment (A) with the opening of the anus terminally, around which are the four transparent finger-like anal papillae (Ap), two dorsal and two ventral. The anal segmentcarries
dorsally a saddle-shapedplate, dorsal plate (Adp), which increases in proportionate size
with each successiveinstar, until in the fourth instar it forms a cuff-like plate nearly sur196
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rounding the segment. Towards the posterior end on each side of the dorsal plate, or on
the membrane beyond this in early instars, is the saddle hair (Ash), in A. aegypti small and
usually bifid. Just posterior to the dorsal plate in the middle line dorsally and at the apex
of the segment is a heavily chitinised plate formed from the fused basal plates of two pairs
of the long dorsal or caudal hairs (Fig. 10 (3) Adh; (6)). The outer hairs are longer and
unbranched whilst the inner and somewhat more dorsal hairs are branched. On the ventral
aspect of the segmenttowards its posterior end is the ventralfan (cr). This is not present in
the first instar, but becomes more and more developed at each successiveinstar. The hairs
forming the fan, cratal tufts of Marshall, are mainly two-branched and arise from chitinised
baseswith thickenings passingfrom these, the hairs alternating to form a row on either side
of the middle line (Fig. 10 (7)). In front of the fan are some hairs (usually two) without
thickened bases(cr’). * In A. aegypti the number of cratal tufts is usually four in each row.
In life the larva at rest at the surface carries the anal segment projecting backwards at an
angle slightly above the horizontal. It is possible that with the dorsal hairs and ventral
fan it plays some part in stabilising the insect. As long ago figured by Howard (1901), the
outer dorsal hairs in the living larva diverge laterally at an angle of about 60”.

(b) THE

HEAD

CAPSULE
THE HEAD

AND

RELATED

CAPSULE

STRUCTURES

(Fig. 11)

Of the many authors who have described or referred to the head capsule of the mosquito
larva it will suffice to mention: Thompson (1905), whose paper entitled ‘The alimentary
system of the mosquito’ contains much detailed information on the head capsule; Martini
(1929), who devotes sixteen pages of his article on Culicidae in Lindner to the head of the
larva ; Puri (193 l), who gives a very complete and detailed account in his monograph of
the head of the Anopheles larva and who discussesthe segmental relations of the parts;
Salem (193 I), whose important paper dealing especially with labral structures in the larva
of AFdes aegypti is one of the most detailed morphological studies of the head parts in the
literature; and Crawford (1933), who writes specifically on the head of some anopheline
larvae. In addition are authors already mentioned as describing the larva. Whilst the
general characters of the head capsule of the mosquito larva are well known and parts are
named with more or lessuniformity by authors, there is still a certain amount of uncertainty
about some of the parts and room for more detailed description of others.
The structurescomposingthe head capsuleare shown in the accompanying figures. In its
posterior portion the capsule forms an almost complete box, its cavity opening into the
neck through the relatively narrow and almost circular occipital foramen (of), surrounding
which is a thickened collar-like rim, cervical collar (cc). Anteriorly and ventrally the head
capsule is largely closed in by soft structures and is much fenestrated for accommodation
of the labral and gnathal parts. Starting from a narrow gap in the mid-line of the collar
dorsally are two diverging lines of suture, which have the appearance of being the Y-shaped
arms of the epicranial suture of the generalisedinsect head and which are lines of weakness
at ecdysis along which the head capsule splits. These lines, which may provisionally be
termed the frontal sutures (fs), pass forward on each side of the dorsum of the head
* According to Mattingly (in lit.) absenceof precratal tufts is diagnostic of the subgenusStegm2yia except in
some aberrant forms. The extra hairs referred to have not the charactersof true tuft hairs.
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internal to the larval eyes to the inner side of each antenna1 prominence (AP), that is the
lateral portion of the head capsulewhere this projects on either side to form a prominence
from which the antennae arise. These two lines of suture demarcate between them a broad
convex median area of the dorsum of the head which at ecdysisis pushed up in a flap-like
fashion to allow passageof the head of the succeedinginstar and which for reasons given
later will be considered to befrons (F). In the posterior portions of their course the frontal
sutures appear only as faint lines of suture, but anteriorly the outer lamella of the suture
becomes increasingly developed as an internally directed chitinous crescenticflange which
has been named by Thompson from its appearance the scythe-shapedthickening and may
be termed the falciform apodeme (fa). This has the appearance of being the result of the
antenna1 prominence, as it nears the base of the antenna, being pressed against the more
median portion of the head capsule, so that the two walls in the area of contact have
become an apodeme (Fig. 11 (1)).
The smooth median dorsal surface of the head described asfrons is continued forwards
without break or interruption beyond the level of the basesof the antennae to the front of
the head, such portion being considered to be clypeus (CL). The whole area from the collar
forwards forms a rather expanded and balloonedfronto-clypeus. The clypeal portion terminates anteriorly at a narrow transversebar, the preclypeus (PC), lying at the extreme front
of the head and carrying, in practically all culicine larvae, the small curved preclypeal hairs.
Though often regarded merely as part of the clypeus, the preclypeus is a distinct morphological structure as will be shown later. It is separated from the clypeus by a line of
thickening, the clypeo-Zabral suture of Salem.
External to the frontal suture on each side is a broad expanse of surface extending
over the lateral aspectsof the head and well on to the ventral surface. Assuming that the
frontal sutures are branches of the epicranial suture, these areas would be the epicranial
plates of the generalised insect head. They are most conveniently on each side termed the
gena (G). Anteriorly each gena is continued into the antenna1 prominence. On the most
prominent part of each gena and just on the mid-dorso-ventral line is the larval ocellus (oc),
formed of a cluster of five pigmented ommatidia. In the fourth instar, in addition, are the
Figure 11. The head capsule.
Head capsule of fourth instar larva. Dorsal view. The dotted outlines and figures indicate
insertion areas of head muscles numbered as given later under the muscular system.
Ventral view of same.
Posterior view.
Lateral view.
Lettering : AP, antenna1 prominence ; an, antenna; ap, flabellar apodeme; ap’, anterior arm of
same; bs, black spot area; CL, clypeus; cc, cervical collar; ep, epipharynx; ep’, epipharyngeal
spines; ep”, epipharyngeal hairs; epl, post-epipharyngeal lobe; F, frons; fa, falciform apodeme;
fb, flabellum; fb’, flabellar plate; fb”, scallop ;fs, frontal suture; G, gena; H, hypostomal area ;
hs, hypostomal suture; L’, labial area ; Zp, lateral plate of clypeus; MO, mouth; md, mandible;
mdo, fenestra for articulation of mandible and maxilla; ms, mental sclerite; mx, maxilla; mxp,
maxillary palp ; oc, ocellus ; of, occipital foramen ; om, compound eye ; P, pharynx ; PC, preclypeus ;
p, palatum ; pe, epipharyngeal bar ; pp, postpalatal bar ; ppl, postpalatal lobe ; sma, submaxillary
apodeme ; ST, stirrup apodeme ; sr’, point of involution of same; ss, suspensorium; ss’, lateral
oral apodeme ; T, tentorium ; T’, anterior portion of same ; tm, tessellated membrane ; tp, tentorial
pit.
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developing compound eyes of the future adult (om) showing through the cuticle. These
commence as narrow eyebrow-like crescentic areas anterior to the ocelli and gradually
increase in size by the addition of new ommatidia on their anterior periphery until they
form large semilunar areas completely subordinating the ocelli which lie behind them
(Fig. 11 (4) om). Th e compound eyes are not, however, organs of the larva at all, but of the
future imago, and leave no mark on the cast skin of the head after ecdysis. Posteriorly the
genae form rounded shoulder-like angles very characteristic of the mosquito larva. These
are the areas which give origin internally to most of the musclesmoving the mandibles and
maxillae.
Passing to the ventral aspect of the head we find this sharply divided into distinct
portions, namely an anterior or Zabral area with complicated apodemes and other
structures including the feeding brushes; an intermediate area, which may be termed the
gnathal area, giving insertion for the mandibles and maxillae; and an extensive smooth
posterior area. This smooth posterior portion is formed laterally by the ventral extensions
of the genae, which internal to the submaxillary apodeme form the hypostomal areas (23).
Between the hypostomal areas is a median area, the labial area (L’), marked off by welldefined sutures, the hypostomal sutures (hs). This median area is bounded anteriorly by a
conspicuous triangular toothed structure, the mental sclerite (ms). In the later stages of
larval development there lies beneath it the complicated developing labial rudiment. The
following is a more detailed description of these different areas.
The Zabral area consistsdorsally of the preclypeus (Fig. 12 (1) PC). The extent laterally
of this structure is difficult to define with certainty, but it appears to extend sufficiently far
to encircle on their outer side the areas from which the feeding brushestake origin and to
end in a conspicuouswrinkled projection on the inner aspect of the head (Fig. 11 (2) Zp).
These projections appear to be the upper processesof the lateral plates of Salem. Each
carries a few hairs like those of the feeding brushes. More or less surrounded by the
lateral extensions of the preclypeus are the structures at the base of the feeding brushes.
Anteriorly extending from the border of the preclypeus is a peculiar bossed membrane,
tesellated membrane (tm). Between the two tessellatedmembranes in the middle line is the
projecting hairy lobe termedpalatum by Thompson (p). Passingmore ventrally in continuation of the tessellated membranes are the oval basal plates of the JlabeZZafrom which rise
the hairs forming the feeding brushes or JlabeZZa, and between these and the flabella!
apodemes (ap) is the peculiar corrugated structure which from its resemblance to a scallop
Figure 12. Clypeal and labral structure of larva.
1
2
3
4
5
6
7

Showing dorsal view of preclypeal and clypeal hairs.*
Flabellar plate and apodemes associated with same. In position with feeding brushes extended.
Hairs of plate are not shown.
Right flabellum and apodeme. The numbers 1, 2 and 3 indicate hairs of the inner, middle and
outer portion respectively.
Showing relation of parts.
Showing position of parts with the feeding brushes retracted.
Showing parts of epipharynx.
Terminal portion of hair from inner series of flabellar hairs.
For lettering see under Fig. 11.
* For names of head hairs, see Table 9, p. 211.
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shell I have termed the scallop (fb”). Behind the palatum is an area of membrane forming
a cushion-like lobe, post-palatal lobe (ppl), crossedby a sclerotisedbar,post-palatal bar (pp),
connecting the bases of the flabella. Behind the post-palatal lobe is another bar, the epipharyngeal bar (pe), which with the epipharyngeal spines (ep’) and the epipharyngeal hairs
(ep”) constitutes the epipharynx (ep). Still further back behind the epipharynx is the
post-epipharyngeal lobe (epl), that overhangs like an upper lip the broad opening (true
mouth) into the pharynx. It is capable of being retracted when the pharynx is functioning
by musclesarising from the dorsum of the head. The lobe, with the epipharynx, forms the
roof of a cavity closed in below by the mandibles and maxillae, the preoral cavity, which
opens behind into the pharynx by a broad slit-like opening, the true mouth, that is the
original stomodaeal opening. Though this at rest is slit-like it is widely expanded during the
act of feeding, the preoral cavity, true mouth and pharynx forming an almost continuous
cave-like passageinto the head. Views from the ventral or dorsal aspect give a very imperfect idea of the nature of the larval mouth, which as it would appear from the front
and sidesis shown in Figs. 17 (2) and 11 (4) (MO).
Behind the turned-in edges of the preclypeus there pass inwards the heavily sclerotised
smooth edgesof the clypeus, forming on each side of the head a buttress-like projection on
which is a peculiar black mark present apparently in all culicine larvae and very appropriately named by Thompson the black spot area (bs). From this there extends a stout
process passing to and giving support to the complicated system of apodemes of the
feeding brushes described later. From the same black spot area there extends a strong
chitinous bar (ss) passingbackwards and inwards to the structures lying behind the mental
sclerite. This forms a lip-like lower edge to the pharyngeal opening and gives membranous
attachment to the dorsal basal edge of the mandible of its side. The bar clearly represents
the suspensorium of the generalisedinsect head. At the outer end of the bar where it joins
the turned-in edge of the clypeus forming the black spot area is the funnel-shaped opening
of the anterior arm of the tentorium described later.
Posterior to the suspensoriaand forming what has been termed the gnathal area is on
either side a large fenestrated opening (mdo). This opening by its edgesgives attachment to
both mandible and maxilla. The anterior edge is formed by the suspensoriumand gives
attachment only to the dorsal edge of the base of the mandible. Posteriorly the openings
are limited by the sharp sinuousedgesof the genae. About the middle of this edge on each
side is a strong spur-like processcontinued as a partially apodematous thickening on to the
ventral surface of the gena, submaxillary apodeme (sma). This processforms the main articulation both for mandible and maxilla, which are otherwise almost entirely connected
with the head capsuleby membrane only. At this point there arisesthe maxillary palp, with
its small basal crescentic sclerite bearing a hair as described later. The fact that the palp
arisesin this position and that the hypoderm lying between the submaxillary apodeme and
hypostomal suture as far back as the tentorial pit near the cervical collar is included in the
area of the developing maxillary rudiment shows that the structure designated the maxilla
in the larva represents only such part of this appendage as is apical to the maxillary palp
and that the more basal parts (cardo and stipes) are unrepresented except in the hypoderm.
In other words the basesof the maxillae in the larva really extend, as in the adult, practically to the occipital foramen forming the hypostomal area (ET).
The smooth convex median plate between the hypostomal sutures we have termed the
labial area. Anteriorly this terminates in the mental sclerite. Posteriorly on either side at
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the ends of the sutures are the posterior tentorial pits (tp), indicating the points near the
cervical collar where the posterior arms of the tentorium join the head capsule. The mental
sclerite in AL;desaegypti is of the usual triangular shape with, in the fourth instar, 12-13
teeth on either side of the median tooth, the outer three or four teeth being larger and more
widely spaced than the inner ones. Though a striking structure in the larva, the mental
sclerite appears to have no great morphological significance,being cast with the larval skin
and leaving no particular effect upon the hypoderm. Lying ventrally at the base of the
mental sclerite is a lessconspicuousfold of the cuticle carrying a fringe of peculiar flattened
fimbriated hairs.
Lying within the head is the phragmatic structure, the tentorium (Fig. 11 (2) T’, T). This
consistsof a spur-like processprojecting inwards from each of the posterior tentorial pits,
posterior arm, from the termination of which there passesa narrow tubular strand opening
at the anterior tentorial pit of its side, anterior arm (T’). From the point of the spur there
arise certain small muscles of the head among which in Culexpipiens is the long thin
antenna1muscle. In A5desaegypti, where the antenna is very poorly developed, this muscle
is very small and appears to arise only from the shaft of the anterior arm.
Before leaving the description of the head capsuleproper a word may be said regarding the
structuresfrons, clypeus and preclypeus, as also a further brief reference to the tentorium.
Embryologically the parts in front of the antenna1basesare all formed from the everted
precephalic groove, that is, the deep median longitudinal groove which at a certain stage
of development is everted at the anterior end of the embryo to form a conspicuousbulbous
mass (see ch. VII). The ventral surface of this mass becomes the epipharyngeal area. On it
laterally are the brush rudiments looking rather like the disks on the head of a tapeworm,
and connecting these on the dorsal surface is an inverted heart-shaped area, picked out
conspicuously by its special cellular structure, which becomes the preclypeus. The surface
of the embryo posterior to this area as far back as the antenna1 lobes becomes what has
here been given as clypeus. There is also the anatomical arrangement of parts to support
the above conclusion. Snodgrass(1935, p. 110) notes that a facial suture that contains the
anterior tentorial pits is usually to be identified as the epistomal suture, that is the suture
between the clypeus and the frons. As already noted the anterior arm of the tentorium
opens just internal to the falciform apodeme at the point where the dorsal surface of the
head is continued on to the black spot area. If at this level there had been an epistomal
suture crossingthe dorsal surface, it would be reasonable to term that part of the dorsum
behind it frons, and that in front clypeus. Further, the whole ballooned area of the larval
dorsal head surface, ballooned to accommodate the vitally important and large pharynx
(on which as we shall seethe whole life of the larva depends), shrinks in the adult to a small
insignificant area more in keeping with the usual appearance of the frons in the insect head.
The preclypeus, both from its anatomical relations and its development, would therefore
appear to be part of the labrum.
THE

FEEDING

BRUSHES

AND

THEIR

APODEMES

(Fig. 12)

These have been described by Salem, though knowledge of their essential structure and
mode of action is still incomplete. Each brush or jlabellum consistsof long specialised
hairs arising from an elongate oval plaque, jlabellar plaque (fb’).
Each flabellar plaque
somewhat resemblesin appearance an oval mat of chain mail, due to the regular arrangement of the complicated ridge thickenings giving attachment to the swivel-like basal
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attachments of the brush hairs. Of these hairs there are at least some 50-60 transverse
rows, each row carrying at least 25 hairs, thus making a total of at least 1000 hairs per
flabellum. The hairs are about 3-4 i_~in diameter and are therefore far coarser than the
fine pharyngeal fringe hairs which are the real filtering mechanism. It seemscertain that it
is not the function of the flabella to entangle food, but to direct a current into the pharynx
where the filtering is done. The hairs in Ai;des aegypti larva in the outer region of the
brush are simple and filamentous, but those towards the inner end are much thicker and,
as noted by Salem, are toothed like a comb at the ends, much as in carnivorous larvae.
The minute structure of the brusheshas been studied by me chiefly in Culexpipiens, but in
all essentialsthe brushes of AL;desaegypti appear similar, except that in Culex pipiens all
the hairs are equal and simple. Each hair at its base has a flattened spear-like head articulated by its point with the plaque ridges (Fig. 12 (3)). The arrangement is extremely regular
and each hair base is connected with its neighbours by means of small cross-bars in the
basal plaque, apparently to ensure co-ordinate movement. The form taken by the brush is
entirely a matter of the state of the plaque. If this is concave or cupped, the hairs tend to
come together in a point. Conversely convexity of the plaque causesthe hairs to radiate
widely. Movement of the hairs in feeding is further strictly co-ordinated, each row in
successionrising, becoming erect and falling in regular order and sequence.
The plaques are not attached directly, except at their outer ends, to the preclypeus, but
are for the greater part of their external border joined to this structure by the tessellated
membrane (tm). This membrane is covered with block-like thickenings much as might be
a fabric covered with bead work. It is not very apparent when the brushes are erected,
but shows an extensive area between these and the preclypeus, widening medianly and
merging with the palatum when the brushes are flexed. As regards the plaques, each is
attached externally by its end to the encircling lateral extension of the preclypeus and at
this attachment is relatively fixed. Its inner and anterior end is attached by a ligament to
the point of the finger-like apodeme to be described shortly, which apodeme is freely
moveable and capable of being dragged down and inwards by the flabellar muscles. Hence
the flabellar plate relatively fixed at its outer end, though allowed some hinge-like movement, can be dragged down through an angle approaching 90” by its apodeme, dragging
with it the tessellatedmembrane (Fig. 12 (5)).
Extending inwards from the inner border of the plaque is a smooth dark and wrinkled
sheet of thickened membrane which lies over, and by its inner margin is joined to, the
apodeme. This sheet is described by Salem as part of the plaque. It seemsdesirable, however, to consider the plaque with its peculiar structure as distinct. The dark wrinkled
membrane might well from its appearance be termed the scallop (fb”). It seemsto be of an
elastic nature. It is all the more desirable to give at least descriptive names to these various
structures, since they occur with little variation seemingly through most if not all the
Culicini, the parts here described being almost identical with those in C. pipiens.
The apodeme spoken of above is a conspicuousheavily sclerotisedstructure lying along
the inner side of the turned-in edge of the clypeus and flabellar plaque. Its appearance and
connections can best be seen from the figures. Anteriorly it is continued forwards as a
partly superficial and partly deep-lying extension to form the finger-like apodeme already
referred to. Its thickened middle portion is partly overlaid by the scallop. Its posterior end
is continued back to link up, through an intermediate small triangular plate bearing a hair,
with the powerful spur coming from the black spot area. Just internal to this junction on
204

THE

HEAD

CAPSULE

the adjoining membrane is a little spicular area which marks the position of a deep invagination leading to another and quite independent apodeme, which from its characteristic
appearance may be termed the stirrup apodeme (Fig. 12 (2) sr).
The main apodeme consists essentially of several involuted folds of cuticle turned in
along the margin of the flabellar complex and flanking the median membranous area. The
stirrup lies deeper. It has one termination, the more dorsal, thickened to form a knoblike head. The other end is pointed and roughened. Though no doubt connected indirectly
there is no obvious linking of the stirrup apodeme with the flabellar apodeme. Curiously
enough none of the structures described, except the stirrup apodeme, receive the insertion
of any muscles concerned in the movement of the brushes. The muscles moving these
structures are, as will be seen, the inner and outer retractors of the flabella, by far the
largest and most massivemusclesof the head. These two musclesare inserted into the ends
of the stirrup apodeme, the large median (inner) retractor into the head and the outer
retractor into the more ventrally lying pointed end. The action of thesemusclesin retracting
the brushesis not difficult to understand. By their contraction the whole flabellar complex
is dragged backwards and inwards and so into the shelter of the preoral cavity, the flabellar
plaques being made concave and the brushes brought to points. Whilst this, however,
accountsfor the dragging down of the brushesin this way it does not explain, as is noted by
Thompson, how the characteristic movement of these structuresin feeding is brought about.
Between the two flabellar apodemes, crossing the membrane behind the palatum is a
chitinous bar, in part apodematous, post-palatal bar (pp), which links the two apodemes
and indirectly the two flabellar plaques together. Posterior to this is the area of membrane
carrying the epipharyngeal structures and posterior again to the epipharyngeal spinesis a
long narrow chitinous band passingfrom near the posterior end of one flabellar apodeme
to the other. Into the middle of this is inserted the small muscle (no. 4) which takes origin
from the dorsum of the head. The band may be termed the post-epipharyngeal bar (pe).
Still further back is the large expanse of membrane forming the post-epipharyngeal lobe.
All these structures constitute the roof of the preoral cavity.
THE

LARVAL

MOUTHPARTS

(Fig.13)

A large part of the under-surface of the anterior region of the head, that is especially
the extensive area of membrane forming the post-epipharyngeal lobe, forms the roof of
what becomes a cavity when closed in below by the mandibles, maxillae and intervening
structures. This, however, is not correctly the oral cavity, the true mouth being the opening
of the original stomodaeum which in this caseis the entrance to the pharynx, the closed-in
spacereferred to being thepreoral cavity. This receivesposteriorly the wide slit-like opening
of the pharynx, the true mouth. The floor is mainly formed by the dorsal surfaces of the
mandibles and to a limited extent by the maxillae and in the middle line by the dorsal
surface of the mental sclerite and the parts lying behind this (Fig. 25 (2), p .228). Excluding
the labrum, the mouth parts consist of the mandibles, the maxillae and a small rudiment
behind the mental sclerite representing the undeveloped Zabium and hypopharynx.
The characters of the mandibles and maxillae in a number of speciesof mosquito have
been figured by Howard, Dyar and Knab. Those of kdes aegypti have been figured by
Salem and dorsal and ventral views of these organs given in Fig. 13 sufficiently indicate
their structure. As already noted the bases of both mandibles and maxillae are accommodated in the same openingsin the head capsuleand except for membranous connections
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they are articulated with the capsuleby a single common point of attachment, namely with
the spur-like processabout the middle of the genal edge which is a continuation of the line
of submaxillary apodeme (sma). Here mandible, maxillary palp and maxilla are all articulated (Fig. 13 (I), (3) a). In the case of the maxilla there is a further connection, namely
a narrow, only slightly sclerotisedprocesson the inner ventral surface which connectswith
the upper end of the hypostomal suture near the anglesof the mental sclerite (Fig. 13 (3) b).
There is also an inconspicuous process on the dorsal surface ending in membrane
(Fig. 13 (4) c).
Of the various structures characterising the mandible may be noted the conspicuous
comb-like fringes, the function of which would appear to be combing the brushes. Internal
to these are the strongly sclerotisedmandibular teeth and behind these the peculiar molar
lobe (mp), which when the organ is adducted lies in the hollow pouch on either side of the
labial plate. Unlike the mandibles of many insects those of the mosquito as shown in
A. aegypti are rather thin plate-like structures. Apart from the retractors of the flabella
the largest muscles of the head are inserted by a cornmon tendon into the base of the
mandible towards its inner aspect (Fig. 13 (1) adt).
The maxillae are also somewhat plate-like, though not so markedly as the mandibles.
The most conspicuousfeature of the maxilla of A. aegypti is the large brush of hairs at its
apex. The ventral surface is relatively smooth, but the dorsal surface has a spinose lobe
and internal to this a hairy area. There is a thickened ridge on the dorsal surface passing
from the articulation with the hypostomal process to the apex of the organ. This passes
between the spinose lobe and the rest of the maxilla. At the apex is a single or double
conspicuoushair, but in A. aegypti there is no hair on the ventral face which is apparently
the maxillary hair of authors. Close to the outer aspect of the base arises the maxillary
palp carrying some small apical soft papillae. Below the origin of the maxillary palp and
proximal to the maxilla is a small triangular sclerite bearing a hair, possibly the palpiger.
As already noted what is usually described as the maxilla is only the apical portion of this
structure; the more proximal parts are here considered to form the hypostomal area as
previously described.
The Zabium in the larva is completely undeveloped and existsonly as a small, but extremely
complex-looking strongly chitinised small oval plate situated behind the mental sclerite and
comprised in a chitinised sheetformed by the expanded ends of the suspensoria(Fig. ll(2)).
The plate has been figured for several species of mosquito by Marshall (1938). Its
Figure 13. Mandible, maxilla and labial rudiment.
Right mandible. Ventral view. a, point of articulation. External to this is an extensive membranous area.
2 The same, dorsal view. This surface forms the floor of the preoral cavity.
3 Right maxilla and maxillary palp. Ventral view. a, main point of articulation as for mandible
at anterior end of submaxillary apodeme ; b, inner subsidiary attachment at hypostomal suture.
4 Right maxilla and maxillary palp. Dorsal view. c, roughened thickening forming accessory
attachment on dorsal aspect of base.
5 Mental sclerite. Fourth instar.
6 Labial and hypopharyngeal rudiment.
Lettering: adt, adductor tendon of mandible; an, base of antenna; bs, black spot; hs, hypostomal
suture ; mp, molar process of mandible ; sd’, opening of salivary duct ; sma, submaxillary apodeme ;
T, tentorium.
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appearance in A. aegypti has been figured by Salem and is shown in Fig. 13 (6). It appears
very complicated, but actually it seems to consist mainly of two closely approximated
conical prominences carrying on their apical membranous apex three small sensorypapillae,
one double, very like those carried by the maxillary palpi. There seemslittle doubt that
these represent the labial palpi. At the base of the prominences laterally are some peculiar
toothed ridges. Beneath the plate are the actively developing labial parts of the pupa, which
quickly become very large, occupying a considerable space behind the submaxillary area.
Dorsal to the labial plate (Fig. 13 (6)) is a quadrangular area of chitinisation lying
between the ends of the suspensoriawith, on each side, near the labial plate, a large sensory
papilla between which in the middle line is the opening of the common salivary duct (sd’).
The plate represents the hypopharynx and lies just before the entrance to the pharynx.
On each side it forms the inner wall of a pocket lying behind the corners of the mental
sclerite in which in adduction the molar process of the mandible lies.

(c) THORACIC

AND

ABDOMINAL

THORACIC

SEGMENTATION

SEGMENTS

In the first instar following hatching the three thoracic segments,pro-, meso- and metathorax, are clearly marked off by deep indentations (Fig. 9 (7)). In later stages these
segmentsare compacted to form a single more or less globular mass. The limits of the
segments,however, are still indicated by the thoracic hairs and in the case of the last two
segments by the position of the puncta or dark spots indicating the position of the
repressed spiracles,as also by marks on the surface made by the insertion of muscles,even
by slight folds in the cuticle and appearances given by lobes of the parietal layer of fatbody shining through the transparent cuticle. It is characteristic of the larva of A&!es
aegypti that, apart from the relatively small basal plates of some hairs, there are no cuticular
sclerites indicating the segments.
The surface indications given by the above features show clearly that the greater part of
the larval thorax is mesothorax (Fig. 15 (I), (2)), there being only a relatively narrow strip
of prothorax anterior to this and a somewhat more extensivebut tapering portion ascribable
to the metathorax. This is of some importance in judging of the relation to segmentation
of internal organs, tracheae, etc.

THE

ABDOMINAL

SEGMENTS

The abdominal segments,apart from those forming the terminal portion of the abdomen,
are, like those of the thorax, entirely devoid of sclerotised plates other than hair bases.
The limits of the segmentsare, however, well defined by folds of the integument. Usually
at each intersegment are two dominant folds or creases, an anterior and a posterior, the
anterior fold marking the limit of the more anterior segment being usually the more
strongly marked and even reinforced by a narrow line of thickening. The two folds mark
off between them a fairly broad intersegmental area. They correspond to some extent to
the lines at which in many insects the segments are telescoped, the line in front corresponding to the posterior edge of the foremost segmentand the secondline to that at which
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the intersegmental membrane is reflected backwards. Usually in the larva there is no
telescoping and the intersegment stands out as a slightly bulging annular ring, lying
between the broader bulges of the segments. It is into the lines and especially the posterior
line that the intersegmental musclestake their origin and are inserted.
Segments l-7 are all approximately similar in shape being cylindrical or somewhat
flattened dorso-ventrally and bulging laterally a little posterior to their middle where the
lateral hairs take origin. In size they increase from 1 to 3 and then gradually diminish in
size to segment7, which is the smallest segmentapart from the still smaller eighth segment
to be described. Each segmenttowards its anterior end carries laterally the small dark spot
indicating the position of the repressed spiracle (Fig. 10 (1); Fig. 15 st”) and such representatives of the lateral and other hairs as are denoted in the section on chaetotaxy.
The eighth segment in general resembles the preceding segments except that, besides
differences in chaetotaxy, it carries on either side towards its posterior border the row of
spinosescalesforming the comb. As in almost all speciesof Ai;desthe comb in A. aegypti
is devoid of any chitinous plate from which the spines arise. The comb teeth have been
figured by Macfie and are shown in Fig. 10 (4). On each side of the median spine is a spine
of almost equal thickness behind which are a variable number of much finer spines. The
comb scale is symmetrical whereas the somewhat similar pecten scale has asymmetrical
denticles, these being present in the main only on the proximal side of the main spine
(Fig. 10 (5)). The pentad hairs are a conspicuousfeature of the segment. Of these branched
hairs 1 and 5 are situated a little beyond either end of the comb opposite the siphon and
anal segment respectively, whilst 3 is behind the comb about its middle and half way between the siphon and anal segment. The two small simple hairs 2 and 4 are situated a little
ventral of 1 and 3 respectively. Between the eighth and the succeedinganal segment is a
fairly broad intersegmental area.
The anal segment is largely composite since at its base in the hypoderm there develops
the ninth sternite and from its more distal parts are eventually derived the tenth segment
and cerci of the adult. The caudal hairs, four in number, are arranged in two pairs, an
inner and an outer, the hairs of each side arising close together from a convex rounded
half of the fused basal plates. The outer hair is unbranched (or sometimes double) and
longer than the two to four branched inner hair. The plate receives muscular insertions
and there are large basal cells well displayed in the transparent newly ecdysedfourth instar
larva. The hairs of the ventral fan a short distance from their basesdivide into about three
branches which for the most part continue without division.
The anal papillae, as shown by Wigglesworth (1933), are not gills but an adaptation to
meet the physiological need for osmotic regulation of the haemolymph as described in
chapter XXXI when describing the physiology of the larva. In the mature larva the papillae
measure about 0.75 mm. in length. They taper towards their free end and are constricted
at the base, where there is often a narrow ring of dark chitin and at which point they are
very readily detached in manipulations.

(d) THE

LARVAL

CHAETOTAXY

The larval chaetotaxy has been much studied and modifications in numbering of the hairs
by different systemsare apt to be confusing. A few words therefore of explanation of these
systemsis desirable before giving the notation here used for A. aegypti.
I4
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The numbers given by Martini (1923) to the larval hairs of Anopheleshave been found
also applicable to those of mosquitoes generally and with some modification by Puri and
others have been widely used. A particularly clear statement of this modified numbering
has been given by Marshall, which will be useful when discussingmore recent nomenclature. The work of Knight and Chamberlain (1948) on the pupal chaetotaxy of a large
number of genera, and that of Baisas and Pagayon (1949) and of Belkin (195 l-3) in determining the homologies between the larval and pupal chaetotaxy, has, however, raised the
question of possible changes in Martini’s system to fit the homologies shown. Such
determinations have been basedchiefly on the position of the developing pupal hairs as seen
beneath the cuticle of the fourth instar larva before pupation, as also to some extent on the
character of particular hairs and other considerations.
That the larval and pupal hairs are largely homologous has been clearly shown by
Belkin (Zoc.tit) and this author has given a notation that will serve for both the larva and
pupa. This notation, so far as it refers to the larva, seemsto differ only in some details
from the modified Martini system. Belkin (1952) indeed would appear from his
statement on p. 116, to have adopted, for the sake of uniformity, the modified Martini
notation for the larva, making the necessary changes for conformity in the notation as
applied to the pupa. The pupal notation, based on that of a large number of genera, had
been very fully worked out by Knight and Chamberlain independent of the larva. But
Belkin has shown that this is very easily and simply made to correspond with the notation
as in use for the larva. Thus the numbers given by Belkin for the pupa for such a purpose
start with 0 (corresponding to 1 of Knight and Chamberlain) and are with a few exceptions
consistently one less than the notation of these authors (see list of pupal hairs given later
in chapter xv).
It will be shown later when describing the setae of the head, thorax and abdomen that
very small modifications in the Martini notation will suffice to bring this into agreement
with the Belkin numbering. Such agreement will be clear from the lists of hairs given in the
following sectionswhere the Belkin numbers are given in heavy type. (See also the accompanying figures where the Belkin numbers are indicated.)
The larval hairs in AL;desaegypti are in general poorly developed as compared with
those of many Culicines. They can be studied in the cast skin of the fourth instar (or of
other instars if the changesin the instars are being studied). Or the mounted whole larva
may be used. In a dorsal or ventral view the larger lateral hairs are not well displayed,
appearing as tufts, the characters of the individual hairs not being well shown (Fig. 15 (1)).
In a lateral view the hairs and their relations are often better shown, especially if a suitably
mounted bisected larva be used (seeunder ‘ Technique’, p. 117). In A. aegypti branching of
most of the larger hairs is by the hair at a short distance from its base splitting up simultaneously in a flat seriesof branches like the prongs of a table fork compressed laterally
(Fig. 15 (3), (4)). Though an impression of multiple branching is sometimes given, even the
largest hairs rarely divide into more than four branches. Feathering as seenin Anopheles
does not occur. The smaller hairs are simple, bifid or 3-4 branched, the branches in the
last case usually arising at a large angle from near the base. A certain number of larger
lateral hairs arise from basal thickenings, but except for those from which the pleural hairs
take origin these are mostly small and few in number compared with the condition in many
Culicines. The hairs on the dorsal and ventral surface are mostly small, possessno basal
plate and are inconspicuous.
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In all, twenty hairs are numbered by Martini and given in Marshall’s list. But omitting
those on the antenna and maxilla which are best treated in connection with these appendagesthe number becomessixteen. If thesesixteenare now numbered consecutivelyand some
adjustment made in the sequence of the hairs 10-13, it will be seen from the accompanying list of head hairs (Table 9) that the Martini numbers are in complete agreement
with the Belkin numbers here adopted.
Table 9. List of head hairs
Original*
Martini
1U
2
4
5
6
7
8
9
14
12
15
13
18
20

Modified t
Martini
1
la
2

Belkin

4
5
6
8
9
12
10
13

-

11
14
15
*
t
$
$j
7

Edwards and
Given

-

-

-

-

d
c
B
A
8
9
10
11
(:;a)
13
14
15

Pupal
hair

;
-

1
-

1
2
3

Name of hair
Inner preclypeal
Outer preclypeal
Inner clypeal (Anopheles)
Outer clypeal (AnopheZes)$
Post clypeal
Inner frontals
Middle frontal
Outer frontal
Sutural
Transsutural
Supra-orbital
Basal (AnopheZes)
Infra-orbital
Subgenaly
Subbasalor postmandibular
Postmaxillary
Submental

As given by Marshall (1938) (hairs on antenna and mouth-parts omitted).
Renumbered as explained in the text.
Possibly the small hair on the clypeusposterior to hair 1a (Fig. 14 (2)).
For remarks regarding the order of these hairs, seetext.
See text.

There is a further notation for the head hairs which ought to be noted upon, namely, that
by Edwards and Given (1928). These authors have designatedcertain of the head hairs that
are important in systematicwork by the letters A, B, C, d, e and f, a notation that has been
very widely used. This notation is also indicated in the list of head hairs here given.
In regard to pupal homologies there is little to be said, as only three of the head hairs are
represented in the pupal chaetotaxy, namely, nos. 10, 12 and 13 of Belkin’s series corresponding respectively to hairs 1, 2 and 3 of the pupal cephalic hairs. These three hairs in
the pupa are situated on the exposed portion of the head cuticle (ocular plate) and between
the compound eye and the hollow of the curving pupal antenna, that is, on the genal area
as in the larva (Fig. 42 (3) 1,2, 3, p. 357).
The head hairs are readily identified and besides being given numbers they can be
precisely indicated by names, which indicate their position and on this account, wherever
this can be done, are helpful. Hair 1 a, though minute, is present in A. aegypti. Actually on
each side in this situation there are two hairs, namely, one on the preclypeus, which has
been taken to be hair 1a (outer preclypeal of Puri and Marshall), and one just behind this
on the clypeus (Fig. 12 (1)) the nature of which seemsdoubtful, but which may represent
the outer clypeal present in Anopheles (hair 3 of Belkin). Hair 4 (d of Edwards and Given),
post-clypeal, in Ai;des aegypti occupies a forward position which gives to the hairs of this
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speciesa superficial resemblanceto the clypeal hairs of Anupheles (see drawings in Fig. 14
(3) where the hairs as given by Hopkins for certain genera are shown, the figure on the
right being after this author’s figure for AL;des aegypti). Hairs 5, 6 and 7 are respectively
the inner, middle and outer frontal hairs. When these are displaced it is difficult to homologise with certainty the two inner hairs and it is often considered that the middle hair B
is the one which has advanced forwards closer to hair d (as in Hopkins’s figure for A. aegypti
referred to). It seemshere, however, to be more correct to number as though it was hair 1
(C of Edwards and Given) which has moved forwards, as would appear to be the casefrom
the position of the hairs in the earlier instars.
Hair 8 just internal to the suture and hair 9 just external to the suture, respectively
the sutural and transutural, are well named and defined. Hair 10, supraorbital, stands out
in both dorsal and ventral view in profile and can scarcely be mistaken. Hair 11, basal,
arising at the base of the antenna and present in Anopheles is not here represented. Hair 12,
infra-orbital, would appear to be a small unbranched hair situated ventral to the developing
compound eye and a little distance behind the posterior end of the submaxillary apodeme
(Fig. 14 (2) hair 12). Hair 13, subbasal, or named by Puri, postmandibular, arises from the
bulge of the head capsule beyond which the mandible is situated (Fig. 14 (2) hair 13).
Hair 14, postmaxillary is on the hypostomal area and hair 15, submental, on the labial area.
Whilst the above accounts for all fifteen hairs of the recognised head chaetotaxy it still
would appear to leave one hair on the ventral surface unnoted. The hair here taken to be
the infra-orbital is a simple hair situated just ventral to the developing compound eye
(Fig. 14 (2) hair 12). In A. aegypti, however, there is a small trifid hair a little posterior to
this (Fig. 14 (2) hair 12a). Which of these is the infra-orbital would therefore seem not
certain, though the anterior simple hair fits the description better. Curiously enough it has
been difficult to find any information on this point. Very few authors describethe hairs on
the ventral aspect of the head. Martini’s small original figures in this respect are not very
helpful. Marshall’s clear figure of the head with numbered hairs gives only one hair
(hair 15) situated a little anterior to the supra-orbital hair seen in profile. Pending further
consideration the second more posterior hair has been termed the subgenal and entered in
the list of head hairs as no. 12a.
CHAETOTAXY

OF

THE

THORAX

Each segment of the larval thorax carries on each side a number of hairs arranged for the
most part in a line encircling the segmentlaterally, those in the seriessituated dorsally and
ventrally being usually small, those situated more laterally being longer and reaching a
Figure 14. Chaetotaxy of head.
Dorsal view of head showing head hairs. On the right side the numbers relate to Martini’s and
Marshall’s numbering of the hairs. On the left the lettering is according to Edwards and Given.
Ventral view of head showing head hairs. These are numbered after Martini and Marshall.
Hairs of dorsal surface of head of: A, Anopheles; B, Culex fatigans; C, At?descaspius; and
D, A. aegypti, indicating changes in relative position of hairs. The hair d of Edwards and Given
is shown throughout in solid black. Adapted from figures given by Hopkins.
Dorsal view of abdominal segments I and II to show numbering of the hairs.
Ventral view of the same. The letters st indicate the position of the spiracular puncta of the
segments.
For explanation of numbers see the text and list of head hairs on p. 211.
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maximum in the pleural hairs. The number of hairs in the fourth instar larva on the prothorax is 14 (O-13), on the mesothorax 14 (1-14) and on the metathorax 13 (l-l 3)
(Fig. 15 (l), (2)).
To simplify the numbering in Martini’s original notation Puri has made a small modification by which each of the pleural hair tufts is formed of the hairs 9-12, a modification
that has been generally adopted. This has the advantage that the pleural hairs which are
important structuresand obviously homologous are similarly numbered. It fails, however,
to give homology to the hairs 8, 14 and 8 on the respectivethree thoracic segments,though
these appear homologous and were all originally given as 8 (see Fig. 15 (2)). Pending more
precise information on the homologies of the thoracic hairs some compromise would seem
in this case inevitable. Belkin’s numbers appear to be in accordance with Puri’s modification and all that seemsnecessaryhere is to indicate the position of the hairs.
In Fig. 15 the thoracic hairs of A. aegypti fourth instar larva are given and numbered
according to the modified scheme, which as noted is substantially also that of Belkin
(1952). The arrangement and characters of the smaller hairs will be sufficiently evident from
the figures. A brief description may, however, be given of the pleural hairs. These correspond with the position of the genital buds of the three pairs of legs. In both the mesothorax and metathorax the hairs (9-12) arise from basal plaques which are continued into
strongly developed spinesvery characteristic of the species. On the prothorax the pleural
hairs, though also four in number, are much smaller and arise only from a simple papilliform base without a spine, which is also situated more on the ventral surface.
The characters of the basal plaques and their hairs are shown in Fig. 15. The prothoracic
hairs consistof three medium-sized simple hairs with one small bifid hair (Fig. 15 (2)). The
mesothoracic hairs 9-12, passingfrom dorsal to ventral, are (1) a large triple forked hair;
(2) a large simple hair arising in front of a serrated ridge on the basal plaque ; (3) a large
double forked hair; and (4) a very small hair on the posterior portion of the plaque
(Fig. 15 (3)). The pleural hairs of the metathorax are almost exactly similar (Fig. 15 (4)).
Hair 12 is, however, smaller and simple and hair 11 is minute but present.
As in the case of the head hairs there are but few pupal hairs to be considered in respect
to homologies, namely, hairs 4-7 for the prothorax, hairs 8 and 9 for the mesothorax and
hairs 10, 11 and 12 for the metathorax. The pupal hairs 4-7 are arranged in two groups, an
anterior (4 and 5) and a posterior (6 and 7), situated just dorsal of the basal portion of the
curved pupal antenna. According to Belkin (1952) they are probably homologous with
hairs l-5,4 and 5 being equivalent to 1 and 2,1 and 3 or 2 and 3, and 6 and 7 with 3 and 4,

Figure 15. Chaetotaxy of thoracic and abdominal segments I-VII.
Thorax and first abdominal segment, showing hairs of AFdes aegypti larva numbered in
accordance with Martini’s system as slightly modified by Puri and Barraud. Left side dorsal.
Right side ventral.
Lateral view of thorax of A. aegypti, showing position of hairs numbered as in 1.
Basal plaque of mesothoracic pleural hairs.
Basal plaque of metathoracic pleural hairs.
Lateral view of abdominal segments I-VII, showing position of hairs numbered after Martini.
Hairs on segments III-VI are only shown numbered where the numbering is not obvious from
that given on segments I and II.
Lettering: st, spiracular puncta.
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4 and 0 or 4 and 5, the exact homologies being uncertain. The mesothoracic pupal hairs 8
and 9 are situated far back on the mesonotum posterior to the trumpet, 8 being the more
mesa1hair, possibly homologous with larval hair 1, whilst 9 is 4 or 5. The metathorax
(metanotal plate) of the pupa has three hairs on each side, namely, from within outwards
10, 11 and 12, corresponding to the larval metathoracic hairs 1, 2 and 3.

CHAETOTAXY

OF THE ABDOMEN (Fig. 15(5); Fig. 16(4),(5))

The hairs of the abdomen in A. aegypti larva, though many are very small, accord very well
with Martini’s and Belkin’s notations and with the pupal hairs. So far as I have been able
to ascertain, however, the larval chaetotaxy for A. aegypti or any closely related speciesof
Stegomyia has not yet been determined by actual comparison with the developing pupal
hairs and the interpretation here given is therefore based on hair positions and characters
only.
The maximum possible number of hairs for a segment is 15 (hairs O-14). These are set
out provisionally numbered in the figures noted above, with their numbers in Belkin’s
notation. An important point drawn attention to by Belkin (1953) is that two hairs,
termed transitory hairs, present in the fourth instar are not represented in the first instar or
in the pupa. These were first considered to be hairs 9 and 11 (Belkin, 1952), but later
amended to 9 and 13 (Belkin, 1953). In Anopheles freeborni hair 9 first appears in the third
instar and 13 in the second instar, neither being present in the pupa. Both in this species,
however, are shown present in the first segment of the abdomen of the fourth instar. In
A. aegypti these two hairs, in the interpretation here given, are also unrepresented in
abdomen segment I of the fourth instar, as further commented upon below.
All fifteen hairs are normally developed and as a rule easily identified in A. aegypti on
segmentsII-VI. On segmentI only 11 hairs are present and allowing for the small hairs 0
and 14 this leaves two hairs to be accounted for. These appear to be 9 and 13 (see figuring
on 15 (1) and (5)). On segment VII most of the hairs are very small so that with some
exceptions identification is not very certain.
The arrangement of the hairs on the different segmentsis mostly very similar. Hairs O-5
are situated dorsally; hairs 6 and 7 are usually large conspicuouslateral hairs; hairs 8 and 9
are slightly ventral to the mid dorso-ventral line, hair 8 being anterior and hair 9 close to
hairs 6 and 7 ; hairs 10-13 are on the ventral aspect and the position of hair 14 is described
later. The following are brief descriptions of the hairs.
Hair 0 is a minute simple hair situated dorsally on the anterior portion of the segment
on each side. It is most readily seen in the mounted cast skin. It is present on segments
II-VIII.
Hairs l-5 show a characteristic pattern arrangement, that is, hair 1 is most internal and
posterior, hair 2 is anterior to hair 1 and hairs 3 and 4 more or less in line towards hair 5
which is larger and branched and situated on the outer border of the segmentjust internal
and posterior to hairs 6 and 7. Hair 1 on most segmentsis a short branched hair. It
increasesin size on segmentsIV and V and on segment VII is a large bifid hair dorsally
overhanging segment VIII and the base of the siphon. In Anopheles it forms the palmate
hairs. Hairs 2-4 are all small and on the more anterior segmentsare short, bifid, trifid or
more branched except hair 4 which is characteristically a simple hair. Hair 5 becomes a
well-marked branched hair increasing in size to segment IV and then becoming smaller.
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Hair 6 is the largest of the hairs forming the main part of the large lateral hairs. It is
usually four branched on segment I where it rises in common with the large single hair 7
from a small basal plate. It is much the same on segment II, but has only an indefinite
thickening at its base. It is usually branched on III and IV, btid on segmentV and simple
but large on segmentVI. On segment VII it is difficult to identify with certainty. Hair 7
on segmentsI-III is a large simple, bifid or trifid large hair, but beyond becomes small,
bifid or simple.
Table 10. List of hairs of the terminal segments
Notation accordingto
Situation and name of hair
SegmentVIII*
Pentad hair 1
Pentad hair 2
Pentad hair 3
Pentad hair 4
Pentad hair 5

VIII
VIII
VIII
VIII
VIII

Siphon tube
Siphon hair
Apico-dorsal hair

h

-

(IX 1)
(IX 2)

Stigma1plate (segmentIX)
Anterior lobe (sensorypits)

VIII l-3

-

(IX 3-5)

Lateral lobe
Apical papillary
Basal papillary

VIII 4
VIII 5

-

(IX 7)
(IX 6)

Posterior lobe?
Dorsal surface

b

-

(IX 9?)

Ventral surface

Martini
6
7
9
11
13

-

:
e

Marshall

;
3:
P

Belkin
1
2
3
4
5

(VIII
(VIII
(VIII
(VIII
(VIII

1)
5)
7)
lo?)
12?)

(1x8)
-

Anal segment(segmentX)
Saddle hair
(X
Inner caudal hair
o(
Outer caudal hair
(X
(X
Ventral fan
* Also has hairs 0 and 14.
t Martini’s lettering is shown in circles in Fig. 16 (3), (4).

1)
2)
3)
4?)

Hair 8, the pilot hair, is easily identified on segments II-VII by its position a little
posterior to the spiracular puncta of the segment. On segment I what is taken here to be
hair 8 is closer than usual to the lateral hairs and appears to be given as hair 9 in Anopheles
by Belkin (1953). Its relation to the puncta (which are present on segmentI) still, however,
holds good and its rather more posterior position may well be due to the narrower segment.
Hair 9 is a rather characteristic simple, but rather thick, hair much the same on all
segmentsII-VII.
It lies a little ventral to the lateral hairs.
Hairs 10-13 usually have somewhat the same position as hairs 14 dorsally, that is, one
hair, taken to be hair 12, lies a little anterior to the hairs 10 and 11. Hair 13 is a conspicuous multi-branched hair that increases in size to a very large hair on segmentsIV
and V.
Hair 14 is one of a pair of very minute hairs situated close together on the intersegmental membrane in the middle line ventrally. Like hair 0 it is best seen in the mounted
cast skin. It is usually described as present on segmentsIII-VIII,
that is, situated on the
anterior border of each segment on which it occurs, but in the larva it is situated on the
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intersegmental membrane nearer the anteriorly situated segment. Its situation suggests
that the pair of little hairs might have some function in connection with the fold of membrane in this situation. In the pupa the hairs do actually arise on the very edge of the
thickened cuticle of the hinder segment.
On segment VII the hairs are very small and mostly simple, except for the large hair 1.
On segmentVIII the hairs constitute the pentad hairs of Marshall. In the accompanying
list of hairs of the terminal segments(Table 10) the notation is given for these hairs, as also
for the hairs of the siphon and for the anal segment as given by Martini (1923), and by
Marshall with their probable numbering on the new system as given by Belkin. For
description of the siphon hairs see(e), and for the pentad hairs and hairs of the anal segment
description of the larva in (a).

(e) THE

TERMINAL

SPIRACLES

ASSOCIATED

AND

STRUCTURES

THE RESPIRATORY

SIPHON (Fig.16)

The respiratory siphon of the mosquito larva was first described by Haller (1878), and a
surprisingly complete description is given by Raschke (1887), a translation of which is
included by Howard, Dyar and Knab in their description of the parts. The corresponding
structuresin the larva of Anopheles have been very thoroughly described by Imms (1907),
and the structure of the siphon in the culicine larva with homologies of the parts has been
dealt with by me in a previous communication (Christophers, 1922). The most complete
Figure 16. Showingstructureof the respiratorysiphon.
Outline of respiratorysiphon and parts at its baseto showmusclesof the siphon.These are
shown in black as they would appear if the near (left) terminal tracheal trunk had been
removedleavingonly the right-handmuscleof eachpair exceptmusclec where both muscles
of the pair are shown. a-f, the six musclesa-f as given in the list of thesein the text.
For other lettering seebelow.
Apical portion of siphonto showterminal portion of trachealtrunk of left side.
Dorsal view of stigmaticplate. Figures without attached dash relate to the inner plates
respectivelyof anterior (l), lateral (2) and posterior (3) perispiracularlobes. Figures with
attacheddashrelateto the outer platesof theselobesin the order given. 3” indicatesthe soft
membraneat the edgeof the lobe. The smalllettersand figuresin circlesare hairsasnamedby
Martini, this author’s hairs l-3 being those shownat so as sensoryorgans.
Apex of siphonshowingclosureof the terminal spiraclesand musclesa-e of right side. Lobes
and hairs as in no. 3.
The samewith lobes(partially) expandedand musclef.
Parts immediatelyafter pupation showingmedian and lateral portions of the ninth tergite.
Apical view of peristigmaticlobesin retractedposition and situationof the tips of the pupal
paddleswith paddle hair.
Lettering: A, anal segment; al, anterior perispiracularlobe; ap, spiracularapodeme;ash, apical
hair of siphontube; cpt, crypts openingon tracheal trunk; fc, felt chamber;fc’, upper edge of
same; ZZ,lateral lobe of ninth tergite (paddle) of pupa; II’, apical hair of pupal paddle (paddle
hair) ; ml, median lobe of ninth tergite; pl, posterior perispiracularlobe; pmp, posteriormedian
process;tsp, terminal spiracle;tt, trachealtrunk; tt’, terminal portion of trachealtrunk with fine
taenidia; w, cellsof postspiraculargland.
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description of the apical portions included in the ‘stigma1 plate’ is that by Montchadsky
(1930) in his monographic study in which he describesand figures these parts in a large
number of species including Ai;des aegypti (see also Montchadsky, 1924, 1926, 1927).
A more recent paper on the structure of the siphon is that by Keilin, Tate and Vincent
(1935) in which they describe the perispiracular glands which secrete the oily or waxy
substancewhich rendersthe parts about the spiracular openingshydrophobic and so assures
their functioning. A still more recent paper is that by Sautet and Audibert (1946) who
describe the muscles of the siphon and the mechanism of the closing and opening of the
spiracles.
In A. aegypti fourth instar larva the main body of the siphon is a strongly sclerotised
cylindrical tube tapering in its distal half, the siphon tube. Its length is about twice its
breadth at the base, the siphonic index (length/diameter at base) being a little over 2. It
arises from the posterior portion of the eighth abdominal segment at an angle of about
140” with the line of the body (see ch. XI, ‘Hydrostatic balance’, p. 253).
At its basethe siphon tube terminates abruptly in a sharp edgewhich is continued around
the base of the organ without any projecting lateral tag (acus) such as is present in many
species,for example, in Culex pipiens. The edge ends in membrane without any articular
connection. At its apex the siphon tube also ends abruptly in a circular sharp edge. The
dorsal surface of the siphon tube (that facing anteriorly) is devoid of any special structures
except close to the apex where there is on each side a small hair (Fig. 16 (4) ash), hair h of
Martini, or apico-dorsal hair of Marshall. * On the ventral (posterior) surface in the basal
half are the two slightly diverging lines of denticled spines forming the pecten as already
described. These number in the fourth instar from 12-20 in each row, for the most part
evenly spaced. A little beyond the most distal spine and a little internal to the line of
spinesis the siphon hair, usually 2-5 branched. At the apex of the siphon are the terminal
spiracles surrounded by theperispiracular lobes, the structuresas a whole being commonly
referred to as the stigma1 plate.
THE STIGMAL

PLATE

The parts surrounding the terminal spiraclesin the larva of Anopheles are represented, so
to speak, in miniature in the stigma1plate of the culicine larva (Christophers, 1922). The
structuresforming the stigma1plate in the fourth instar larva of AL;desaegypti are shown in
Fig. 16 (3). Almost in the centre are the openings of the spiracles. These are approximately circular in shape with thickened rather transparent edges crossed by transverse
crinkles which give them a somewhat scalloped appearance. The openings are frequently
referred to as stigmata, each opening being a stigma, but there seemsno reason for not
using the term spiracle as defined by Snodgrass(1935). On their inner side the rim surrounding the openings is narrower and more sclerotised and is continuous with the edges
of the hollow structure shortly to be described as the apodeme. This arrangement binds the
openings firmly together and ensures that, when dragged upon by the apodeme in the
closing in of the parts, the openings are pulled in and from being in a somewhat horizontal
plane are dragged in apposition to a more vertical one (see also Sautet and Audibert, 1946).
Around the spiracular openings are certain more or lessflap-like lobes capable of being
opened up at the surface of the water when the spiraclesare functioning and of being closed
* For homology of the hairs of the siphon see ‘Lists of hairs of terminal segments’, p. 217.
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over these when the larva submerges. These lobes are five in number, one anterior, two
lateral and two posterior. The lobes are rather fleshy, but carry certain plates. These are
present on both surfacesleaving the edgesrather soft and rounded. Following Marshall it
is most convenient to refer to these plates as the inner and outer plates of the respective
lobes. The outer plate of the anterior lobe (Fig. 16 (3) 1’) is broad and half-moon-shaped,
the inner plate (Fig. 16 (3) 1) narrower, oval anteriorly and continued posteriorly as a narrow
bar linking up with the apodeme. This portion is dragged well into the siphon tube when
the parts are closed (Fig. 16 (4) and (5)). On each side at the base of the fleshy lateral edge
of the lobe are three sensory hairs present in both anopheline and culicine mosquitoes
(hairs l-3 of Martini; Fig. 16 (3) so). The lateral lobes are papilliform in shape, the inner
plate (2) carrying at its apex a minute, scarcely visible hair (hair no. 4 of Martini). The
posterior lobes are somewhat triangular in shape. Their edges carry some small hairs
(hairs b, c and, at the outer edge of the inner plate, hair d of Martini). The inner plate is
rather densely sclerotised, rough and of an irregular shape (3). Some rather indefinite
thickening connectsit with the apodeme. The outer plate is larger and more indefinite (3’).
It carries a small hair towards its apex and a larger hair more basally (hairs e andfrespectively of Martini). There can be little doubt that the two plates represent, taken together,
the scoop or median plate of the Anopheleslarva. Between the two posterior lobes in the
middle line is a small upright projection picked out by its bifid character, which in certain
conditions can project as a small lobe. It may suitably be termed the posterior median
process(pmp).
In the median line between the spiracles and extending back some distance between the
inner plates of the posterior lobe is a slit-like opening the hardened edgesof which connect
up with all the other structures described and are continued into a deeply penetrating
hollow chitinisation, the stirrup-shaped piece of Howard, Dyar and Knab and other
authors, which will be referred to as the spiracular apodemeor shortly as the apodeme. This
hollow projection receives the insertion of nearly all the muscles of the respiratory siphon
and from this fact and its connections it is, so to speak, the operative structure of the
respiratory mechanism. If dragged upon by muscles from below all the flaps are drawn
inwards and closed over the tracheal openings, which are themselves also somewhat
retracted into the siphon tube (Fig. 16 (4) and (7)). In the absenceof such drag and at the
water surface the flaps are pulled out by surface tension of the water into their extended
position dragging with them the apodeme, a mechanism that can be very prettily shown as
later described in a suitably put up detached siphon.

THE TRACHEAL

TRUNKS

AND

THEIR

TERMINATION

(Fig. 16(1)and(2))

In the spiraclesof insectsthe trachea with its characteristic taenidia does not usually open
directly at the surface of the body but into a secondary chamber, the spiracular atrium, so
that, strictly, the external opening is that of the atria1 orifice. Very commonly too the
atrium is specially developed and has a closing apparatus and its walls may be provided
with felting or other filtering device for the entering air. To this plan the terminal spiracles
of the A. aegypti larva largely conform. The large tracheal trunks, after extending through
the length of the abdomen, enter with little change into the siphon tube and continue side
by side up this structure to within a short distance of the apex. Here just before opening to
the exterior at the spiraclesthey enter a terminal chamber, thefelt chamberof Keilin, Tate
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and Vincent, the walls of which are devoid of taenidia and under a low power give a
granular effect due to minute rnicrotrichia-like projections covering the inner surface.
Their walls have also a certain rigidity and a rounded-off appearance which clearly distinguishes them from the uniform tracheal trunks. The trunks, as in the abdomen, show
fairly coarse taenidian markings, but just before entering the felt chambers their walls
become somewhat thinner and the taenidia much finer over what appears to be an annular
ring of more pliable wall. As noted by Raschke at this point the felt chambers when
retracted are to some extent invaginated into the ends of the tracheal trunks proper. This
may be seenin preparations where in varying degrees the soft annular portion of tracheal
wall is folded, like an intussusception,over the base of the felt chamber (Fig. 16 (2)) (see
also Sautet and Audibert, 1946).
Associated with the terminal spiraclesare thepostspiracular glands (Fig. 16 (1) w). These
have been described in Culexpipiens and Anopheles by Keilin, Tate and Vincent. As noted
by these authors they are most readily seenin the living culicine larva, and especially in the
just ecdysed fourth instar larva, due to the fat globules in the gland cells. They also stain
with soudan red or soudan black using 75 per cent alcoholic solution (see later under fatbody). In the AFdes aegypti larva these appear in sections as irregular agglomerations of
cells with large nuclei enveloping the ventro-lateral region and to a less extent the distal
dorsal parts of the felt chambers. In ventral view fat globules are also seen aggregated
between the felt chambers along the apodeme. I have not succeededin tracing any duct.
The secretion of the glands is responsiblefor the hydrofuge character of the stigma1plates.
MUSCLES

OF THE

SIPHON

(Fig. 16(l)(4)(5))

It seemsdesirable to describe briefly here the rather specialisedmusclesof the respiratory
siphon in relation to the parts that have just been described rather than to deal with these
in the general description of the muscular system of the larva given later. There are five
pairs of what may be termed extrinsic musclesof the siphon with attachments outside this
organ and one small intrinsic muscle proper to the siphon parts only. These six pairs are
as follows (a-f in figures):
Anterior series
a, A pair of musclesarisingfrom the dorsumof the eighthsegmenttowardsits anterior end and

insertedinto the inner side of the felt chambersanteriorly where their wall links up with the
apodemeand with the point of the inner plate of the anterior lobe.
b, A pair of musclesarisingfrom the dorsumof the eighthsegmenttowardsits anterior border
external to a and insertedinto the apodemetowardsits tip a little above musclec.
c, A pair of musclesarisingfrom the dorsumof the eighth segmentand insertedinto the tip of
the apodeme.
Posterior series
d, A pair of musclesarising one on each side ventro-laterally from the intersegmentalline

betweenthe eighthand anal segments,and insertedclosetogetherin the region of the baseof the
median posteriorprocess.The muscles pass internal to the muscular bandsf.
e, A pair of extremely fine thread-like muscles accompanying d for much of their course but
arising from the dorsal part of the intersegment and inserted in the hypoderm of the inner plate
of the posterior lobe. The muscles pass external tof.
f, A pair of short but relatively stout muscles intrinsic to the siphon. These take origin from the
point of the apodeme and are inserted into the lowest point of the outer plate of the posterior lobe.
They appear to be homologous with the longitudinal muscles described by Imms in Anopheles.
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All exceptfare extremely long and thin muscles. Muscles a-c pass up in the angle left
anteriorly by the tracheal trunks. Muscles d-e pass similarly up the siphon between the
trunks posteriorly. It is scarcely possible to number these muscles in accordance with
Samtleben’s numbers for the musclesof the abdominal segments1-7, but there seemslittle
doubt that muscles a-c are median members of the dorsal longitudinal intersegmental
seriesof the eighth segmentpassingfrom intersegmentalline 7-8 to intersegmentalline 8-9.
Muscle d may be one of the dorso-ventral series and e possibly one of the dorsal longitudinal 9-10, but no certainty can be attached to either supposition. For reference to the
muscle series see under ‘ Muscular system of the larva’, p. 313.
THE

CHORDOTONAL

ORGANS

OF THE

SIPHON

(Fig. 35(10)(11))

A conspicuousfeature of the siphon is the occurrence of a series of well-developed chordotonal organs. Demo11 (1917) notes that there are three pairs of chordotonal organs in
the siphon of the Culex larva, but does not describe these. Nor does any other author
appear to have done so. There are three, possibly four, pairs in the siphon of ASdesaegypti,
three large passing through the whole length of the siphon and one small limited to the
apical portion of the siphon. These are described later in the section on sensory organs of
the larva. It seemsdesirable, however, briefly to record them here. The four pairs are as
given below.
1. A posteriorpair with the basalcell attachedto the membranejust below the lower margin
of the siphon tube at a position a little internal to the row of spinesof their side and with the
filamentspassingup the siphontube posteriorly to be attachedby severalbranchesto the hypoderm at the apex of the siphontube below the posteriorlobes.The filamentspasscloseto and are
connectedwith the baseof the siphonhair.
2. A lateral pair with the basalcell attachedto the membranejust below the siphonedge in
a position a little external to the row of spinesof their side. Their filamentspassup the tube
outsidethe trachealtrunk of its sideand enter the lateral lobesof the spiracularplate.
3. An anterior pair passingfrom the anterior dorsal border of the eighth segmentto the felt
chamberof its sideat the point of insertionof musclea.
4. A small triangular cell with one filament attached to the wall of the siphon anteriorly a
short distancebelow the apical hair and two passingrespectivelyto the upper part of the felt
chamberand the trachealtrunk where this endsin the ring of fine taenidia.
Two of thesepairs, nos. 1 and 2, have well-marked and undoubted scolopale appearances
at their base. The third seemsundoubtedly of the same nature, but has a lessdistinct basal
senseorgan, and the fourth is a much smaller and more delicate structure, but appears to
be of the chordotonal nature.
SEGMENTAL

RELATIONS
AND

OF THE

ASSOCIATED

TERMINAL

SPIRACLES

STRUCTURES

The respiratory siphon is a peculiar structure the segmental relations of which are not at
once apparent. In a previous communication (Christophers, 1922) I have dealt in some
detail with the structure and development of the respiratory siphon showing that in the
young fourth instar larva the hypoderm of this structure forms a conical protrusion of the
shape of the siphon tube. As development proceeds the sidesof this hypodermic cone are
sheared off by fissuresstarting at the apex, the pieces so separated being the future pupal
paddles. These extend through the whole length of the siphon, their apices lying beneath
the posterior lobes of the stigma1plate. The median portion forms a separate cone with
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the spiraclesat its apex. This position of the parts must not be confused with the growth of
a genital bud arising from some point on the hypoderm and developing into an organ.
The paddle rudiments are formed in situ from the hypoderm of the siphon tube, that is, the
hypoderm of the sidesof the siphon is what will become the paddle. The paddles of the pupa
can be shown to be the lateral portions of the ninth tergite and the lateral wall of the siphon
tube, so far as its hypoderm is concerned, is therefore the lateral lobe of the ninth tergite.
The central portion left by the fissuresis at the time of pupation withdrawn from the
siphon tube, but unlike the paddle rudiments, which harden and become pupal structures,
shrinks rapidly, though not so rapidly that in the newly emerged pupa it cannot still be
recognised as forming a semicircular plate lying behind the eighth tergite of the pupa
(Fig. 16 (6) ml). It can eventually in fact be traced till it forms the median portion of the
ninth tergite in the adult. If this median portion be examined shortly after pupation, it can
readily be seen that on its lower surface are the pits left where the cast-off tracheal trunks
have been drawn out, and in sectionsthe pits show what has been the tracheal epithelium
around the cast-off trunk linings.
It remains only to ascertain the path by which the spiracles have travelled to their
abnormal position. They can scarcely be other than spiracles of the eighth segment which
is the last segment to bear spiracles through the whole of the upper insects except the
Diptera where it has been eliminated in the imago. There are no such structures in the
higher insectsas spiraclesof a ninth segment. If this be so, then the eighth spiraclesin the
mosquito larva have been drawn up behind the ninth segmentin whole or in part for, as has
been seen, the pits from which their tracheae have been drawn lie behind the shrunken
ninth tergite. In this connection it is of interest to compare the culicine siphon with the
respiratory structures in the larva of Anopheks. It has already been noted that the stigmatic plate of the culicine siphon shows in miniature the parts surrounding the terminal
spiracles of the Anopheleslarva. Lying external to these parts in the Anopheleslarva is,
anteriorly on the eighth segment, a fold which in a previous communication (1922) I
named the presiphonic fold, a fold which is continuous laterally with the areas delimited
by the bar at the base of the comb. It is in these lateral areas that in Anophelesthe pupal
paddles develop, their tips being in the sidesof the scoop, which correspond to the posterior
lobes of the culicine stigmatic plate. It requires but little modification to seein these parts
areas which have become the sidesof the siphon in the culicine larva. The eighth spiracles
would then appear to have migrated backwards between the ninth tergite and sternite with
the result that the ninth sternite has been left in position at the base of the anal segment
ventrally, where later in the adult stageit is seenas the narrow ninth sternite bearing in the
male the gonocoxites, whilst the ninth tergite is shifted bodily dorsally to form in the
culicine larva a part of the spiracular plate, or in the anopheline larva the presiphonic fold,
its lateral parts becoming the pupal paddles and its central part the ninth tergite in the
imago.
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REMARKS

ON THE

INSTARS

No account of the larva would be complete that did not take into consideration the different
instars and changeswhich the larva passesthrough in the course of its growth. The most
complete account of these changesin A&?esaegypti, including measurementsof the parts
instar by instar, is that by Macfie (1917). *
In A. aegypti, as in all mosquitoes, there are four larval instars, each instar terminating
in a moult or ecdysis. The instars are periods of growth in which the larva starts at about
the level it reached at the end of the previous instar and ends with that with which it starts
in the next instar. At such time the soft parts increase in size whilst the hard cuticular
structures such as the head, spines and hairs remain unchanged. The result is that whilst
the hard parts in the different instars show throughout characters special to that instar the
changesin the soft parts and relation of these to the hard give rise to a similarity in appearance of corresponding stagesof growth of all instars. Thus each instar starts with a relatively large head, a short respiratory siphon and relatively very long lateral hairs, and ends
with a small head, longer siphon and much lessconspicuouslateral hairs, the general effect,
except in size, depending more on the stage of growth than on the particular instar concerned (Fig. 17 (l), (2), (3); Fig. 18 (l), (2)).
IDENTIFICATION

OF THE

INSTARS

Except for the first instar, which has a number of special features, most changesin chaetotaxy and other external characters consist of an increased branching of the hairs, increase
in the number and branching of spines and increase in complexity of parts such as the
respiratory siphon, anal segmentand mouth-parts. There are certain characters, however,
which are specificto certain instars. TheJirst instar at all stagesis at once identified by the
presence on the dorsum of the head of the egg-breaker. Further characters in which this
instar differs will be given later. But the presence of the egg-breaker is so immediately
diagnostic that no other characters are necessaryfor identification. The second and third
instars are, with a little experience, to be identified by their size and general appearance.
The most certain method of identification is by measurement of the transverse diameter of
the head. In the successiveinstars I-IV this should be approximately 0.3, 0.45, 0.65 and
0.95 mm. In this respect the third instar in the later stagesis apt to be somewhat variable.
The dark head at this stage should, however, suffice to distinguish any well-grown third
instar larva from the fourth instar larva in which the head, unlike all other instars, never
fully darkens. The fourth instar also in all stagesshowsthe rudiments of the pupal respiratory trumpets.
* For other descriptionsof the instar characterssee Howard, Dyar and Knab (1912), Tanzer (1921, Anopheles
Theobaldi,Cukx and Corethra),Cooling (1924, Azdesaegypti),Put-i(1931, Anopheles),Tate (1932, Orthopodomyia),
Marshall (1938) who gives a good summary of the changes,Jobling (1938) especiallychangesin the respiratory
siphon in Culex, Wigglesworth (1938) for description of the early first instar in Acdesaegypti.
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In cultures the cast skins appearing at the surface of the water also show the stage at
which the majority of the larvae have arrived. At a little over 24 hours from hatching there
appear in numbers the minute skins of the first instar, the dark heads visible to the naked
eye only as tiny black specks. On the second day the skins of the secondinstar are readily
seenas skinsfloating at the surface, as also on the third day are the large third instar skins.
The skins at the fourth ecdysis are obviously those of the full-grown larva. They appear
only some 3 days after the smaller third instar skins and when pupae are present.

RECOGNITION

OF

STAGES

OF

THE

INSTARS

Special interest relates to the stage in each instar immediately following ecdysis and that
immediately preceding change to the next instar. One reason is that these two stages
constitute definite points in growth, which at other times during the instar proceedswithout
any structural landmarks. These are, therefore, the stagesmost suitable for measurements
or other determinations relative to the instars. The two stageswill be referred to respectively as the immediate and the pre-ecdysis stage, or, used in same sense,post-ecdysis
may be substituted for immediate.
These stageshave certain characteristics.Thus immediately following ecdysis,especially
in the early instars, a most striking feature is the large ballooned, unpigmented and almost
transparent head (Fig. 17 (1 A), (2~), (3~)). This later hardens and darkens, becoming in
the first three instars almost black. It is thus easy by naked eye to pick out from other
more normal larvae any which have recently undergone ecdysis.Where material is required
for measurementssuchas are given later when dealing with growth, a useful technique is to
collect in the first place suchlarvae in the instar preceding that required as show themselves
on the point of ecdysis. This is done as explained below, and these larvae can then be kept
under observation and removed immediately they leave their skins. It is advisable to
wait a few minutes for the head structuresto adjust themselves. Newly ecdysedforms are
also very useful for making preparations to show larval structure sinceat this stagefat-body
is at a minimum and the head, and even to a considerable extent the body, is so transparent
that the internal organs and details of structure show to best advantage.
The most conspicuousfeature of the pre-ecdysisstageis the appearance under the cuticle
with approaching ecdysisof the dark hairs of the next instar wrapped round the body and
clearly visible as dark bands across the thorax and abdominal segments (Fig. 17 (2~),
Fig. 18 (1 B)). Larvae in this state can usually be picked out by naked eye owing to their
Figure 17. General characters of instars.
First instar larva. A, newly hatched larva immediately after leaving the egg. A', the same when
the head has swollen to the normal condition for the instar. B, first instar larva ‘pre-ecdysis’.
Second instar larva. A, ‘ immediate ’ ; B, ‘ pre-ecdysis
‘.
Third instar larva ‘ immediate ‘.
First instar larva. a, c, lateral view of terminal segments at beginning and end of instar;
b, d, posterior view of siphon at these times.
Second instar larva. Lettering as 4.
Third instar larva. Lettering as 4.
Figures l-3 (also 1 and 2 of Fig. 18) are at the same magnification, and so approximately are
Figs. 4-6.
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Figure 18. General charactersof instars(cont.).
1 Third instar larva ‘ pre-ecdysis
‘.
2 Fourth instar larva ‘immediate’.
The figuresare at the samemagnificationas thoseof Fig. 17 (l)-(3).

slightlydarker colorationproducedby thesebands. In the fourth instar, however,where
thereare no suchhairs,sincethe oncomingpupal hairsare not conspicuous,
the approach
of ecdysisis readilyjudged by the degreeof darkeningof the pupal trumpet rudiments.
Theselie in the shouldersof the thorax and are very conspicuous
in the later stagesof this
instar. At first pale they becomeas the larva maturesfirst yellow and eventuallybrown,
by which time the larva is on the point of pupation.
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Of the physiologicalchangesoccurringat and responsiblefor ecdysisit will be sufficient
for the presentto note that the processbeginswith separationof the epidermalcellsfrom
the old and the laying down of a new cuticle, the spacebetweenthe new and the old
becomingfilled with fluid, ecdysialjkid. Further the ecdysialfluid, by reasonof its enzyme
or enzymes,digestsand dissolvesthe thick endocuticularinner layer of the old cuticle
leavingonly the thin outer layers. Hencethe castskin, asweighedfor instancein the case
of the mosquitolarva, would not necessarily
be that of the whole cuticleas originallylaid
down. Further, the cuticleof the larva over most of the body lacks any hardenedlayer
(exocuticle)exceptfor suchpartsasthe headcapsule,respiratorysiphonand hair plaques.
Of thesehard partsit is only the headcapsulethat offersany bar to removalat ecdysisof
the containedlarval parts,thoughsometearingof the thin cuticlenear the headmay take
place. In the caseof the head capsule,dissolvingof the endocuticleleavescertainlines of
weaknesswherethe exocuticleis deficient,ecdysial lines. Suchare the linesthat have the
appearance,or actuallyare, the armsof the epicranialsuturesand at ecdysisit is thesethat
break to allow the new larval head to emerge. At ecdysisthe head capsuleis torn along
theselines as far back as their terminationat the neck and nearly as far forwardsas the
antenna1prominences,thus allowing a broad wedge-shaped
portion of the dorsumof the
head to be pushedforwardsas a flap and the cervicalcollar to part at this point. Apart
from the headcapsuleand the delicatestigmaticcordsthereis little to preventthe body of
the larva bathedin ecdysialfluid from being drawn out. Besidesthe externalsurfaceof
the body similar processes
take place in the cuticular lining of the trachealtrunks and
vesselsenablingthesesimilarly to break at lines of weaknessand so be drawn out as
describedbelow.
As ecdysisapproaches,especiallythe final or pupal ecdysis,the larva tends to cease
feedingand to remainat restat the surface.In the earlyinstarsecdysisis usuallyvery rapid
and the processis most readily followed in moulting of the third or fourth instar larva,
though in the latter caseit is somewhatmodified by the fact that it is the pupa and not
anotherlarval instar to which it givesrise. One of the first signsthat ecdysisis about to
take placeis the appearanceof dark bandsacrossthe thoraxdue to the circularlywrapped
lateral hairs of the next instar shining through the cuticle (Fig. 17 (2~) ; Fig. 18 (1B)).
Under the microscopethesebandsare very conspicuous
and are usefulasenablingone to
pick out at oncelarvae that are about to moult. The trachealtrunksare alsonow seento
have double contours,the original and still only functionaltrunk lying within the larger
future trunk that is filled with fluid. It may now perhapsbe observedthat the ecdysial
lineson the headcapsuleare parted,especiallyin the third instarwheresomewideningof
theselinesmay bepresentfor somelittle time beforeactivesplittingoccurs.With the active
onsetof moulting the pale transparentnew instar head, coveredwith droplet-likemarks
on the cuticleis seenexposedasit forcesforwardsthe flap-likedorsumof the head. Active
pulsationmovementsare now seenin the interior of the head. Theseare due to contractions of the pharynxmaking swallowingmovementsasdescribedby Wigglesworth(1938).
Vermicular movementsand twitchingsalso take placein the abdomenand there may be
occasionallashingmovementsof this part. Twitchingsare seenalsoin the occipitalregion
where musclesof the mandiblesand maxillae are assistingin the withdrawal of the new
mouth-partsfrom the old. The trachealtrunks may now be seento be broken at points
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distal to the cords passingfrom them to the puncta. Shruggingsand flexures of the head
accompanied by powerful muscular contractions eventually free the head, tearing the soft
membrane of the neck and thorax and finally thrusting the old head capsule, now completely discarded, downwards. Almost imperceptibly now the thin cuticle of the body is
slipped backwards dragging with it the broken-up pieces of the tracheal trunks that have
been drawn out through traction on the cords. Probably also, to judge by appearances,
the fragments of cord are partly squeezedout through the now open soft spiracular openings
by movements of the body. As the thin wrinkling cuticle slips back, the long thoracic hairs
are liberated and straighten. After the skin has come to lie in a wrinkled mass about the
posterior extremity of the larva, the siphon and anal papillae are withdrawn and the larva
wriggles free. Though the description is long the whole process, especially in the early
instars, happens with surprising rapidity. With a healthy larva the time taken may be less
than a minute. Where conditions are adverse it may take half an hour or more. The chief
delay is the time taken to liberate the head. Once this is free full emergenceusually quickly
follows.
The discarded skin, at first closely compacted, after a time loosens and floats like a
shadow larva with its siphon still attached to the surface film. In a good culture it may be
seen so floating with hundreds of others after each ecdysisperiod.
The new larva now has an almost transparent head which slowly darkens, becoming in
the first three instars almost black. In the fourth instar larva it never darkens so fully.
The tracheal trunks, especially in the second and third instars are, after ecdysis, relatively
enormous and the larva is extremely buoyant so that it floats even in spirit and may often
be seen floating at the surface when first put into fixative when larvae of other stagessink.
Extraction of the tracheal trunks is according to a general plan as follows. With the
siphon come away the tracheal trunks up to the level of the break in the trunks towards the
anterior end of the seventh segment, bringing with them the branches supplying the
anal segment. In the other abdominal segmentsthe break in the trunk occurs behind the
point of attachment of the cord, so that it is the portion of trunk from the preceding
segment to that carrying the puncta that is drawn out. In the thorax the same plan holds
good. The greater part of the trunks on each side are drawn out with the cords attached
to the puncta of the first abdominal segment. A portion in front of this is drawn out by
the cord from the metathoracic puncta and the lining of the trunks in the prothorax with
that of the head tracheae by the cord from the puncta lying between the mesothoracic and
metathoracic hair series, which has here been considered to be the mesothoracic puncta
(Fig. 29, p. 301; Fig. 48 (l), p. 391).
The skins left after ecdysis, especially that of the fourth instar larva, have been much
used for systematic and descriptive purposes since all the cutaneous structures are exceedingly well displayed and all possibility of error is avoided where the corresponding
imago has been bred out and preserved. The skins also show with remarkable clearnessthe
structures connected with the mouth-parts and pharynx. Such skins, when they have
suitably relaxed, can be mounted flat after suitable treatment in canada balsam or Bhatia’s
medium, or for accurate systematicwork or study of the chaetotaxy should be prepared by
Puri’s method. In this the skin is niggled under the dissectingmicroscope with needles to
divide it along the ventral mid-line, floated on a slide and spread out with needles. It is
then flooded with 90 per cent alcohol which causesthe skin to flatten and adhere to the
glass. Or if desired it can be detached and treated as a section.
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Besidesmaking use of the cast skin, the newly ecdysedlarva is very suitable for morphological studies owing to its transparency. The head especially is so transparent that,
examined fresh or mounted, the brain and other structuresare very well displayed, especially if suitably stained, for example, by picro-carmine. Chordotonal organs and some
other structures are also at this stage well seen, and owing to the fat-body being at a
minimum at this stagein the fourth instar larva the newly ecdysedfourth instar larva forms
excellent material for sectioning.
Still another useful purpose served by the newly ecdysed larva is that it forms a fixed
point from which observations can be timed when studying growth, etc.

(c) THE

FIRST

INSTAR

LARVA

The first instar larva when newly hatched measuresabout a millimetre in length, but grows
during the instar to nearly twice that measurement. When first hatched it has a very
characteristic appearance (Fig. 17 (1) A, A’). Good figures in this stagehave been given by
Roubaud (1929), and by Wigglesworth (1938). At this time the head is narrow and rather
triangular in shape. The brusheslie impacted in the pre-oral cavity between the mandibles
and it is only after some two hours, when the head has swollen, that they are liberated and
begin to work intermittently. The swelling begins shortly after hatching and is well marked
in about 2 hours when the head is much enlarged, globular and swollen out with fluid.
This swelling is largely in the frontal region of the head, which remains bulged even when
the head darkens and hardens, giving to this in the first, and to some extent in other early
instars, an overhung shape differing from that of the fourth instar (Fig. 19 (1)). Other
characteristic features of the early first instar are the elbowed antennae and the markedly
annulated abdomen. Later the antennae straighten as the larva grows and the deeply
indented abdomen becomes more uniformly cylindrical and worm-like. Other characteristics are given below.

THE

EGG-BREAKER

(Fig. 7 (4), (5); Fig. 19 (l), (2)

This is present only in the first instar larva and has already been described to some extent
in the chapter dealing with eclosion. It is situated on the dorsum of the head on the most
prominent part of the fronto-clypeus and consists of a strongly sclerotised, very sharp
pointed, curved and somewhatflattened cone setin an oval area of soft membrane (Fig. 7 (4)).
Passingbackwards from the conical main body is a line of thickening joining this to the
normal cuticle of the head and giving to the whole structure somewhat the appearance of
a tennis racquet. Where this extension joins the head capsule is an area of thickening and
into this on each side of the middle line is inserted the origin of the large median retractor
musclesof the feeding brushes(head musclesno. 2). * Two smaller muscles,nos. 4 and 13,
passingrespectively to the roof of the mouth and the roof of the pharynx, also take origin,
if not from the cone itself, at least from the hypoderm near this (Fig. 19 (1)). The eggbreaker in British mosquitoes has been described by Marshall (1938), who points out that
in speciesof Ak;desthe cone ends in a point, whereas in Culex it is chisel-shaped. In AZdes
aegypti, even under high magnification, the point is still round and very sharp.
* For numbering and descriptionof musclesseech. XIII
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MOUTH-PARTS

(Fig.19(1-5))

In the young larva the only sclerotised parts are the egg-breaker and the tiny mental
sclerite. Later the head capsule darkens and becomes to the naked eye almost black.
A curious feature of the cuticle of the dorsum of the head and especially in the region of
the egg-breaker is its finely ribbed character giving an appearance very like the skin lines
on the finger tips used in classifying finger prints. It also differs somewhat from that of
later stagesin being very widely open behind. Through this in the later stagesof the instar
a good portion of the brain is extruded into the swollen neck.
The labral parts are, in miniature, almost identical with those of the larva in later instars.
The palatum, tessellatedmembrane, brush plates and their characteristic apodemes are all
to be recognised(Fig. 19 (4), (5)). The feeding brushes have much the same characters as
those of the mature larva and already show towards their inner ends the curved thickened
brush filaments with fine comb-like ends as described in the mature larva. The preclypeus,
though more overhung, is very similar to this structure in later instars and not only shows
the preclypeal hairs but also the small outer hairs (hair 1a), or at least their basal marks.
The antennae, when they have straightened and hardened, differ little from these organs
in the mature larva except that the antenna1hair is relatively rather large and double. The
parts at the apex are fully as complex showing a number of hairs and processes,namely,
a dorsal hair, an outer small and a larger inner spine, a sensory papilla and two ventral
hairs arising a little below the apex. Of these the inner hair is especially long, reaching
about one-third of the length of the shaft of the antenna.
All the head hairs can be located if carefully looked for, though all are unbranched and
the arrangement of the important hairs 4-7 different and seemingly more primitive
(Fig. 19 (2), (3), (4)). Thus the three frontal hairs are now more or less in line, very like the
three frontal hairs in the Anopheleslarva, and the hair 4 is well in front. The position of
Figure 19. First instar larva.
Lateral view of head of first instar larva. a, overhangingfrontal region; b, pale area showing
position of pharynx.
Dorsal view of sameto showchaetotaxy.
Frontal portion of samemore highly magnified.
Ventral view of head of newly hatchedlarva.
Showingpalatum and related structures.
Lateral view of thorax to showchaetotaxy.The prothoracichairs are to the right.
Abdominal segmentsI-VIII to showchaetotaxy. Dorsal view. The asterisksmark a hair of
the small dorsal group (hair 5?) that increasesin length to segmentV. a, hair 1; b, hair 2.
Lateral view of terminal segmentsof newly hatchedlarva. Only two of the four anal papillae
are shown.
Lateral view of siphonof advancedfirst instarlarva showingballoonednewly formed tracheal
trunk of oncomingsecondinstar surroundingpipe-like trachealtrunk of first instar.
Lettering: A, anal segment;ap, flabellar apodeme; ash, apical hair of siphon; bmh, basal
maxillary hair; dh, dorsalhairs. One sideonly shown;fb, flabellumor feedingbrush;fb’, flabellar
plate; h, hypoderm of new forming brushes; md, mandible; mx, maxilla; p, palatum; ph, pilot
hair; sh, siphonhair; sh.f, hair f of Martini; tm, tessellatedmembrane; tt, trachealtrunk.
Musclesare numberedas given in the list of head musclesin text (ch. XIII (c)).
Hairs are numberedas for the fourth instar larva (seeFigs. 14, 15).
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hair 8 also differs somewhat, being much nearer the middle line about half-way between the
ocelli and the egg-breaker. Hair 9 is shown only as a pale spot near the posterior portion
of the suture, which in the head of the first instar larva is very short. A point of some
interest is that hair 17 of Martini (basal maxillary hair; Fig. 19 (4) bmh) does not arise
from a separate basal sclerite of the maxilla, which has not yet been separated off, but from
the head capsule on what will clearly later be this sclerite (Fig. 19 (4)). Thus the supposed
error of some authors of depicting this hair on the head capsule is correct for the first
instar larva.
The mandibles and maxillae are much as in the fourth instar, though somewhat simpler.
The mandibles show the characteristic combs, teeth and a small molar process. The
maxillae are rather conical with the terminal tuft less spread out than in the later instars.
The maxilla has a terminal blunt spine about half the length of the organ. The palp is
flattened dorso-ventrally with a crest bearing some smaller spines. On its side is a minute
projection, but so far as could be made out no distinct hair.

THORACIC

AND

ABDOMINAL

CHAETOTAXY

(Fig. 19(6),(7);

Fig. 20(5))

The long lateral hairs and all other hairs of the thorax and abdomen are simple and unbranched. Most, if not all, of the larger hairs of the fourth instar are represented. There
are no strongly sclerotised basal plaques as seen in the later instars, though some indication where these will appear is sometimes given. The most notable missing hairs are the
prothoracic hairs l-3. Four hairs of the pleural series(hairs 9-12) are present on the prothorax and three on both the meso- and metathorax. The minute hair 12 on the mesothorax is not present until the fourth instar (or third according to Macfie). The same
applies to hair 12 on the metathorax.
On abdominal segmentsI-IV the large lateral hairs (6 and 7) arise close together from
separate bases and are simple. Next to these the most conspicuous hair is the pilot hair
(hair 8) which arises a little in front of hairs 6 and 7. It is present on all segmentsexcept
the first and eighth. As indicated on the figure, there are four small hairs only on the dorsal
surface of the segmentsmuch in the relative positions of the small dorsal hairs in the fourth
instar. The outermost of these hairs increasesin length to segmentV and would appear to
be hair 5. In this case hair 4 is the probable missing hair (see also Mattingly (19 17), who
gives only four hairs for instars I and II (five for instar III)). Three hairs only are present
on the ventral surface of segmentsII-V instead of five (hairs 9-13). This accords with
Belkin’s finding that hairs 9 and 13 only appear later. On segmentsVI and VII all hairs
are relatively small. At least eight are present on each side of VI and ten on VII. The five
pentad hairs are all simple.
THE SIPHON

(Fig. 19 (8), (9))

In the newly hatched larva the siphon is almost entirely soft. Later the terminal portion
only becomes darker and hardened, that is about one-fifth of its length, the sclerotised
portion stopping, as in later instars except the fourth, at about the level of the distal end
of the pecten. The pecten spinesnumber 4-5 arising on soft membrane. The siphon hair is
simple. As the parts harden towards the end of the instar it becomespossibleto trace most
of the structures of the spiracular plate. The tracheal trunks, which as described later are
narrow and tubular, open by small orifices close together towards the anterior border of
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the siphon apex. Behind these are the two posterior lobes with their inner and outer
plates. The inner plates are clearly visible from an early stage, the outer only later. From
the outer surface of the lobe on each side, and from the outer plate when this becomes
apparent through hardening of the cuticle, arises a largish curved hair (hair f of Martini
(Fig. 19 (9) shrf). This is figured by Wigglesworth and apparently takes a part in the early
contacting of the surface of the water when the siphon is first brought against this. Usually
in the advanced larva indications of the anterior lobe with its chitinised outer plate can be
seen.The lateral lobes are not clearly shown at this stage, but their position is indicated by
a small hair.
The most striking differences from the siphon in later instars relate to the tracheal
trunks. As also throughout the abdomen these are narrow and tubular and even under the
oil immersion show no indication of taenidia. They are soon surrounded by the developing,
dilated and fluid-filled trunks of the succeeding instar within which they lie loose and
usually thrown into bends as though allowing for expansion of the body with growth
(Fig. (19 (8) tt, (9)). At their terminations they are rounded and appear to open only by
a small pore or slit. They show no indication at any stage of the formation of the felt
chambers.
THE ANAL LOBE (Fig. 17 (4) c; Fig. 19 (8))

The anal lobe carries dorsally at its apical extremity four well-developed dorsal hairs. These
rise from a well-developed basal plate and are unbranched. The saddle plate is restricted
to the extreme dorsal aspectof the lobe in its distal half. The saddle hair is simple and arises
laterally. There is no ventral fan or any indication of this. The anal papillae are banana
shaped and about the same length as the segment. They show in the early stagesof the
instar an outer layer of large flat, but thick, cells with little or no indication of any cuticle.
The branching tracheae so conspicuousin later stagesare undeveloped.
INTERNAL

STRUCTURE (Fig. 20 (l),(2),(3))

The alimentary canal consistsof the same parts and has much the appearance of that in
the mature larva, the chief difference being in the disproportionate size of the proventriculus
and salivary glands and the smaller gastric caeca. The pharynx is of the characteristic and
dilated form seen in the mature larva with much of its structure including lines of fringe
already marked out. The fringes, though rather delicate, are very similar to those in the
fourth instar, the filaments and spacesbeing in proportion, in this case measuring together
only about 1.0 ,u. As shown in the figure, the lateral oral apodemes are present and show
their characteristic fish-hook appearance. The proventriculus shows the same general
structure as in the later stages,but is relatively very large, occupying much of the thorax.
The intussusceptedportion of the oesophagusis long and narrow with a narrow lumen and
there is reason to believe that it plays an active part as a sphincter in the early stagesof the
instar. The gastric caeca are small and at first almost globular. Later they become more
oval, but remain small. The salivary glands extend almost to the thoracic wall and in size
almost equal the gastric caeca. They show the bulla-like vesicle at their ends as in the
mature larva. The mid-gut and intestine, as also the Malpighian tubules, do not differ greatly
from these organs in the mature larva.
The tracheal system showsthe same general plan as in the mature larva, except that the
tracheal trunks are narrow and tubular and seem devoid of taenidia and that many future
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tracheal branches are as yet indicated only by stringsof formative cells. The same systemof
commissureslinking the trunks is present and rather more conspicuous than in the later
instars. The sharp angular bend of the trunks in the thorax and the ending of these in the
dorsal and ventral branchesto the head are all as in the mature larva. What is characteristic
is that owing to the narrowness of the tracheal vesselsproper to the instar and the disproportionate size of those of the second instar the tracheal trunks and larger tracheae are
everywhere in the later stages of the instar surrounded by the hugely dilated fluid-filled
developing tracheae that will eventually replace them. At no other stageis this appearance
so marked.
The muscles appear very similar in arrangement, though on a minute scale, to those of
the fourth instar larva, but have not been investigated in detail. The same oblique arrangement of the chief muscular bundles is present in the abdominal segmentsas in the mature
larva and the number of strands is not greatly less.
The brain differs notably from this organ in the fourth instar by the absenceof the large
optic lobes and the relative prominence of the deutocerebrum (Fig. 20 (3)). The protocerebrum is globular and increasesgreatly in size during the instar, becoming towards the
end of this period partly pushed into the neck. A very conspicuous feature of the first
instar larva is the chain of ventral ganglia which extends across the middle third of the
segments as oval plaques of nerve ganglionic tissue lying close up against the cuticle
(Fig. 20 (3)). A s in the mature larva, no indication is given of any ganglion posterior to
that of the eighth abdominal segment.
The fat-body is restricted chiefly to small massesoccupying the prominent angles of the
abdominal segments. In each lobule there is a small characteristic cluster of large oenocytes, these being of a size appropriate to the larva, namely about 10 ,U in diameter as
against 40 ,u or more in the fourth instar.
(d) THE

LATER

INSTARS

The secondinstar larva after ecdysisis much the same length as the fully grown first instar
larva, but is bulkier and the swollen head is enormous, an effect added to by its almost
glass-like transparency when first liberated. The tracheal trunks are now enlarged and
Figure 20. Instar characters.
Dorsal view of thorax of first instar larva.
Lateral view of portion of head of sameshowingpharyngealfringes.
Early first instar larva stainedwith picrocarmineshowingbrain and ventral nerve cord.
Schematicrepresentationof pleural hair baseto show positionsof hair origins.The baseis
shownasthoughviewedfrominfront.a, b, c,d, hairs9,10,11,12respectively;e,positionofspine.
Pleural hairs of instarsI-III. A, prothoracic; B, mesothoracic;C, metathoracic.
Comb scales(A) and pectenteeth (B). a, first instar; b, secondinstar; c, third instar.
Mental scleriteof first instar larva.
Mental scleritesto samescaleof instarsI-IV.
Lettering: C’s, gastriccaeca; DC, deutocerebrum ; f”, pharyngealfringes; H, hypostomalarea;
L’, labial area; Zpp, lateral plates of pharynx; md, mandible; mx, maxilla; Oe, oesophagus;
P, pharynx; PC, protocerebrum; Pv, proventriculus; sg, salivary gland; ss, suspensorium ;
XS’, lateral oral apodeme.
For hair numbersseetext, p. 214.
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lined with taenidia and the terminal portions in the siphon are ballooned. The larva of this
stage when newly ecdysed is for some reason conspicuously light and when along with
other larvae it is placed in 70 per cent alcohol it floats at the surface whilst other stages
sink. Unlike the first instar larva and in common with the later instars it cannot, as noted
by Wigglesworth (1938), take air into the tracheae if it is prevented from reaching the
surface even for a short time from ecdysis. As in the previous instar the head darkens and
the body becomes long and cylindrical, whilst with increase in size as ecdysisapproaches
the head, at first disproportionately large, again becomes disproportionately small. It
almost repeats in fact the change in appearance of the first instar but on a larger scale.
During the instar the larva grows in length from about 2 to about 3 mm.
The third instar larva, whilst it has certain characters of its own, is to a large extent a
repetition on a still larger scale of the secondinstar larva. For some reason it is much more
variable in head measurement than any other stage, there being large and small headed
forms. It is very apt to have the ecdysial lines on the head capsule open for some time
before ecdysis is definitely in progress. The pre-ecdysis stage is rather long and thin and
being larger than the previous instars it shows this character more conspicuously. The
fourth instar at a corresponding size has become much stouter due to development of the
thoracic imaginal buds and accumulation of fat-body.
Little further need to be said regarding details of structure in these instars since in most
respectsthey either conform to the description already given for the fourth instar or show
only small departure from this. Such departure largely relates to external characters. For
a very full description of thesechangesseeMacfie (19 17), and for measurementsof the body
parts this author’s account as also the chapter in the present work on growth. The following is a brief account of changesundergone.

CHAETOTAXY

By the second instar the small head hair 4 has become dendritic as in the fourth instar
and the arrangement of the frontal hairs has by this or the next instar also become as in the
fourth instar. The antenna1hair has become single and remains so. The prothoracic hairs
1-3, apparently lacking in the first instar, have in the second become quite conspicuous.
The hairs 9-12 (pleural hairs) on the meso- and metathorax have by the second instar
developed sclerotised basal papillae and these by the third instar have developed spines
approaching in character those that are so conspicuousa feature in the fourth instar larva
(Fig. 20 (5)). The exact relation to the pleural hairs to their basal papillae is in need of
some brief explanation. On the prothorax there are three large and one small hair
arranged as shown in Fig. 20 (5) A. These alter very little, even in size, in the successive
instars and the basal papilla remains to the end little more than a soft tubercle. On the
meso- and metathorax there are on each from the first instar onwards three large hairs and
these remain recognisable throughout all the larval instars in spite of changed appearance
due to branching. The basal papillae take the form of strongly sclerotised scoop-shaped
structureswith a smooth convex surface directed posteriorly. From the mesothoracic and
metathoracic papilla there arise in each case, as will be seen from the figure, three large
hairs, three equally large from the mesothoracic, two large and one somewhat smaller from
the metathoracic papilla, the same arrangement of hairs as is clearly shown on the first
instar larva. Two of these large hairs arise from the more hollow side of the scoop, one
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nearer the spine, the posterior hair, the other anterior to this, the anterior hair. A third
hair, the dorsal hair, takes origin from the dorsal aspect of the convex outer surface of the
scoop. This hair on the metathorax is the somewhat smaller hair of the three. The exact
time of appearance and position of a fourth and minute hair is less certain. Such a hair
is said by Macfie to be present on the metathoracic papilla from the third instar. In the
scheme of culicine chaetotaxy as given by recent authors, four hairs, including a minute
hair (no. 1l), are given as present on the mesothorax group, but three only (no. 11 omitted)
on the metathoracic papilla. In &des aegypti there is what is obviously the same small
hair on both the meso- and metathoracic papilla. This arisesjust posterior to the dorsal
hair in both cases. It may be called the accessorydorsal hair. I have found it in both
segmentsonly in the fourth instar. The anterior hair tends to become bifurcate or multibranched as development proceeds. The other hairs tend to remain unbranched. The
anterior hair appears to be hair 9 of the accepted chaetotaxy, the posterior hair no. 10
and the dorsal hair no. 12.
Space does not permit of a detailed consideration of the smaller hairs of the thorax and
abdomen or of the degree of branching of the larger hairs. Generally speaking, whilst all
the large hairs, including the lateral hairs (notably the lateral hair 6 on segmentsI-III of
the abdomen) in the secondinstar become bifid, in the third they are trifid and in the fourth
three- or four-branched.
The pentad hairs are bifid in instar 2, and usually so are the siphon hair and the saddle
hair. In this instar there are usually 4 cratal tufts and 2 precratal hairs in the ventral fan.
In the third instar those pentad hairs that are branched in the fourth instar are trifid, as also
is the siphon hair. The cratal hairs are increased in number usually to six with two precratal hairs.
OTHER

EXTERNAL

STRUCTURES

The mental sclerite (Fig. 20 (7), (8)) has in the four instars respectively about 7, 9, 11 and
13 teeth on each side of the median tooth. A point of interest is that the median tooth,
which is proportionately very large and broad in the first instar, remains practically the
same size up to the fourth instar though the transverse diameter of the sclerite as a whole
increasesby four or five times.
The comb spines which are very delicate and number only about 5 in the first instar
increase to 8 or 10 in the second instar with some further increase in number later, the
new spines appearing beneath the cuticle in the position of the old.
The early condition of the siphonhas already been described. In each instar period to
the fourth only an increasing fraction of the whole siphon in its distal portion becomes
dark and sclerotised. The proportion so hardened in the respective instars is approximately at the time preceding ecdysisO-15, 0.25, 0.67, 0.70 and in the fourth instar l-0. The
pecten spinesin the early instars are wholly or mainly on the soft membrane basal to the
hard portion (Fig. 17 (4), (5), (6); Fig. 19 (9)), some 4 or 5 spines being present, however,
on the hard portion in the third instar. The number of pecten teeth in the respectiveinstars
is about 6,7-10, 12-15, 12-20. As noted by Macfie, both the comb scalesand pecten teeth
change somewhat in the successive instars. This change is mainly in the increased
lengthening and strengthening of the main tooth (Fig. 20 (6)).
The saddleplate remains much the same proportionate size until at the fourth instar it
increasesfrom being restricted to the dorsal surface until it nearly covers the anal segment
16
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dorsally and laterally. The dorsalhairs also usually remain unbranched until the final instar.
A common condition, however, in the third instar is for one, or more rarely both inner hairs,
that is the more dorsal of the hairs, to have one thin branch.
INTERNAL

STRUCTURE

Little change in internal structure occurs until, in the fourth instar, development of the
future pupal structuresbegins. The compound eyes and the optic lobes begin to form in the
late third instar, but appreciable development in these structures takes place only in the
fourth instar. The imaginal buds at the basesof the pleural hairs become apparent in the
second instar and are quite conspicuousin the third, though their main development is a
feature of the fourth instar. The gonadsare already evident in the sixth segmentin the third
instar, when also the buds of the developing gonocoxites become apparent.

(e) THE

PREPUPA

During the fourth instar period the leg, wing and some other rudiments which have so far
been enclosed in sacsas germinal buds become everted to appear as rough models of their
final form. Especially the long cylindrical columns of the leg rudiments, towards the end
of the instar, extend in loops over the lateral and ventral aspectsof the thorax, concealing
much of the real larval body (Fig. 21 (2), (3) a, b). Further, in this stage the hypodermis,
as is very obvious in sections, becomes more and more separated from the larval cuticle
and also different in form, leading ultimately to a condition in which the larva is little more
than the roughly sculptured body of the future imago disguisedin a larval skin. Such a
condition in the mosquito indeed so closely resemblesin many respectsthat which has been
termed the prepupa in the higher Diptera (Wigglesworth, 1942) that this term may usefully
be applied to the later stagesof the fourth instar in the mosquito if only to emphasisehow
important in the post-embryonic development these changesare. It is, in fact, in the later
stagesof the fourth instar, not in the pupa, that the main outlines of the future imago are
moulded. The pupa, as will be seen, with some exceptions to be noted, is merely the parts
as they exist in this stagecemented together to form a simulacrum of an actual body proper
to that stage. In this connection attention may be drawn to the paper by Giles (1903),
entitled ‘On the prepupal changesin the larvae of Culicidae’, one of the few contributions
dealing with this important stage in mosquito development. A connected description of
post-embryonic development will be given later. In the meantime some description of the
changestaking place in this respect in the fourth instar will be helpful.
DEVELOPMENT

OF

APPENDAGES

leg rudiments. In the opening sentenceof the subsectionthe word ‘everted’ was used
to describe the appearance of the limb-like stage of the leg and wing rudiments. This word
does not, however, truly describe the process here involved and some explanation seems
desirable. The germinal buds of the legs are typically present already in the third instar
where they have all the characters of the classical‘germinal bud’. In this stage and at the
early fourth instar the buds form globular or pear-shaped sacsattached to the base of the
pleural hairs (hairs 9-12) in each thoracic segment. They begin as a thickening of the
hypoderm beneath these hairs. The edges of this thickening dip deeply into the subjacent
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tissue carrying with them a thin layer of hypoderm which forms the sac. The portion
excavated forms the rudiment proper (Fig. 21 (5), (6), (7)). The apex of the rudiment up
to a late stage maintains its connection with the point of origin, that is, in this case the
pleural hair base. The rest of the rudiment elongates and becomes bent upon itself. Its
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Figure 21. Showingimaginal buds of pre-pupa.
Thorax of mature third instar larva showingimaginal leg buds.
Ventral view of thorax of larva approachingpupation. a’, tip of tarsus(at or near pleural
hair base); a, tarsus;b, tibia.
The samelateral view. Lettering as in 2.
Lateral view of thorax of third instar larva approachingecdysis.
Sectionof imaginal leg bud showingmaintenanceof connectionof tip of tarsuswith pleural
hair base. Lettering as in 6.
Schematic representationof imaginal leg bud. a, a’, tip and shaft of tarsus; b, tibia;
c, femur.
Showingrecessionof edgesof openingof sac(ib”) due to moulding of thorax.
Lettering: dvm, dorso-ventralmuscleindicatinglimits of thoracic segments;har, halter rudiment; ib”, edgeof imaginalsacopening;LX, labial rudiment;p.h, pleural hair base;p.h’, pleural
hair baseof oncominginstar; rt.r, pupal trumpet rudiment; S, sternite; W.r, wing rudiment.
base, at the point where the excavating invagination has left it still in connection with the
body of the larva, forms the eventual place of origin of the limb. The bent portion gives
rise in its respective bends to femur, tibia and tarsus, the tip still at the pleural hair base
being the tip of the tarsus or near this. In the later stagesof the fourth instar the bending
of the rudiment constitutes a loop which grows ventrally and continues to do so until it
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reaches the mid-line of the ventral surface of the larval thorax. The descendinglimb (a) is
in all the rudiments situated anteriorly and forms the future tibia. The ascendinglimb (b),
still situated at its tip at the pleural hair base or near this, eventually develops into the five
tarsal segments.The femur (c) is formed from a more basal portion which is not visible
externally. The general construction will be plain from Fig. 21 (6). Where the basal portion
springs from the wall of the sac there develops a ring-like thickening which eventually
forms the coxa and a second less marked ring indicates the position of the future
trochanter.
It still remains to explain how the rudiment comes into the position previously referred
to as everted. Actually there is no inversion in the senseof turning inside out and what
happens to bring the rudiment eventually to a free position is as follows. The apex of the
rudiment is still lying near the pleural hair base. Around this is the circular fissure formed
by the invagination which has excavated the rudiment, in other words the narrow opening
of the sac. Originally this opening is quite small, but as the rudiment increasesin size and
the hypoderm of the general surface of the thorax is dragged upon and shrinks in the
processof the moulding of the thorax as development goeson, this narrow opening becomes
increasingly enlarged. Eventually the loop of the rudiment consisting of the parts which
will eventually be tibia and tarsus is extruded more and more and eventually comes to lie
free on the side of the thorax (Fig. 21 (7)). The original edgesof the opening of the sac are
now widely extended and eventually merely form a ridge around the rudiment or even
ceaseto be apparent. The tip of the rudiment which will become the tip of the tarsus may
eventually become detached and even dragged away from the pleural base beneath which
it was situated. But even so it is not usually far away as can be seenfrom the figures showing
the limb rudiments in the mature larva. Further, on the wall of the flattened sac destined
in the adult to form a portion of the lateral wall of the thorax, there appear thickenings
which represent the beginnings of the future pleural sclerites. In the eventual history of
these thickenings lies the ontogenetic problem to be worked out of their homologies in the
imago.
The wing and halter rudiments. These differ from the leg rudiments in that they are more
flap-like. In the course of the fourth instar the wing rudiment develops into a triangular
flap covering the median portion of the lateral aspect of the thorax. Its further history will
be dealt with in a later section. The halter rudiment is very similar in shape but smaller.
The wing and halter rudiments lie respectively dorsal to the mid and hind leg rudiments
and like these in their early stage are enclosed in sacs.
The pupal trumpet rudiments. The nature of these organs has been noted when dealing
with the tracheal systemof the larva. They first appear as relatively small areas of thickening
about the mesothoracic spiracular puncta and they develop rapidly as organs formed
around the spiracular cords leading from these. They lie with their openings directed somewhat downwards in the shoulders of the larva.
The antenna1 and labial rudiments. These develop as large buds occupying considerable
space in the head. The antenna1rudiments lie in elongated sacspassingback as far as the
compound eyes. The labial rudiments occupy a single sac which when fully developed
forms a considerable mass lying behind the labial area of the head capsule. The tips of the
rudiment, which will become the tip of the proboscis,lie in the lateral papillae of the labial
plate of the larva.
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Some other changesrelating to development of the imaginal body in the prepupa will be
mentioned when describing the different larval systems. Among these the most conspicuous is the early appearance and rapid increase of the future great thoracic imaginal
muscles of the wings which complete their development in the pupa as also do the later
changesin the alimentary systemwhich bring this to the condition in the imago. Important
changesalso take place in the tracheal system, but these are most suitably dealt with in the
chapter on the pupa.

(f)

DURATION

OF THE

LARVAL

STAGES

The times taken in the different instars added together should be that of the complete larval
period. In actual practice determination of such data offers certain difficulties, notably
that not only are the times largely dependent on temperature and other conditions, but
also in cultures not all the larvae behave precisely similarly. Hence the results must usually
be given on a statistical basis. For this reason it will be desirable to treat separately
determination of the total larval period and of that passedin the different instars.
Many authors have given estimates,often of a rather general nature, as to the duration of
the complete larval period. Francis (1907) gives the minimum period at constant temperature 80” F. (27” C.) as 7 days. Mitchel (1907) gives 8 to 13 days in fairly warm weather.
Newstead and Thomas (19 10) give 9 days at 23” C. Howard, Dyar and Knab (1912) quote
the following : Reed and Carroll, 6 days; Agramonte, 10 days; Taylor, 9 days ; Dupree and
Morgan, 6-8 days. Howlett (1913), gives the shortest period as 5 days, the longest 22 days,
on the average a week. Macfie (1915) gives for the larval period 7-l 3 days and (1916) in
a tropical climate with sufficient food, 7 days. Many authors also refer to great extension
of the period under certain conditions, for example Macfie (19 15, 1916) gives up to
100 days, Bacot (1916) up to 70 days, and Bonne-Wepster and Brug (1932) up to 60 days.
Usually such periods are the result of starvation. Shannon and Putnam (1934) give mean
periods based on careful statistical data of 6.4 days (154 hours) from eclosion to pupation
at 27” C. and 7 days for this period at 23-26” C.
Some very detailed figures are given by Trager (1937) and by De Meillon, Golberg and
Lavoipierre (1945) in connection with larvae reared at 28” C. under sterile conditions on
different essentialfood fractions. To expressnumerical rate of development Trager usesa
figure obtained by multiplying the percentage of larvae reaching the fourth instar within
9 days by the reciprocal of the average time in days required by these larvae to reach the
fourth instar (N x l/t, where N is the first item and t the second). The higher the figure
the more rapid the development. Such a figure in his tables ranges from about 3, corresponding to a 16.5 day period, to 32, or one of 7.5 days. De Meillon, Golberg and
Lavoipierre give very similar figures for larvae reared on liver extract, yeast and vitamin B,
namely from 6-8 days from first instar to pupation at 28” C.
Putting aside those caseswhere the longer periods probably relate to adverse conditions
the most usual period given lies between 6-8 days. Bacot (1916), giving 4 days for the
minimum, however, continues by saying that males first appear on the fifth day, which
would accord with our experience of cultures at 27-28” C., and probably is about the
shortest time mentioned by any author. Though, however, this refers to the first males it is
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not the mean or usualperiod for pupation, which at 28” C. is about 144hoursor 6 days,
though subjectto variation within certainlimits as discussed
later.
The most detailedaccountof the duration of the differentinstar periodsis that given
by Macfie (1917), though both Trager and De Meillon, Golberg and Lavoipierre give
information in considerabledetail in this respectin their tables. Macfie’s determination,
made on 12 isolatedlarvae,givesfor the time occupiedby the four instarperiods,24, 24,
Table 11. Duration of instar periods
I
II
-

Instars
*
III
-

IV
27
40
42
68
76
83
100
91
100
94
100
100
91
50
+
12
+

Hours
20
22
23
24
25
26
27
28
30

I
100
100
89
67
56
44
31
3
-

42
45
46
47
48
49
50
52
54

-

100
74
37
17
27
1’;
+
2

26
63
83
73
100
85
100
98

68
69
70
71
72
73
76
78
92
94
96
98
102
117
122
139
141
144

-

-

100
73
60
58
32
24
17
9
6
9
-

1’;
;
56
69
97
100

P
- >
-

--1
-----f
---1
-

----+
50
100
88
100

Timing of stage
All tist instar up to 20 hours
-

50 per cent ecdysisI-II 25-26 hours

All secondinstar 30-42 hours
50 per cent ecdysisII-III 46 hours

All third instar 54-68 hours
-

50 per cent ecdysisIII-IV

71-72 hours

First male pupa 102 hours
Bulk of males pupated 122 hours
Bulk of females pupated 144 hours

A plus signindicatesthat a few of this stagewere presentin the sampletaken but too few to show as a percentage.
The cultures were from eggshatched within 15 minutes.

24 and 96-240 hoursrespectively.Thesetimes, exceptthe last, correspondvery closelyto
the times as given by me later. Sincethe length of time occupiedby the instarsis very
closelylinked with the study of growth dealt with in a later chaptera word may be said
about the method usedto determinethis.
To determinesatisfactorilyin a statisticalfashion the duration of the instarsand the
times of ecdysisit is necessaryto take into accountthe fact that in a culture in spite of
every care that the larvae should be hatchedas nearly as possiblesimultaneously(in a

246

DURATION

OF

LARVAL

STAGES

number of caseswithin 15 minutes and in one within 5 minutes) spread still occursbecoming
more and more pronounced with each successiveinstar. Two ways of ascertaining statistically the duration of the stagesare possible. One is to follow the development of individual
larvae. This has the disadvantage that it is difficult to ensure that the conditions of the isolated larva are those occurring in the culture and that it also necessitatesa great many
individual trials to cover the quite considerable range of variation. An alternative method
is to make counts by sampling of the percentage of instars at different hours of culture,
a method which does not in any way interfere with the progress of development of the
culture from which the samplesare taken. The results of sucha seriesobtained from massed
counts made from a number of cultures at 28” C. in which larvae were those hatched
within 15 minutes or lessare given in Table 11. From the table it is easy to seeat any hour
of culture what the proportion of instars is likely to be.
Taking 50 per cent change as the mean time of ecdysis,it will be seen that each of the
first three instars lasts almost exactly 24 hours. The first instar is very slightly longer as a
rule, and the secondespecially is liable to be rather shorter. The fourth instar lasts approximately from 68 hours, when the first ecdysesto the instar begin to take place, to 144 hours
when, with a few abnormal exceptions, all larvae have pupated. From 50 per cent ecdysed
from the third to the fourth instar to 50 per cent pupation was 50 hours. To 100 per cent
pupation was 144 hours or exactly 6 days. The periods occupied by the different ecdyses,
that is the time during which at least some forms will be found undergoing a particular
ecdysisending with the last larval ecdysisor pupation was respectively for the four ecdyses
6, 10, 20 and 40 hours. *
Even under standardised conditions slight variations in the time taken in different
cultures did occur. Most noticeable were occasional instances of a more rapid complete
maturation than usual. It was suspectedthat one cause of this was the previous history
of the eggsthough this requires confirmation. It would, however, be in accordance with
Shannon and Putnam’s finding that time of conditioning affects not only the hatching time,
but also the course of subsequentculture. In order to obtain as simultaneous hatching as
possible the present results were obtained with eggskept less than a week after collection
and the degree of variation amounted at most to a few hours.

(g) PUPATION
THE ACT

OF PUPATION

(Fig. 21; Fig. 45)

Ecdysis of the fourth instar larva, or pupation, differs from ecdysisin previous instars in
that somewhat more extensive changesare involved since it results not merely in a larger
and somewhat more developed larva but in the very different structure, the pupa. The
processin Culex has been very fully describedby Hurst (1890) and a great deal of information on internal changes given by Thompson (1905). In AZdes aegypti the process is as
follows.
As the larva approachesthe time for pupation it developsa noticeable plump appearance.
The thorax particularly is swollen due to increasing size of the wing and leg rudiments and
also to greater accumulation of fat, the lobes of the fat-body being now almost contiguous.
* Mijllring (1956) has made a similar study of the instar periods in Culex (autogenous and anautogenous)
showing the period for each instar with overlap as shown here in Table 11.
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The leg rudiments are particularly responsible. These form loops directed ventrally and as
pupation approaches they approach and reach the mid ventral line leaving only a small
area of sternum showing (Fig. 21 (2)). Coincident with these changes the respiratory
siphonslying under the cuticle in the anterior corners of the thorax become more and more
conspicuous.These, at first colourless, take on a yellow colour deepening to brown and so
give a good indication how far the larva is from pupation, brown siphons indicating an
almost immediate approach to ecdysis. At this time too the float hair of the oncoming
pupa becomes very obvious under the cuticle of the first abdominal segment. The larva
further now rests at the surface, ceasing to use the feeding brushes. Hence whilst at the
surface it does not glide forwards as do younger larvae. It still swims away, however, if
disturbed.
Just before the act begins, the larva watched from above shows a curious change in
appearance as the compound eyes, previously not visible, are suddenly seen to be present
as two black spots seemingly alertly watching over the anterior bulge of the thorax. This
effect is the result of the head capsule splitting and the pupal head carrying the compound
eyes being to some extent displaced backwards.
Suddenly now the body gives a jerk and the abdomen comes to lie horizontally just
beneath the surface. Within a minute or so the whole aspect of the insect is changed. The
changestaking place are as follows. At the basesof the breathing trumpets, which are still
under the cuticle, a small bubble of air appears. This is air entering for the first time the
length of tracheal trunk linking the pupal respiratory trumpets to the position of the
future imaginal mesothoracic spiracle as described later in the pupa. Air also now begins
to collect within and at the distal ends of the trumpets as yet still directed downwards and
under the cuticle. This air spreads,forming a band across the front of the thorax behind
the neck (Fig. 45 (3) a). Suddenly other collections of air make their appearance. A bubble
appears in the space on the ventral aspect of the thorax between the lower bends of the
leg rudiments, that is over the small area of sternum left uncovered. Extensive air collections are also seenbehind and under the pupal wings. These last extend up under the wings
to beneath the region of the halteres of the future pupa and will after pupation become the
extensionsof the ventral air spaceas describedin the pupa. A band of air now forms across
the base of the abdomen and air may even be seen elsewhere in the abdominal segments.
All these collections of air occur before there is any obvious entry of air from outside due
to tearing of the pupal skin. This, however, now takes place and the dorsum of the thorax
is now seen to be formed by the exposed pupal thorax, the edges of the torn outer cuticle
being pushedaside. This soon liberates the pupal trumpets, which spring out and make firm
contact with the surface film.
Meanwhile changes are taking place which end in the old head capsule being pushed
ventrally and the whole pelt slipped backwards. By this stage the tracheal trunks have
parted at their lines of weaknessand have mysteriously been drawn out of the body so that
they lie end to end in a line along each side of the abdomen. Being dark, this givesthe nakedeye appearance of dark lines marking out the lateral borders of the stretched-out abdomen
(Fig. 45 (1)). It remains only for the displaced cuticle to slip backwards and the paddles
and other structures to be finally withdrawn for the pupa to be free. The whole process
normally takes only a minute or so. Thompson gives 3 minutes for Culex. It is sometimes,
however, delayed, usually from some disturbing cause.The liberated pupa, after discarding
the skin usually remains for a short time with the abdomen horizontal. After a few minutes
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it retracts this part under the body and assumesthe normal pupal appearance. It is, however, at the moment of liberation very vulnerable and disturbance at this time may lead to
it losing contact with the surface film and possibly difficulty in re-establishingthis with the
result that it drowns.
When first emerged the pupa is white, but in a short time showspigment changesas later
described.
THE

MECHANICS

OF

PUPAL

ECDYSIS

As already noted at the time preceding ecdysis,ecdysialfluid has been secretedwhich has dissolved the endocuticle of the cast-off integument, making this an extremely thin shell usually
appearing only as a fine line in sectionswith a considerable spacebetween it and the underlying new cuticle. Whilst this is one function of such fluid there is, in this case, another
which is important, namely that it is presumably the ecdysial fluid which is responsible in
the mosquito for cementing the pupal parts together. An account of ecdysial fluid in this
connection has been given by Tower (1902), who describesits cementing function in the
pupa of Leptinotarsa (Col.). This author notes that ecdysial fluid is present at all ecdyses,
but is especially abundant at the ecdysis leading to pupation. At the time of pupation
material from the fluid is gradually precipitated upon the surface of the oncoming pupa,
leaving a more fluid portion in contact with the old cuticle. When the cuticle ruptures and
the fluid is exposed to the air it hardens and cements the appendagesto the body. It seems
very probable that in AtYdesaegypti a similar cementing action is brought about. But this
does not explain all that takes place to enable the pupa to become at emergence the form
bound together in the fashion it is.
As already noted, the imaginal buds of the wings and legs are extended in the prepupal
stage whilst still in the larva. The buds of the labral, labial and other mouth-parts are,
however, at the time of commencing pupation still involuted and they are extended in the
act of pupation. According to Thompson the extrusion of the long pupal mouth-parts may
even be an important factor in rupturing the head capsule. Exactly how all the parts come
to be cemented accurately in position as seen in the emerged pupa is not very clear. According to Thompson the labral rudiment is bent forwards from its position over the dorsum
of the head. This author also notes that there is a short period of delay after extrusion of
the more anterior parts (labrum, mandibles and maxillae) before the labial rudiment is
extruded, thus possibly allowing time for the transverse fold of the hypoderm carrying the
mental sclerite to be withdrawn.
The mechanism by which air as described appears in various parts under the larval
cuticle is perhaps not so difficult to understand as might at first appear. Considerable
volumes of air are ready to hand in the large tracheal trunks and as these are disrupted air
may well follow or precede their fragments as these are dragged or squeezed out, for
example, through the temporarily opened spiracular passages. Such air could then find
locations in various spacesunder the cuticle already provided by shrinkage or movements
of the emerging pupal parts.
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AND
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CHARACTERS

OF THE LARVA

Fundamentalto behaviourof the larva are the physicalcharactersnot only of the environment, but of its own body in relationto these. Someknowledgeof physicaldata relating
to the larva is, therefore,essentialto a properunderstandingof manyfeaturesin behaviour.
LENGTH

AND

WEIGHT

Determination of body measurementsand weight has been very fully dealt with in the
chapteron growth. It is here only necessary
to give a brief summaryof theseresults. As
first emergedfrom the eggthe larva measuresabout 1.0 mm. in length and weighsabout
0.01 mg. At full sizeit measuresto the baseof the siphonabout 7.0 mm. and weighsin the
full-grownwell-nourishedfemalelarva about 5.0 mg. The length and weight at the end of
eachinstar are approximatelyas follows.
Instar

Length
in mm.

I
II
III
IV

1.97
3.24
5.17
6.80; 7.33

Weight
in mg.
0.0875
o-313
l-71
3.29 ; 4.92

The double figuresgiven under instar IV relate to the male and female respectively.
At the beginningof the instarboth lengthand weightare approximatelyidenticalwith the
length and weightof the previousinstar at the end of its period.
SPECIFIC

GRAVITY

Living larvae of AL;des
aegypti are, due to the air spacesin their body, very nearly of the
specificgravity of water. This is shownby the fact that at the point of the respiratory
siphonwhenthis is in contactwith the surfacefilm thereis little or no funnel of depression.
Actually there is a tiny portion of the spiracularparts projecting. How nearly the living
larvais at aboutthe specificgravityof wateris alsoshownby observinglarvae,for example,
in a cylinderof waterand notinghow, whennot activelyswimming,they are at timesto be
seenslowlyrisingand at othersslowlysinking. In generalthe largenearlymature fourth
instarlarvae sink when in the body of the fluid and riseonly by swimmingupwards.The
youngerforms under similar circumstances
usuallyrise. In suchobservationsit is necessaryto useboiledor distilledwater; otherwiseminutebubblesof O2areliableto form on the
hairs,mouth parts,etc. Eventhe smallestbubblehasan obviouseffect,againshowinghow
nearly balancedis the weight of the larva and the specificgravity of water. Larvae also,
though not actuallyswimming,may nevertheless
be in motion due to the working of the
mouth brushes.This may causea larva to sink, sometimesvery rapidly. Suchactionof the
brushesnever,or very rarely, causesa larva to rise.The body of the larva at restis always
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oriented caudal end upwards whilst the action of the brushesis to propel the larva forward.
The resulting effect is therefore for the larva to be propelled downwards. Only by using its
body in swimming can it reverse this.
The above remarks apply to the living larva. The dead or long-submerged larva, on the
other hand, is usually heavier than water and sinks. If larvae be very carefully chloroformed and the siphon then detached from contact with the surface film the same result,
however, as with the living larva is obtained, that is the dead larva in this case is usually
just a little lighter or heavier than water. On the other hand, larvae chloroformed, say on a
glassplate, and transferred to water, sink, even if they are of the earlier instars. Further, if
larvae killed by careful chloroforming when at rest at the surface are submerged several
times they sink, though at first they may have floated. In the same way if some second
instar larvae are placed at the bottom of a glass tube, say 4 feet long and closed at the
bottom, and the tube then filled with water, or alternatively when filled after adding the
larvae it is corked and reversed, the larvae will at once begin to swim upwards. But from
time to time some will ceasefrom swimming and then they will for the most part at such
time slowly sink. These facts show how delicate is the adjustment of air space to weight of
the larva. They also show what is presumably the effect of gaseousabsorption by the tissues
and that this is sufficient to tilt the balance from floating to sinking.
Trials with solutions of sodium sulphate of known specific gravity give results much as
above. Living larvae are of about the specific gravity of water. The larger forms chloroformed at the surface mostly sink in sp. gr. 1.005 and 1.010 and rise in 1.020. In 1.005 and
1.010 younger forms rise and cannot at first be made to sink, but later they equilibrate and
do so. The larger forms chloroformed on a glassplate in the great majority sink in l-020;
in 1.025 the majority sink but some rise; in 1.030 the majority rise and some sink; at
1a040 the majority rise and but few sink.
The importance of specific gravity lies, however, not only in relation to the larva as
a whole, but even more strikingly in respect to its separate parts. When describing the
tracheal trunks of the larva mention was made of the large size of thesein the abdomen and
their sudden narrowing on entering the thorax. The effect of this will clearly be to increase
the specific gravity of the thorax and lessen that of the abdomen as compared with the
larva as a whole. That this is so is easily shown by separating with a sharp razor the head
and thorax from the abdomen and placing these separately in water; the former promptly
sinks, the latter floats. The actual specific gravity as determined in sodium sulphate
solutions of known density is for the head and thorax 1.040 and for the abdomen O-982.
This difference in specific gravity must have the effect on the body of the larva suspended
in water of an upward and downward force forming a couple and it is not improbable that
it is in the nice adjustment of the specific gravities of the parts as determined by the shape
and size of the tracheal trunks that the balanced stance of the larva is brought about. It
seemsprobable too that the characteristic attitude of the larvae of other speciesof mosquito
may similarly be due to such adjustments (see Fig. 22).
In favour of such a view is the fact that in a medium of specific gravity 1.040 the front
part of the body no longer tends to sink and the larva, living or dead, orients horizontally.
Further in such a case the living larva clearly finds the position objectionable and one in
which it is unable to attach its siphon to the surface film. Thus the tapering of the tracheal
trunks, which might seem a mere arbitrary anatomical feature, is one of vital importance
to the larva and one which is related to other physical features of the larval body.
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VOLUME

Since the specific gravity of the living larva is near to that of water its volume stated in
cubic millimetres should be approximately that of its weight in milligrams. Some determinations made on the living larva have, however, always given a somewhat greater volume
than that so calculated. The method used for determination has been a modification of that
used for determining the volume of the egg based on the method of Johnson (1937). The
following are the results obtained:
Observed
Calculated
h
r
,
specificgravity as
Weight (mg.)
Volume (mm.3) weight/volume
29.9
36.7
0.816

Material
Five mature female larvae with respu-atory
trumpets showing but not yet yellow
Five larvae somewhat earlier than the above
Seven larvae instar IV, still earlier stage

26.7

33-3

04302

29-O

37.5

o-773

This would seem to make larvae much more buoyant than they appear to be and
suggeststhat the volume figures obtained are too high. Though of interest, the matter has
not been further explored.
The only observationsin the literature bearing upon the subject of this section appears to
be an observation by Wesenberg-Lund (1921), quoted by Senior White (1926), stating that
young larvae are frequently over compensated hydrostatically, older larvae being more
often under compensated. This would be in accordance with our observations on AFdes
aegypti.
(b) HYDROSTATIC
ATTITUDE

BALANCE
(Fig. 22 (1))

As with larvae of all mosquitoes, except in those few speciesthat take oxygen from submerged vegetation, larvae of A. aegypti at all stagesof growth spend much of their time at
rest or slowly moving with their respiratory siphon in contact with the surface film. Whilst
mosquito larvae are thus supported at the surface their body assumesa particular attitude
which varies with, and is often characteristic of, the species.With some speciesthe angle
made by the body with the vertical is considerable and may occasionally approach 90”.
That the larva of A. aegypti hangs almost vertically is a recognised characteristic of the
species. The actual angle is about 20” from the vertical, varying somewhat at different
stagesand also whether the larva is at rest or in motion and the speed of such motion. In
the sectionsdealing with specificgravity and volume suchan attitude has been shown to be
an expression of anatomical structure.
USE

OF

THE

SPIRACULAR

PARTS

Making and maintaining contact with the outer air and protection of the spiracular
openings from entrance of water when so in contact, or when submerged, are the essential
functions of the structures at the siphon apex. These functions are largely due to the
strongly hydrophobic character of the inner aspectsof the parts due to the waxy secretion
from the peri-spiracular glands. When these parts are exposed by being opened up at the
surface they therefore form a non-wettable area interposed into the surface film in the
midst of which open the two large spiracular openings. Closing of the flaps is brought
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about by the action of the muscles,especially those inserted into the apodeme, traction on
which brings all the parts of the spiracular plate together.
But whilst closure of the parts is brought about by the action of musclesthere seemsto
be little or no action by muscles required in their opening which is normally capable of
being brought about through action of the surface film alone. Watson (1941) when describing the spiracular parts says that the valves are held together by a relatively weak
spring easily overcome by surface tension and even by the weaker force exercised at an
oil--water interface, though with well-spread oil the tension may be too weak to do so.

A
2

Figure 22. Physicalcharactersof the larva.
1 Illustrating hydrostaticbalance.
2 Apparatus used for determination of lethal temperature of the imago (see ch. XXV (c)).
A somewhatsimilar apparatusbut with a central vesselof water was usedfor lethal temperature for the larva. a, glasstube for supportand air outlet; b, inlet tube for introducingmaterial;
c, slip-in tube to block inlet when not in use; d, wet or dry filter paper; e, wool; f, circulating
fluid for constant temperature; B, pipette for manipulating adults which are gently blown
into end of the pipette tube before blowing into inlet at b.
The mechanism is exactly as described. It may be studied and demonstrated very conveniently with a glasstube of l&2 mm. bore bent twice at right angles and fixed on a slide
with plasticine so that one opening can be brought under the objective of a binocular
microscope whilst the level of the water in it can be regulated by pipetting water in or out
at the other end. The siphon with the eighth segment of a well-grown fourth instar larva
is severed with a sharp razor and placed carefully in an upright position just inside the
opening of the tube. Water is now added to bring the level under observation to the
opening. When this is achieved the siphon as it engages the surface film will open up
automatically. Or if the flaps remain closed a touch on the siphon tube will cause these to
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open in a manner as described by Watson such as to suggest the action of a weak
spring.
Though contact with the surface film is over a small area it neverthelessgives rise to a
supporting force the strength of which will be evident on attempting to sink a chloroformed larva with its siphon tip in position. An important point too is that whilst surface
tension thus supports the larva at the surface, it allows complete freedom of movement in
the horizontal plane since it in no way hinders such movement. Should the larva desire
to sever the connection it has only to close the moveable flaps of the stigma1apparatus to
cut out surface activity entirely.
Russell and Rao (1941) dealing with Anopheles
larvae found the normal surface tension
of the water to be about 70 dynes. (For pure water the value lies between 74.9 at 5” C. and
7 1.18 at 30” C. (Childs, 1934).) When the tension was reduced by soap solution to 2736 dynes the larvae failed to cling to the surface. A similar effect is seenwith the larvae of
AC;des
aegyptiin a suitable concentration of soap, the larvae becoming very excited attempting, but failing, to make adequate contact with the surface. The physical definition
of surface tension is the force in dynes acting perpendicularly to a section of the surface
1.0 cm. in length. The area of the expanded spiracular plate of a full-grown larva of
A. aegyptiwas found by measurement to be approximately O-0514mm.2. Taking the area
as circular, this would give as the length of the periphery about 0.41 mm., or, by measurement of the outline of a camera lucida drawing of known magnification, 0.43 mm. The
proportion of 70 dynes (this being the force over 1.0 cm.) would therefore be, over this
distance, about 3 dynes. Or, taking the critical point as found by Russell and Rao as
30 dynes for the fluid, about 1.3 dynes. This would be the force resistingwithdrawal of the
unclosed parts from contact with the film.
In this connection, however, Wigglesworth (1942) refers to the possibility that the
effect noted by Russell and Rao is the result of angle of contact (see section (j)).

(c) MOVEMENTS
Movements of the larva are very characteristic and Shannon (193 1) draws attention to the
extreme restlessnessof the larva of A. aegypticontinually roaming through the container
and distinguishableby suchbehaviour from all other Brazilian speciesexcept A.fulvithorax.
This author also describes the characteristic looping movements and the small actual
progress made when swimming. Actually translatory movements are of two kinds,
namely swimmingand gliding, the latter being brought about by action of the feeding
brushes.
The essential movement in swimming is similar to that commonly seen in larvae of
mosquitoes, namely a side-to-side lashing movement of the whole body. This, apart from
such bending as occurs mainly in the abdomen, causesa partial rotation in the horizontal
plane of the body about a point in the thorax, the head being driven in one direction and
the longer caudal portion in an opposite direction. The body in the larva of A. aegypti
being rather long in proportion, such lashing movements give the impression of looping.
Progression in this type of locomotion is invariably tail first. Thus larvae swimming downwards from being at rest at the surface have first to manceuvre the body to get this into a
suitable position. In swimming upwards the body is already correctly oriented and the
larva swims upwards tail first.
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When in a fluid of density greater than water progression up and down may become
difficult and the larva tends to go round in circles at the same level.
The form of swimming by lashing of the body from side to side can be very clearly
studied in the case of Anopheleslarvae as they skim along the surface. Not only is the sideto-side movement of the head very evident as a result of the body lash, but also the backward propulsion. Movement is carried out here with much greater speed and precision
than by the larva of ALidesaegypti. This is probably partly accounted for by the fact that
the energy expended by the larva is anchored strictly to the plane of movement. Further,
the long body of the A. aegypti larva appears to be less favourable for such movement,
hence the impression of poor progress. In contrast to lateral movement, upward and
downward swimming appears to be more effective.
Besidesswimming in the manner described the larva is able to move at a quite considerable rate, at times up to a centimetre or more per second, through the action of its feeding
brushes. When working, these cause the larva to move forward smoothly and apparently
without effort. Such movement may be seen when larvae are at the surface and their
siphons in contact with the surface film, or when browsing at the bottom or on the sides
of the vessel,the brushes in the latter case evidently dislodging and sweeping up particles
to be swept into the pharynx. When so gliding the body of the larva lies nearly parallel to
the surface over which it is passing, thus differing from its normal body attitude. This,
however, is not a static condition and is due to the forward movement, as is shown by the
fact that the angle made is largely dependent on the speed at which the larva is moving.
Moving slowly the body has much the ordinary resting attitude. As speedincreases,the
line of the body becomes more and more horizontal. At times the additional urge from
increased speed causesthe body to bend before the movement is fully transmitted.
In the larvae of A. communis Hocking (1953) found that wriggling locomotion was
rarely used in natural circumstances,most movements being by the feeding brushes.

(d) FEEDING
Feeding may be carried out in three entirely different ways, namely (1) by pharyngeal
filtration of minute particles from currents produced by the brushes in the body of the
medium, (2) by the gnawing and swallowing of solid particles of food using the mandibles,
and (3) by browsing.
The first method which is characteristic of all mosquito larvae, except those of purely
carnivorous habits, is naturally much in evidence with larvae of A. aegypti. Nevertheless,
it is very largely supplemented in this case by the other methods, the relatively small
head of the A. aegypti larva probably being an indication that the species is not one
that specialises on feeding on very fine matter in suspension as are some open-water
feeders such as Culex vishnui,where the head is very large, presumably to accommodate a
correspondingly large pharynx (see p. 289). It is true that the larvae of A. aegypti are
commonly found in clean drinking water, for example in native water pots, cisterns, etc.
But in such situations there is usually a copious deposit of fragments of food and other
organic debris. Further, it is doubtful how far the speciescould thrive in such a medium
as clean water in the absence of fairly heavy organic contamination, as will be apparent
when dealing with starvation effects.
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On the other hand, feeding on particulate matter present in the sediment at the bottom,
of containers is a rather characteristic feature of the larva of the species, which may
commonly be seen moving along the bottom worrying particle after particle in a manner
very reminiscent of a dog. In this secondmethod the larva can be seenusing its mandibles,
and the brushes are not concerned.
The third method which may be described as browsing is also very commonly made use
of where conditions are favourable. In this method the larva glides along the bottom or
sides of the vessel propelled by its feeding brushes, which at the same time are used to
detach matter from the surface over which the larva is gliding. Such detached matter is
no doubt carried by the current produced by the brushesinto the pharynx as in free feeding.
This possibly explains why larvae so engaged usually stop abruptly every few secondsand
start again on a new run, the bolus collected perhaps having to be disposedof. Larvae may
browse in this way also on the surface film, though this is usually an indication of starvation conditions. Shannon and Putnam (1934) describe two methods of feeding at the
surface. In one the larva retains its hold on the surface film by means of its siphon and
bends the body up to use its brushesagainst this; in the other the larva swims ventral side
upwards browsing on the film. The first is a common feature in starvation conditions.

(e) REACTION

TO LIGHT
REACTION

AND
TO

OTHER

STIMULI

LIGHT

Of various reactions of the larva to stimuli that of negative phototropism is especially
characteristic of the larva of A. aegypti. Shannon (1931), when describing the behaviour of
this larva, notes as especially characteristic, over and above its extreme restlessness,
(1) strong negative phototropism, and (2) extreme sensitivenessto vibrations and to light.
Invariably in all circumstancesand in all stagesthe larva at once begins to swim away
from the light and to accumulate in that part of the container which is most remote from
its source. When many larvae are present in a culture placed in front of a window or facing
an electric light an extremely striking mass reaction takes place, the larvae swimming away
from the illuminated side until brought up by the curved side of the vessel,which in turn
directs them towards one spot, thus causing them to accumulate in a mass in a kind of
focus at the point directly opposite the greatest intensity of light. Having to rise to the
surface for respiration they form an ascending column of larvae which in turn creates a
current. Moving up and driven forwards again towards the light by this current they again
dive, only, on travelling a certain distance, again to join the throng. Such movement will
continue unabated for hours. So delicate is the reaction to light intensity that where there
are multiple sources of light the resultant column will act as an indicator of the greatest
resultant illumination. Such intense negative phototropism, when first observed, was
thought possibly to be due to the fact that the larvae were reared in the incubator and
therefore in the dark. But larvae reared in daylight exhibit the same phenomenon and
when cultures have been left undisturbed facing a fixed light a massive accumulation of
larval faeces at a point opposite the light source showshow great a part of the larva’s time
has been spent under the permanent influence of this taxis.
A special study of the reaction of Culex larvae to light has been made by Folger (1946).
He distinguishesan excitant and a directive effect. An interesting point is that with a
17
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light below the vessel the larvae at the surface dive and so in this case swim towards the
light. In respect to such a condition, however, it should be noted that the larva at the
surface cannot swim upwards and the only reaction open to it when disturbed and seeking
safety is to swim downwards. The excitant effect would thus appear distinct from any
directive action and stronger than an opposite negative phototropic effect. Folger also
observesthat a decreasein light intensity is also effective as an excitant. The excitant effect
is largely dependent on the rapidity with which the degree of illumination changes,so that
a suddenlight or a suddendarkening (shadow) both affect the larvae in the same way, that
is they dive.
As an index of negative phototropic effect Folger usesa figure obtained by dividing the
number of larvae in the half nearer to the light by the number in the further half. To
facilitate counting he uses black paper with a white line placed beneath the receptacle,
namely a museum jar, 18 cm. by 6 cm. by 15 cm. deep, supported on a sheet of glass on
a shelf in a dark room. An index of 1-Oindicates indifference to light, any figure lessthan
1.0 the existence of negative phototaxis. At 90-120 cm. (3-4 feet) the effect of an electric
light gave as an average an index of 0.75077.
At 10 cm. the index varied between 0.06
and 0.71 (mean 0.31). Similar determinations for the larva of Agde,saegypti would almost
certainly be much higher, that is, a very low index, judging by the relative behaviour of the
larvae of A. aegypti and those of Culex molestus.
The visual stimuli which provoke diving and the visual acuity of the larvae of A&des
communis have been investigated by Hocking (1953). According to Omardeen (1957)
negative phototactic reaction increaseswith age to the fourth instar and pupa, possibly
related to growth of the compound eye.
An observation which may perhaps be considered in this relation is that of Jobling
(1937) who records that AC;desaegypti, Culex fatigans, C. pipiens and C. molestuscan all
develop from the egg to the adult in complete darkness. Of these speciesAL;desaegypti was
able in complete darkness to give rise to a second generation. The breeding of this species
by the author has similarly been carried out in darkness except for occasional exposure
during manipulations. Exposure to light may on the contrary be prejudicial in that this
tends to causethe larvae to congregateat one spot in the culture. Even continuous exposure
during the whole course of the culture does not abolish the reaction.
REACTION

TO

TEMPERATURE

GRADIENT

Micha Bar-Zeev (1957), confirming results of Ivanova (1940) with Anophelesmaculipennis,
found that sensitivenessof larvae of Ad;desaegypti increased with later instars and pupa,
the second instar congregating between 23” and 32” C. whilst later stagesand pupae did
so between 28” and 32” C.
REACTION

TO

VIBRATIONS

AND

MECHANICAL

STIMULI

A prominent feature in the behaviour of larvae of A. aegypti emphasised by Shannon
(193 1) and other writers is great sensitivenessto vibration and mechanical shocks. A similar
reaction is noted by Folger for the larvae of Culex pipiens. Sensitivenessis, however, very
much greater with AL;desaegypti larva than with that of Culex pipiens. Larvae of Ak;des
aegypti accumulated at the surface will instantly dive if the side of the vesselis tapped to
cause even the slightestjar. They behave in the same way if two hard objects are knocked
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togethereven at a distanceof feet or yardsfrom the culture. In this respectthe larvae,
especiallythe nearlyfull-grownforms, are more sensitivethan the pupae. By gradingthe
intensityof the tap on the glassthe larvae canbe causedto dive, leavingthe pupaestill at
the surface,a proceduresometimesusefulin collectingthe latter free from the former.
The depth to whichlarvaeunder excitationby tappingwill descendhasbeenstudiedby
Macfie(1923). At a tap on the tubecontaininglarvaesomedescended
2%3* feet. Repeated
tapping causedsometo descend8 feet.
CLINGING

OF

LARVAE

TO

EMPTIED

RECEPTACLES

Though strictlyspeakingnot a form of behaviour,theremay be mentionedherea feature
referredto by Howard, Dyar and Knab (1912)and otherwriterswhichwill be familiar to
anyonedealingwith the species.
This is the tendencyof larvaeto remainapparentlyclinging
to the bottom whena vesselcontainingthem is emptied. Sucha tendencyto clingseemsto
be due to the long lateral hairs of the larva becomingbound down by the surfacefilm of
the thin layer of fluid then left behind.The effectis no doubt greatlyassistedby the action
of the larvae in diving to the bottom of the vesselwhen this is handled and so largely
remainingin the last remnantsof fluid. It is doubtful whetherbeyondthis the larvaetake
any activepart in clinging.
(f) RESISTANCE

TO SUBMERSION

Mitchell (1907)found that younglarvaesurvivedthree hours’ submergence
and could be
resuscitated
afterfivehours. Olderlarvaesurvivedonly Q-2 hours. Da CostaLima (1914)
found that larvae of A. aegypti survivedafter considerableperiodsof submergence.One
suchlarva lived submergedfor 53 days.The youngerthe larvae the more easilythey live
without air contact.Very advancedlarvaewill die asa rule in lessthan a day. Deprivedof
their papillaetheyremainedalivefor sometime in aeratedwater,but died in a few hoursin
boiledwater. Sen(1915)found that larvaeof A. albopictuscould withstandonly 6-7 hours
without comingto the surface. Bacot (1916) noted that larvae of A. aegypti were unable
to withstandcompletesubmergence
for 20 hours. Macfie (1917) placedmature larvae in
tubes of 8 C.C.fluid sealedwith a centimetre-thicklayer of melted paraffin of suitable
consistence.After 2 hours three Culex larvae were dead. After 6 hours three, and after
7 hours four AL;desaegypti larvae were dead. Younger larvae survivedlonger. Lowering the temperatureprolonged resistance.Presenceof organic matter and boiling the
water shortenedit. The same author notes that young larvae may live for many days,
increasein size,moult and developfully submergedin running water. Da Costa Lima
similarlyrecordsthat larvae of A. aegypti can live submergedfor long periodsin running
water. Such larvae after a time ceasedto searchfor air, but on exposureto air quickly
attachedthemselves
to the surfacefilm in the usualmanner. Carter(1923)found that larvae
of A. aegypti will live 2-3 daysunder a film of petroleum,but not the pupae. Kalandadse
(1933)found that fourthinstarlarvaeof this speciesin a receptacleclosedto air access
with
a glasssheetbeginto die at 7 hoursand wereall deadafter 22 hours.Young larvaebegan
to die after 22 hours.The larvaeweremore resistantthan the pupaewhich beganto die in
2 hours,all beingdeadin 20 hours. In all suchexperimentsit is veryimportantthat formation of oxygenbubblesliberatedby the least rise of temperatureshouldnot take place.
It is, however,larvae of the first instar which most strikingly and uniformly exhibit
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resistanceto submergence. As shown by Wigglesworth (1938) larvae of A. aegypti when
first hatched from the egg are capable of living even without air entering the tracheae for
several days. In the present author’s experience larvae hatched from eggsin boiled water
under a thick layer of liquid paraffin remain alive and active for days. Nevertheless, dissolved oxygen in some amount is evidently necessary,since if special stepsbeyond boiling
be taken to free water from oxygen such larvae quickly die. Thus, when using a small tube
with boiled water (Johnson’s volume determinating apparatus) first instar larvae in the
closed limb frequently died during manipulations whilst those in the open limb still
remained alive. Similarly under strictly anaerobic conditions (Bulloch’s apparatus as for
anaerobic growth) all are usually dead overnight.

(g) FOOD

REQUIREMENTS

OF THE

LARVA

The food requirements of the larva is a subject that has received much attention and may
be briefly summarised. There is first the question of the physical nature of the food.
A number of authors have attempted unsuccessfullyto rear larvae on food in solution or
in the colloidal state. Matheson and Hinman (1928), after many trials, obtained some
development of Aede,saegypti larvae in pond-water filtrate, but came to the conclusion that
solutes and colloids are not a source of nourishment to mosquito larvae. De Meillon,
Golberg and Lavoipierre (1945) also note that larvae from sterilised eggsin neutral broth,
though they may remain alive several days, do not grow. Trager (1935b) found that larvae
did not develop in 1 per cent Loeffler’s serum, but later (1936) showed that larvae could be
reared at least to the fourth instar if a certain amount of CaCl,, and an organic growth
factor shown to be a solute, were present. It seems clear, however, from the author’s
results that such a diet did little more than continue existence under starvation conditions
and only a proportion of the larvae it would seem reached even to the fourth instar. It
might be as the author suggests,that though the brusheswould not be effective, the larvae
could still swallow and so obtain some food matter in this way.
Quite apart from the question of food requirements it would seem very unlikely that
larvae with their special mechanism for feeding, that is filtration of particles by the fringes
of the pharynx and the accumulation of such matter in a bolus to be swallowed, would be
able to obtain adequate nourishment by swallowing fluid medium. It may safely be said
therefore that solutesand colloids are not normally the sourcefrom which larvae obtain food.
Bacot (19 16) and Atkin and Bacot (1917) pointed out that bacteria and yeasts are an
esssentialfood requirement of the larva and reared larvae on pure cultures of yeast. Dead
bacteria or dead yeast they found had little value. Since these early researchesthere have
been numerous observationswhich appeared to show that the food of mosquito larvae was
inadequate unless this contained living bacteria and yeasts. Hinman (1933) failed to rear
larvae on autoclaved material and considered living bacteria necessary. Rozeboom (1935)
found that sterilisation rendered media unsatisfactory for development and that, whilst no
development took place in sterile blood medium, contamination rendered this and other
media satisfactory. MacGregor (1929) reared larvae on sterile bread, but his results have
not been confirmed. Neither Hinman nor Rozeboom were able to rear larvae beyond the
second instar using MacGregor’s sterile bread technique. There seems no doubt that
bacterial organisms and yeasts are an important, if not essential, food requirement and all
satisfactory methods of culture clearly provide this in the form of fluids containing organic
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matter in which organisms are freely growing. Lewis (1933) sprinkles bread crumbs on the
surface once in three days. If too much is used, scum forms and the larvae are killed; if too
little is used, pupation ceases. Johnson (1937) usespowdered breakfast food as more convenient than yeast. MacGregor (1915) adds every alternate day a pellet of guinea-pig’s
faeces. Bonne-Wepster and Brug (1932) also found guinea-pig’s faeces the most suitable
food. Weyer (1934) used dried blood and powdered calf’s liver and obtained vigorous
adults, but not apparently under sterile conditions. MacGregor (19 15) records cannibalism
among larvae of A. aegypti, but this would not appear to be a usual feature of the species
which does not exhibit carnivorous propensities.
The above would seem to bring the larvae of A. aegypti into the class of phytophagous
insects. In sucha connection Uvarov (1928) notes that a form of food taken very commonly
by phytophagous insectsis decaying vegetable matter, but that the actual food may not be
the substancemost obviously taken in. Thus in the food of Drosophila yeasts are always
present and in their absence Drosophila develops slowly. The Cecidomyid Miastor living
on bark feeds on the micro-organisms present and can be bred on agar culture but not on
sterile bark.
Whether protozoa can provide an adequate dietary has been investigated by several
authors. Barber (1928) reared larvae on pure cultures of Colpidium sp. and of Paramecium
sp., but failed to produce adult insects. Mathis and Baffett (1934), however, found that
though larvae died in 7-8 days in nutrient broth, full development occurred when a sterile
culture of Euglena was added.
So far nothing has been said of the chemical nature of substancesessentialto satisfactory
growth. For this it is necessaryto turn to the work more especially of Trager (1935-7)
and of De Meillon and his collaborators. Briefly Trager has shown that mosquito larvae
require at least two growth-promoting substances. One is present in large amount in
yeast, is alkali stable and like vitamin B, is heat stable. The heat labile vitamin B1 is not
required by Aedesaegypti larvae. The secondfactor is present in substanceseffective against
secondary anaemia. It is heat stable in neutral or slightly acid solutions and sensitive to
prolonged alkali action even at room temperature. Buddington (1941) found that B1
(thiamin hydrochloride) was ineffective, as also that B1 and B, separately or together with
yeast failed to bring larvae beyond instar IV, though with autoclaved yeast and liver
extract 80 per cent reached the adult stage.
De Meillon, Golberg and Lavoipierre (1945) found that filtered liver extract improved
growth and survival rates. Furthermore, they called attention to a factor which is necessary
for emergence of vigorous adults. This factor is largely absent from many artificial media
such as brewer’s yeast and liver extract. They note that in nature it is unusual to find a
weak adult, that is, one which cannot rise from the water. But in yeast and liver extract
growth this is common. Later Golberg, de Meillon and Lavoipierre (1945) identified this
substancewith folic acid. Lichtenstein (1948) also found folic acid to be an essentialfood
requirement for larvae of Culex molestus.
Folic acid (pteroylglutamic acid) is identical with vitamin M necessary for monkey
growth, B, vitamin essential to growth of the chick and the Norite eluate factor required
for the growth of certain bacteria. It occurs in liver, yeast and many articles of diet (Subba
Row 1946).*
* Seealso Golberg and De Meillon (1947, 1948). An important paper dealing with amino-acid requirements
and giving referencesis that by Dimond, Lea, Hahnert and De Long (1956).
261

THE

LARVA

AND

ITS

ENVIRONMENT

The procedurerecommendedfor rearingAgdesaegypti hasbeendescribedin the chapter
on technique.The culturemedium theredescribedclearlyprovidesall that is necessary
for
optimum development,namely, food material in fine suspensionand in coarserparticles
as sedimentwith yeastsand bacteriagrowingfreely in an organicmedium. Addition of a
pharmaceuticalliver extracthas beentried, but with no appreciabledifferencein growth.
Two culturesmade under strictly comparableconditionsside by side gave as the mean
weight for femaleswith liver extractand without respectively2.43 and 2.44 mg. and for
males 1.24 and l-23 mg. The opportunity may be taken here to emphasisethe points:
(1) that by dog biscuitsa certaintype of biscuithasbeenindicated;(2) that the ingredients
include bemax; and (3) that the solid ingredientsare finely ground. It is believedfrom
considerableexperiencethat growthin sucha mediumis optimal. Whetheraddition of any
substancecould increasegrowth is not known. In this, as in all questionsof nutrition of
the species,the useof weightand wing length as a criterionis essential(seechapterXVII).
Table 12. Data recorded in the literature regarding lethal temperature
for larvae of diJ&erent species of mosquito
Lethal temperature in
’ C. after exposureof

r
Species
Anophelesgambiae
Anopheles
funestus
Anophelesinsulae-florum
Anoihelesminim&
Anopheleshyrcanus
Anophelesbarbirostris
Anophelesculicifacies
Anophelesvagus
Anophelessubpictus01
AnophelesIudlowi
Anophelesbifurcatus
Aedesdetritus
Theobaidiaannulata
Culex pipiens
Anopheies
pharoensis
AL;des
aegypti

Author
De Meillon (1934)
De Meillon (1934)
Muirhead Thomson ( 1940)
Muirhead Thomson (1940)
Muirhead Thomson (1940)
Muirhead Thomson (1940)
Muirhead Thomson (1940)
Muirhead Thomson (1940)
Brues (1939)

Atidesaegypti

Macfie (1920)

Wright (1923)
Wright (1923)
Wright (1923)
Wright (1923)
Bates (1949)
Marchoux et al.

(h)

EFFECT

LETHAL

EFFECT

*

,

Remarks
5 minutes 1 hour
Over 45 Breeding in nature at 39” C.
Under 45
40
41
43-43.5
Tropical species
43.5
44
44.545
Breeding in nature at
39-40” c.
37
35
Temperate species
42
37
36
35
4041
Subtropical species
40
Tropical and subtropical
39
species
43
Tropical and subtropical
species

OF TEMPERATURE
OF HIGH

TEMPERATURE

The temperaturesfound lethalto larvaeof a numberof speciesof mosquitoesasdetermined
by differentobserversare givenin Table 12. The resultsshowthat for shortexposuresthis
is usuallyabout 40”--45”C. For longerexposureit may in somecasesbe as low as 35”C.
It is difficultto give a precisethermaldeathpoint sincethe resultis liable to vary with the
conditionsof the test and that within a considerablerange the lethal effect has to be
expressed
as a percentage.Macfie (1920)found that larvaeapparentlydeadmay recover.
Muirhead Thomson (1940) notes that his resultshave been obtained after raising the
temperaturegradually.
Most of the resultsgivenin Table 12referto differentspeciesof Anopheles and Culicines
from temperateregions. A very carefuland detailedaccountof the effectof high tempera262
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ture on the larva of A?des aegypti is, however, given by Macfie (1920) whose general results
have been given as an average figure of 43” C. in Table 12. This author, however,
found that a temperature of about 47” C. was necessaryin an exposure of a few minutes to
give complete lethality with no recoveries. For exposure of 15 minutes 45” C. was necessary for complete effect, though a temperature of 41” C. gave considerable mortality. For
30 minutes exposure 43” C. was completely effective, which is the figure given in the table.
For more prolonged exposure a temperature of 39” C. produced considerable mortality
and this temperature is that given as lethal by Marchoux, Salimbeni and Simond (1903).
Headlee (1942) also gives 39” C. as lethal, in that larvae were dead in 5 days at 102” F.
(38.9” C.).
Table 13. Lethal e&Gectof high temperature on larvae of
Aedes aegypti
Periods of exposure
3 minutes
Temperature
(” c-1
47
46
45
44
43
42
41
40
39

&
a
100
90
70
11
27
8
-

15 minutes
L
\
a
b
100
100
100
100
100
100
100
88
67
100
53
73
50
60
0
0
-

c
b
100
100
30
44
27
7
-

30 minutes
A
\
a
b
100
100
100
100
100
25
45
25
42
-

I

I

60 minutes
A
\
a
b
_
_
34
38
8
42

a Number apparently dead at end of experiment.
b Number dead overnight.

In Table 13 are given the results of 3, 15, 30 and 60 minutes’ exposure in which larvae
filtered off on filter paper were added to fluid at the temperatures noted. About twenty
three-quarters-grown fourth instar larvae were used for each determination and the
numbers immobilised at the end of the experiment noted (first column of figures), as also
the percentage found dead after exposure and being kept overnight at room temperature
(second column of figures). The results are very close to those obtained by Macfie. The
temperature required for complete effect was 46” C. for 3 minutes’ exposure, 45” C. for
15 minutes, 43” C. for 30 minutes. Lethal effect ceased at 41 OC. for 3 minutes’ exposure,
40” C. for 15 minutes and there was 42 per cent eventual mortality with 39” C. for an
hour, the number apparently dead at the end of the experiment being only 8 per cent.
LETHAL

EFFECT

OF LOW

TEMPERATURE

Trofimov (1942) records that the larvae of Anopheles pulcherrimus and A. bzjkrcatus
(A. claviger) resisted temperatures of - 5” C. to -9” C. from 20 to 210 minutes. This
observer also makes the observation that the haemolymph of the larvae freezes at - 0.5”
to - 0.7” C. Records of Anopheles larvae in nature surviving when frozen in ice have not
infrequently been made. M. G. Wright (1901) in England found Culex larvae at 29” F.
( - 1.7” C.) alive unless frozen in ice.
Marchoux, Salimbeni and Simond (1903) note that larvae of Ai;des aegypti are not
killed by short exposure to 0” C. Bliss and Gill (1933), who give a good resume of early
work on the effect of low temperature on the larvae of A. aegypti record that the larvae will
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recover after being encrustedin ice. They found that larvae frozen for 2-10 hours at - 2” C.
recovered in 2-3 hours. Those frozen for 11 hours or more did not recover. Bacot (1916)
found that exposure to 4.4” C. for 2-3 hours causedlarvae of A. aegypti to become dormant
at the bottom of the vessel.They resumed activity at 27” C. Ramsay and Carpenter (1932)
found that A. aegypti larvae survived freezing over 8 hours, but not 24 hours
As noted by Bacot the effect of exposure to low temperature is to causelarvae to become
sluggishin their movements and, if sufficiently low, to become motionless and apparently
dead. In observations by the present writer first instar larvae when immobilised were for
the most part found lying inert and submerged. Older larvae are usually found floating inert
or entirely motionless at the surface with their siphon in contact with the surface film. The
following are observations on different stages of larvae at temperatures which might be
considered lethal or on the border line. The temperatures are those of the water.
First instar
7” C. Larvae sluggishor motionless. Remainedso throughout early instar I. Some dead by
fifth day. Many dead by seventh day and majority dead by ninth day. A few still alive (early
instar I) on twenty-third day.
1” C. After 24 hours’ exposure appeared dead, but 25 per cent recovered on placing at room
temperature. After 48 hours there were no recoveries.
Second instar
7” C. Newly ecdysed second instar larvae placed at 7” C. At 24 hours very sluggish, just able
to move, many floating with the siphon attached to surface film. On third day many recovered
at room temperature. On sixth day larvae as first described and many recovered. On ninth day
all larvae dead with no recoveries.
1” C. At 24 hours all motionless and apparently dead. At 72 hours no recoveries.
Third instar
8” C. At 48 hours larvae sluggish, but made spasmodic use of brushes; tend to lie motionless
around edges; some exhibited negative phototropism.
7” C. At 24 hours as described for instar II. At 72 hours many recovered at room temperature.
At 6 days many recoveries.
1” C. At 24 hours all motionless and apparently dead. At 72 hours no recoveries.
Fourth instar
7” C. At 24 hours all larvae motionless, some showing sluggish movements on being disturbed.
At 48 hours majority are motionless or dead floating with siphon at surface. 25 per cent recovered motility at room temperature, but were feeble and later development was effected.
Fourth day some showed feeble movement when placed at room temperature. Sixth day no
recoveries.

A temperature of 1” C. was lethal in most cases within 24 hours. A temperature of
7” C. was still lethal in all cases,but only after from the sixth to the ninth day. Though final
death was not observed in the experiment with third instar larvae, it probably occurred.
The only partial exception was with the first instar larvae some of which were still alive on
the twenty-third day. The experiments show that a temperature of 7” C. is well below that
at which the speciescould survive.
THE

TEMPERATURE

LIMITS

OF

EFFECTIVE

DEVELOPMENT

As distinct from the temperature which is lethal for short periods of exposureis the question
of the temperature limits within which the speciescan exist, that is undergo growth and
complete development. Howard, Dyar and Knab (1912) quote Reed and Carroll as stating
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that at 10” C. young larvae of A. aegypti failed to pupate though growth took place.
Gutzevich (193 1) gives as the lower limit for A. aegypti 17” C. Headlee (1940-2) gives
temperature limits for the species’continuance as 60-94” F., that is approximately 16”34” C. At 54” F. and 102” F. (12”-39” C.) larvae do not mature.
The following are some observations made at water temperatures of 17”-13” C.
17” C. Larvae hatched from eggs remained active and developed slowly. Ecdysis to instar II
took place on the fifth day; the larvae were half-grown instar III by the seventh day and pupae
began emergence on the twenty-third day.
14-16” C. Newly hatched larvae at 96 hours were still instar I, and at 144 hours were still only
partly instar II.
13” C. Larvae hatched from eggs at 96 hours were still half-grown instar I. All were dead at
68 hours.

The lower threshold for development seemstherefore very precisely given by 16” C. An
upper limit of 34” C. receives some support from the statement by MacGregor that adults
hatched above 30.8” C. were small and feeble and from the data given above showing that
exposure to 39” C. for one hour caused appreciable mortality.

THE

TIME-TEMPERATURE

CURVE

A considerable literature exists relating to the mathematical representation of the effect of
temperature on development by the time-temperature curve. For information on this
subject see Uvarov (193 l), Janisch (1932), Wigglesworth (1942), also earlier papers by
Peairs (1914) and Ludwig (1928). For application to development in mosquitoes see
Headlee (1940-2), Huffaker (1944), Bates (1949).
Certain formulae, notably that of Blunk (1923), and of Janisch (1925), have been given
for this curve. Such formulae are based on the assumption that between the limits of
temperature at which development takes place this is proportional to the temperature.
Blunk’s formula is
t(v-c)=k,
where t is the time of development, v the given temperature, c the critical temperature at
which development ceasesand k the thermal constant. Thus Bodenheimer (1924), taking
optimum temperature as 27” C., the lower limit of development as at 17” C. and the time
of development as 10 days gives as the thermal constant for A. aegypti lO(27 - 17) = 100.
Janisch’s formula is
t = m/2(aT + a-T),

where t is time of development, m time of development under optimum temperature, a a
constant, and T and - T the limits in degreesabove and below the optimum. It is chiefly
interesting in the present connection from the use made of it by Huffaker (1944) in following
up the effect of variable temperature and the observations of Headlee (1942) in applying
this to development of A. aegypti. For practical application it would seem from Headlee’s
results that with variable temperatures ranging through some six degrees the time to
emergence is very close to that for the mean temperatures. Thus for 16-22” variable
temperature the days to emergence were 22 as against 225 for a constant temperature of
19” C. For variable temperature 20-27” C. the time was 13 days as against 145 for a
constant temperature of 24” C.
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A time-temperature curve for A. aegypti and for some other speciesof mosquito is given
by Bodenheimer (1924). Gutzevich (1931) statesthat the curve for A. aegypti follows that
given by Peairs for insects in general, and later (1932) gives a curve for the speciesunder
laboratory conditions of culture.
EFFECT

OF

TEMPERATURE

ON

SIZE

OF

ADULT

Whilst speedof development increaseswith temperature up to and possibly beyond 28” C.
this does not apply to the size of adults produced. MacGregor (1915) notes that reared
below 19.5” C. or above 30.8” C. adult A. aegypti were undersized. At 238” and 25.9” C.
adults were equally fine specimens. Martini (1923) notes that mosquito larvae subjected
to warm temperature produce smaller-sized adults than at cooler temperatures. This effect,
whether as a direct result of temperature or working through food supply, is very commonly
seen in nature with speciesof Anopheles. Not only are alpine and temperate speciesapt to
be larger than those of hot climates, but individual specimensof the same speciesbred in
cool and shady places are usually finer (and darker) specimensthan those bred in open
situations with higher water temperature. The same effect appears to be present in Ak’des
aegypti in that specimensbred at somewhat low temperatures are commonly of larger size
than those bred at optimum temperatures. As noted in a later chapter the heaviest and
largest specimenswere those bred at a water temperature of 23” C. At 17” C., though the
time to emergence was three times that at 28” C., the specimenswere at least as large as
those bred at 28” C. Yet, as noted above, a few degrees lower and the species does not
develop at all.
(i) EFFECT

OF STARVATION

AND

OVERCROWDING

If larvae of A. aegypti are reared in absenceof sufficient food the period of development is
increased and the size of the resultant adults reduced. If starvation is nearly or quite
complete, as when larvae are placed in clean tap-water, they may remain long periods up
to a week or more with little or no development and may or may not hatch out as adults.
If they do complete their development, they form the small or minute pupae and adults
characteristic of starvation forms.
Such forms are referred to by a number of authors, though most who do so give but few
details. A special study of these forms has, however, been made by Weidling (1928). He
describesthe result of deficient food during the larval stageas leading to prolonged development, deficient size of adults, fewer ovarian tubes in the female, smaller egg measurement
and fewer eggslaid. In regard to the larva, this author in a graph gives the normal well-fed
larva as increasing in length during a period of 8 days to slightly over 7 mm. The starved
forms increase at a lower rate, becoming stationary as regards growth after 10 days with
a maximum length of 4 mm.
The larvae under such conditions after a time, if starvation is severe, remain motionless
at the surface supported by contact of their respiratory siphons with the surface film, an
appearance quite different from the normal. Or if less severe they may be seen characteristically using their brushesto sweep the under surface of the film, bending up to do so
whilst similarly supported and stationary. In very advanced starvation a curious feature
after some time is that the larvae come to lie flat at the surface and not only so but their
bodies come to be liable to be more or lessextensively involved in the surface film showing
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that there has been some effect making the cuticle hydrophobic. As time goes on they lose
all trace of fat and become almost transparent, so that structures within the body show
with extraordinary clearnessand the most minute ramifications of the tracheae are vividly
shown up. Imaginal buds, even in the fourth instar, may be inconspicuous or apparently
absent. Ecdysis may take place, but if starvation conditions are sufficiently long maintained development beyond this is almost, if not quite, at a standstill. It would appear that
even early fourth instar larvae placed in clean tap-water will pupate and do so more or less
at the usual time, but producing minute pupae. With strict starvation, however, larvae in
the earlier instars rarely survive to pupate. The minute pupae resulting show little difference
in the size of the sexes, which may be scarcely distinguishable without examining the
terminalia. Usually after a time the originally clean tap-water becomes faintly turbid and
unless changed from time to time may eventually become a medium capable of allowing
improved conditions. Third instar larvae starved in this way for 10-14 days have been
made use of by Wigglesworth (1942) in his observations on reserve substancesof the
larva. The following are observations on different instars placed at 25” C. under starvation
conditions (clean but not changed tap-water):
Early instar II.

48 hours. Some circling at surface.
6 days. Many still swimming.Two instarspresentheadsmeasuringO-4and

O-6mm. in diameter respectively.
14 days. Larvae mainly at surfaceinactive. Water clear. No further ecdysis.
Early instar III.

Early instar IV.

30 days. Larvae largely dead.
24 hours. Majority swimming.
6 days. Some swimming,someat surface. No skins,that is, no ecdysis.
8 days. About half haveecdysed.The skinshave beeneatenwith the exception
of the head capsuleand siphon.
14 days. Larvae swimmingand looking in fair condition. Water turbid.
30 days. Larvae still alive, a good deal of debrisin water.
40 days. Someminute pupae.
6 days. Pupated to minute pupae (14), nine larvae still present. Head diameter 1.08 mm. Weight of a female pupa 2.19 mg., of two males 1.83,
1*77mg.
8 days. All but two pupated.
12 days, Adults hatchedout, but only one female and two malesalive 5 days
later. Female offered food took a long time to gorge and did not do so
fully. Weak and fell on back in water on being transferredto tube. Died
without ovipositionor digestionof blood.

The following are measurementsmade on larvae which 24 hours from hatching were transferred to clean tap-water and examined 6 days (145 hours) later. Three instars were present,
the largest presumably IV, since the head diameter was 0.89. The larvae were hanging
motionless at the surface, obviously thin and transparent. Under the microscope they
appeared a massof tracheae owing to the absenceof all fat. There was no trace of imaginal
buds in the fourth instar larvae.
Measurement
Body length to
base of siphon
Head diameter
Thorax breadth
Siphon length
Anal papillae

Instar II
(mm.)
2.68 (2.60)

Instar III
(mm.)
3.77 (4.15)

Instar IV
(mm.)
4.49 (7.05)

O-58(O-54)
o-54 (0.57)
0.43 (0.38)
0.36 (O-33)

O-76(O-74)
O-76(l-00)
O-51 (O-56)
o-51 (O-57)

0.89 (O-97)
0.94 (l-47)
0.69 (O-82)
0.62 (O-86)
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The figures in brackets are the mean for normal pre-ecdysis measurements. There is
clearly a progressive falling-off from the normal towards the fourth instar, especially
noticeable in the body length and thorax measurements(62 and 64 per cent of the normal).
The head diameter is 92 per cent, the siphon length 84 per cent and the anal papillae
72 per cent of the normal measurement for pre-ecdysis fourth instar.
A point that should be mentioned is that the first instar larva may be kept some days
without food without apparently affecting future development. Bacot (1916) states that
first instar larvae remain as such until organic matter is added. De Meillon, Golberg and
Lavoipierre (1945) make use of this property by leaving first instar larvae hatched under
sterile conditions in nutrient medium, in which they do not grow, for some days if necessary
before transferring them to the food medium being tested.
Overcrowding tends to, and may seriously, reduce the size of the mature larva, pupa and
resulting adult. The limits at which overcrowding becomes apparent are difficult to determine, but the numbers must be very considerable if conditions of culture are good, for
example at over 1000 per litre. There is the possibility that too few larvae in a large culture
may also give some reduction in size.

(j) EFFECT

OF SALT,

pH, SOAP

AND

CHEMICALS

Under certain conditions mosquitoes may breed in brackish water and the concentration
of salt and sea-water that the larvae are able to withstand has been studied by a number of
observers. For general accounts of mosquitoes breeding in brackish and saline waters see
Balfour (1921), Wigglesworth (1933 a, b. c). The following are data relating to Ai;des
aegyp ti.
Macfie (1914) O-5 per cent salt. Little effect.
2-O per cent salt. Many dead at 6 hours; all dead at 12 hours.
2.3 per cent salt. Larvae rapidly killed.
Macfie (1922) Pure sea-water. Larvae killed in 2-4 hours.
50 per cent sea-water (1.6 salt). Larvae killed in 24 hours.
Wigglesworth (1933 c) O-9 per
1-O per
1.3 per
1.4 per

cent
cent
cent
cent

salt or less. Larvae not affected.
salt. Larvae die in about a week.
salt. Larvae die in about 72 hours.
salt. Larvae die in about 48 hours.

Pantazis (1935) 0*5--1.0 salt per mille. Optimum salinity.
5-O salt per mille. No development over this concentration.
By gradually increasing the salinity Wigglesworth (1933 c) found that larvae of A. aegypti

can become adapted to live in up to 1.75 per cent salt or sea-water equivalent. In 5-Oper
cent the anal papillae drop off (1933 b). If larvae reared in fresh water are transferred to
salt water, the mid-gut cells swell and become detached. In larvae adapted to salt the gut
cells absorb fluid but do not swell. If fed on stained particles, the cells in the salt-adapted
larvae become crowded with granules; in the unadapted they are swollen and clear.
Martini (1922) pointed out that larvae bred in saline water have short anal papillae and
those bred in dilute acid long ones. The former statement applies also to certain mosquito
specieswhich habitually breed in nature in saline waters. The shortening is not so marked
in A. aegypti as in Culex larvae, except as pointed out by Pagast (1936) in larvae brought
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from distilled water into very dilute salt, such as tap-water. A. aegypti larvae also, as
shown by Wigglesworth, have a greater power than the larvae of Culex to obtain necessary
salt from very dilute solutions; see also Gibbins (1932).
There is little reason to suppose that pH has any marked direct effect upon the larva.
MacGregor (192 1, 1929) found that pH of the medium had little direct importance. Senior
White (1926) found larvae of A. aegypti in nature in waters with pH varying from 5.8 to
8.6. Buchman (193 1) found that larvae of Culex pipiens could live in water at pH from 4.4
to 8.5, but died beyond these values. Rudolfs and Lackey (1929) found pH to have little
effect. Woodhill (1942) notes that at pH 36-4.2 the percentage of emergence is considerably reduced and the period of development increased for certain speciesincluding Ai;des
aegypti. The time of development at pH 9.2-9.5 was only slightly longer than at pH 68-7.2. *
Soap in suitable concentration has a lethal effect through so affecting the surface tension
of the medium that the normal mechanism by which larvae contact the surface to obtain
air is interfered with and the larvae eventually drown (Russell and Rao, 1941). Strickland
(1929) found 4 per cent of ordinary soap an effective larvicide. This was much lesseffective,
however, in the field. Shannon and Frobisher (1931) found that 1.0 per cent coconut oil
soap killed larvae in an hour.
The effect of various chemical substanceson larvae has been widely studied with a view
to obtaining effective larvicides (see section on control). Various forms and grades of
mineral oil have been extensively used as larvicides and the various theories as to how they
act are discussedby Freeborn and Alsatt (1918). To some extent such oils are lethal by
reason of forming a film which cuts contact of the larva with air and kills by asphyxiation.
But this effect is relatively slight unless in addition the oil has other effects. One action of
such oils is that by wetting the hydrophobic, but oil wettable, areas at the apex of the
siphon they pass on from this to wetting and entering the tracheal trunks. The effect is
further enhanced if the oil exerts in addition a toxic effect. Films of non-toxic oils such as
liquid petroleum have very little immediate effect.
A study of the toxicity of kerosene has been made by Moore and Graham (1918). See
also Freeborn and Alsatt (1918), who consider that it is largely the vapour which is toxic,
oils being effective in proportion to the lowness of their flash point. A very good account
of the action of oils and the factors concerned in their efficacy is given by Murray (1936)
(see also Hacker, 1925, and Watson, 1937, 1941). The last-mentioned author notes that
larvae will often themselvesensure contact of the oil with the hydrophobe surface at the
tip of the siphon by nibbling there when they find obstruction in breathing.
Wigglesworth (1930) has described the process of entry of kerosene into the tracheal
trunks and finest tracheal capillaries. Within half an hour gas had completely disappeared
from the tracheal system. The author notes that the oil has a strong affinity for the lining
membrane of the tracheae as judged by the highly concave meniscusat the free surface of
the liquid as it moves along the tubes. The surface tension of the oil will therefore exert
pressure on the gas in the tracheal system which is driven into solution in the tissue fluids.
Watson (1941), possibly with a different oil, found the advancing meniscus convex and
considersthat the oil is drawn in by the using up of oxygen by the larval tissues. He notes
that larvae affected by oils in the tracheal vesselsshow paralysis of the heart action when
water-soluble toxins are present in oils that are fat solvents.
Though not in common use, if at all, as larvicides in practice a great variety of inorganic
* For lethal effect of pH see Tanimura Seizo and Sonoji Hine (1952).
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and organic compounds have been found experimentally lethal to larvae. Matheson and
Hinman (1928) found borax, 15 or more grams to the litre, a very efficient larvicide that
might be used for water collections other than those used for drinking. The effects were
permanent. Macfie (1923) found l-2 per cent lithium chloride lethal to larvae. Frobisher
and Shannon (1931) and Shannon and Frobisher (1931) have tested a large number of
substancesto ascertain the extent to which they were effective. Cresols and related substanceskilled larvae in 1 per cent concentration in 25 seconds. Some substanceswhich it
was suspectedwould be very lethal were surprisingly not so. In 1 per cent KCN full-grown
larvae survived 1 hour. Ten per cent was fatal in 10 minutes, that is about the same as a
corresponding KOH solution, though in greater dilution KCN was more lethal than KOH.
Strong acids were very little lethal, 1 per cent sulphuric and nitric acid taking 75 minutes to
kill and HCL 100 minutes. Ammonium sulphate was found by Brink and Chowdry (1939)
in 0.75 per cent solution to prevent Culex fatigans breeding and to kill all larvae in 2 days,
as well as being a fertiliser. Full-grown larvae, however, pupated and pupae emerged in
2-O per cent. Yates (1946) found phenothiazine effective in one in a million, but the effect
was erratic.
Barber (1944) tested the effect of vapours of certain compounds against larvae. Carbon
bisulphide was most rapid, toluene, carbon tetrachloride and benzene almost as rapid (fatal
in 2-3 minutes). Phenol and kerosene vapour required 12-30 minutes to cause larvae to
become stationary.
The effect of gases and vapours has been tested by Williamson (1924), Barber (1944) and
others. According to the former author first instar larvae of Agdes aegypti are an exception
to the general susceptibility of larvae to gases and vapours. SH, in saturated solution
killed larvae of Culexpipiens in 1 minute. Chloropicrin was also effective in great dilution
(l-200,000). Chlorine in high but undetermined amount maintained for 3 minutes killed
all larvae and pupae. Macfie (19 16) found chlorine 1: 10,000 lethal.
The effect of some pure gaseshas been described by Wigglesworth (1930). Larvae in an
atmosphere of CO2 within 4 or 5 minutes are completely narcotised. They recover when
removed to a vessel of fresh water. Hydrogen has not this hypnotic effect, but through
deprivation of oxygen the larva is rendered inactive in 10 or 15 minutes. Oxygen restores
activity in less than thirty seconds. With narcotisation (CO,) or hydrogen asphyxia the
gas does not extend to the finest tracheal capillaries as it does in simple asphyxiation. This
is due to the absence of violent muscular contractions which in simple asphyxiation cause
absorption of fluid in the tracheoles. Chloroform vapour acted comparatively slowly, the
muscles contracting for about 2 minutes. CS, acted similarly. HCN wasmore rapid in
action with little muscular movement. With ammonia the larvae were dead in about
10 minutes.
The plant fish-poison, Tephrosia vogelii, was found by Worsley (1934) effective against a
speciesof Aedes, an alcoholic extract of the seeds l-300 being used. Chopra, Roy and
Ghosh (1940) also found Tephrosia effective in a l-10 dilution of an acetone extract, all
larvae being killed within 24 hours. A number of other vegetable poisons have been found
actively insecticidal. A very valuable monograph on this is published by the Imperial
Institute (1940).
The use of larvicides applied as dusts, for example Paris green, DDT and other insecticides of the chlorinated synthetic type are more adapted for use against the adult mosquito
and as larvicides in antimalaria work since the larvae of AL;desaegypti do not usually feed
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at the surface film. Also the breeding places of the speciesare not often suitable for such
methods of application. Chopra, Roy and Ghosh (1940), however, found pyrethrum
powder (a little scattered on the water) to be effective against larvae of A&Yesaegypti.
Camphor or paradichlorobenzene used in this way has been suggestedby Muir (1920).
For an account of the chlorinated synthetic insecticides,seeunder ‘ Insecticides‘, pp. 555-6
in the chapter on viability (chapter xxv (e)).
Lewis (1955) found benzene hexachloride used in cement pellets as described by BruceChwatt effective in some of the coast villages in the Sudan where water was precious.
In general larvae are little affected in short responseto solutesin watery solution. Lipoid
solvents in sufficient concentration are commonly rapidly lethal. Pupae will remain alive
for long periods in many strong chemicals as a result of their waxy coat (see chapter XVI).
But if given a preliminary short exposure to chloroform or other lipoid solvent they are
rapidly killed under such treatment, the protective waxy layer with which they are coated
being removed. In the pupa also the cuticular envelope is completely closed. In the larva
not only is this envelope much thinner, but there are two points of entry not present in the
pupa, namely by swallowing and by passage through the permeable cuticle of the anal
papillae.
Under the present heading may be included the observations of MacGregor (1926) upon
the effect of electric current on larvae. These are violently affected by 100 volts passed
through swamp water, showing muscular twitchings and loss of muscular control. They are
not affected by 2-6 volts but respond to make and break. Entanglement of bubbles in the
mouth-parts due to electrolysis causes the larvae to swim downwards and attempt to
attach their siphonsto the bottom. The explanation of the last observation is probably the
following. As previously pointed out in the sectionon movements, progressionin swimming
is always backwards and that to swim downwards the larva had of necessityto reverse its
normal orientation. With a large bubble making the.head end the lighter, any efforts unable
to turn the head downwards must cause the larva to swim down and at the bottom to
continue, as it would appear, attempting to attach its siphon to this.
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XII
GR.OWTH
(a) GENERAL

FEATURES

OF LARVAL

GROWTH

Certain ‘laws’ or generalisations regarding the growth of insects have been put forward.
Dyar’s rule (Dyar, 1890) was based on the fact that measurement of the head capsule of
caterpillars increases in geometrical progression at each moult by a ratio (usually 1.4)
which is constant for a given species. Other authors have found a similar relation in other
groups. Przibram’s rule, based on measurements of Sphodromantis, is that at each instar
every cell divides once and grows to its original size giving an increase therefore in weight
or volume at each instar of twice. Linear increase will therefore be at the rate of the cube
root of two, that is 1.27. Though the hypothetical explanation of the rule as first given is
not of general application, an increase of about twice the body weight at ecdysishas been
shown by Bodenheimer (1933) to occur in many cases. On the contrary, in many cases
there is no accurate doubling of weight (Wigglesworth, 1942).
The rate of growth is, however, not always, or even usually, the same for different
instars. Ripley (1923) notes that increase from the first to the second instar is usually
greater, and that from the penultimate to the last instar less, than that for other moults.
Measurements also of particular parts or organs may show harmonious growth, that is,
in the same ratio as that of the body, or disharmonic, the parts growing at rates peculiar to
themselves (Huxley, 1932).
Of authors who have given measurementsof growth of the larva of mosquitoes in detail,
are Kettle (1948), who gives measurements of the length and breadth of the head capsule
and of certain soft parts in the larva of Anopheles sergenti, and Abdel Malek and Goulding
(1948), who have studied the rate of growth of two sclerotised parts, namely, the head
capsule and siphon, in four speciesof mosquito including ALides aegypti. The first-mentioned authors note that measurements of the length and breadth of the head capsule
obeyed Dyar’s law with a ratio of l-524. Abdel Malek and Goulding found measurements
of the width of the head capsule and length of the siphon for the different instars in p to
be respectively 246,402,635, 854 and 23 1, 388, 601, 756 giving respectively ratios of 1.63,
1.58, 1.34 and l-68, l-55, 1.27, resultswhich are almost identical with results of the present
author (see Tables 14 and 15).
A very full and detailed account of tissue growth in relation to metamorphosis in
AL;des aegypti, including growth measurements,is given by Trager (1937). Measurements
of larval growth in this species are also given by Gander (195 1) and for Anopheles by
Jones (1953).
CONDITIONS

AFFECTING

GROWTH

In the life cycle of Agdes aegypti growth as manifested by general increasein size and weight
only occurs in the larval stage, no food being taken in during the egg or pupal stageand no
appreciable growth in size or weight taking place. And though the imago may take in food
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and develop eggs no increase due to growth in the ordinary accepted sense occurs. It is
through observations on the larval stage therefore that the rate of growth for the species
as manifested by overall increase in weight has mainly to be ascertained.
Influences chiefly affecting growth are: (1) temperature, and (2) nutrition.
Under optimal food and other conditions the times taken for the larval stageof A. aegypti
as a whole and for each instar have been found to be very constant for any given temperature. The optimal temperature appears to be round about 28” C. Above this there is some
slight increase in rate of development, but with some decreasein size. From 28” to about
25” there is a gradual lengthening of the period. Below 25” there is a very great and
increasing lengthening which reaches the limit of complete cessation of growth at about
10” C. There is, however, no corresponding decrease in size of insect unil below about
18” C. when the period of growth is already extremely prolonged.
The effect of deficient food, up to a certain limit, appears chiefly as a decreasein total
growth with little effect on the time taken for development so that it is chiefly evidenced by
a smaller size of the adults. Such an effect applies not only to the amount (and suitability)
of food present in the medium, but upon that actually taken, since this may be restricted
due to interference with feeding by overcrowding, restlessnessfrom exposure to light and
other disturbing influences. There may also possibly be intrinsic factors in the insect itself
which retard or hasten development.
With starvation conditions, however, deprivation of food has a profound effect in
lengthening the period of development and decreasing total growth as indicated in the
mature larva and the resulting pupa and adult. This may amount to an almost indefinite
prolongation of the larval stage, subject only to viability, with reduction in size and weight
to half the normal or less (see under ‘Starvation’, p. 266).
Interest in growth, however, chiefly relates to the laws concerning normal growth and
particularly on the rate of growth as shown in different stagesof growth and in different
parts of the body. In these respectscertain considerationswould seemto be worth referring
to.
In the first place, certain parts of the larva are soft and others hard and sclerotised,
conditions of growth clearly differing in the two cases. Usually it is the sclerotised parts
that are selected for measurement since these alter little if at all during the course of a
particular instar, growth being, so to speak, hidden until at ecdysis the contained soft
parts are liberated again to become fixed and sclerotisedfor the period of the new instar.
This is not so in the caseof the soft parts where growth is continuous. Here absenceof any
fixed point in the course of the instar at which measurementsare to be made introduces a
difficulty. Thus Abdel Malek and Goulding say, speaking of suchdifficulty, D
‘ etermination
of the nature of the rate of growth during successivemoults cannot be accurately assayed
without an accurate determination of the time spent by each larva in each stadium.’

METHOD

OF

INVESTIGATION

In the data here given an attempt has been made to determine growth rate in both soft and
hard parts, and the relation of these to each other, in linear and weight measurementsby
(1) utilising as fixed points in development the stage immediately preceding and immediately following upon ecdysis, and (2) observations made at different hours on the culture
as a whole. From such procedure as (1) the growth that has taken place can be determined
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accuratelyduring each instar, that is from post-ecdysiswhen the instar beginsto preecdysiswhen it ends, and from (2) as will be shownlater, very interestinginformation
regardinggrowth in culturecan be ascertained.
In relation to thesedata a point shouldbe stressedthat growth (as occurringin a larva
or partsof its body) is essentiallyone of increasein volume or weight,thesebeingequivalent wherethereis no changein shapeor density. Linear measurementcanbe regardedas
a linear expressionof this. The importanceof this will be clearlater.
For observations
at post-and pre-ecdysis
samplesof larvaefrom a cultureat timeswhen
the differentecdysesare immanent have beenkept under observationand larvae seento
be about to undergo change,or seento have just completedthe change,used for the
Observationsgivenin the tableswill showthat linear and weight
requiredmeasuffements.
measurements
in A. aegypti at the two times(post-and pre-ecdysis,
or, to be moreprecise,
to use the terms ‘immediate’ and ‘ pre-ecdysis‘) showthat ratios of linear measurements
and weightare almostidenticalfor the softparts.Thus for a soft part the ratio for growth
during an instaris givenby that of the measurementat pre-ecdysisto that at irnmediate.
For a hard part it is that given by the immediatemeasurementof an instar to the postecdysismeasurementof the precedinginstar. Or in the lastcasewith but little modification
of that for any instarto that for the precedinginstar,sincein the sclerotisedpartsthereis
in most casesbut little changeoncethe partshave hardened.
For the secondtype of observation,that is the following-up of growth in culture,
standard culturesas describedby me elsewhere(Christophers,1947) have been used.
Sampleshave beentaken at intervalsby pipettingout in bulk (seep. 115)a massof larvae,
all of which, or a suitableproportion of which, have beenmeasuredor weighed. In all
casesculturesusedfor sucha purposehave beenstartedwith eggsthat have hatchedout
within 15 or in somecasesat as short an interval as 5 minutes.The resultsshow: (1) the
growthcurvefor the cultureasa whole; (2) the degreeof spreadin the caseof eachinstar,
for thoughthe larvaein a culturemay starteven,eachsuccessive
instarbecomesmore and
more spreadout in time, the growth curve for the culture as a whole being a composite
one formed of the overlappingfrequenciesof successive
instars;(3) informationregarding
time passedin successive
instarsand much information about various other aspectsof
growthaswill be apparentfrom succeeding
sectionsandthe tabularstatementsandfigures.

(b) LINEAR

MEASUREMENTS
OF INSTARS
PRE- AND POST-ECDYSIS

AT

In Table 14 are giventhe mean valuesfound in differentinstarstagesfor linear measurementsof body lengthand for suchpartsas seemedsuitablefor measurement.In Table 15
are the factorsof increaseshownby thesefiguresfor eachinstar period or ecdysisas the
casemay be.
Under the heading‘ soft parts’ are thoseparts not enclosedin hard cuticle,including
b
‘ ody length’ which is mainly of this nature. It will be seen, comparing pre-ecdysis
measurements
with thosefor post-ecdysis,
that thereis no significantincrease,and often a
slightdecrease,at the time of ecdysis.For this reasonfactorsof increaseat ecdysisfor soft
partshave not beenenteredin the table of ratios.
Under the headingh‘ ard parts’ are thosepartslike the headthat cannotexpandexcept
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at ecdysis. In this case little or no change takes place during the instar period, and for
reasons given above factors of increase for the instar period have not been given.
A third heading relates to ‘special cases’. These are parts that behave not altogether as
hard or soft parts or have characters that require special consideration. They will be
discussedlater.
Table 14. Means of measurementsof instars in millimetres at
post- and pre-ecdysisstages
Instar IV
L.
Pre-

f
Instar I
Instar II
A
I
1-b
Eclosion PrePostPre-

Instar III

*

I

\

Post-

Pre-

Post-

Male

Female

6.17
0.88
1.67
4.10
0.99

7.33
1.41
1.83
5.14
1.24

Soft parts
Body length
Thorax length
Thorax width
Abdomen length
Abdomen width*

1.01
0.137
0.216
060
0.147

1.97
0.305
0.410
1.40
0.260

1.97
0.283
0.437
1.36
0*280

3.27
0.503
0.714
2.24
0.471

3.13
0.51
0.76
2.03
0.46

5.06
o-92
1.23
3.52
0.76

4.85
0.83
1.22
3.28
0.75

Hard parts
Head length?
Head width?
Antenna length?

(0.23)
(0.18)
(0.08)

0.255
0,278
0,108

0.420
0.463
0.169

0.41
0.46
0.162

0.56
0.71
0.237

0.65
0.74
0.245

0.82
O-98
0.348

0.128
0.08
0.119

0.280
0.149
0.212

0,287
0.167
0.263

0.448
0.268
0.335

0.44
0.276
0.49

0.67
0.392
0.60

0.75
040
0.79

Special cases
Siphon length
Siphon width
Anal papillae

\

0.80
0.41
0.84

0.94
0.45
1.00

* Width of third abdominal segment.
t The data relate to before and after ecdysis.The first column (in brackets) gives the measurementsat hatching
before the head is expanded. They are not consideredin relation to growth.

Table 15. Growth rates calculatedfrom data given in Table 14.
Instar periods
1.

\

I

II

III

IV
A
\
I
Male
Female

Soft parts
Body length
Thorax length
Thorax width
Abdomen length
Abdomen width
Mean rate

1.95
2.23
1.90
2.33
1.77
2.03

1.66
1.78
1.63
1.65
1.68
1.68

1.62
1.80
1.62
1.73
1.65
1.68

1.27
1.06
1.37
1.25
1.32
1.25

Hard parts*
Head length
Head width
Antenna length
Mean rate

1.65
1.69
1.57
1.63

1.37
1.54
1.46
1.46

1.26
1.32
1.42
1.33

Specialcases
Siphon length
Siphon width
Anal papillae?

2.20
1.86
2.21

1.61
1.61
1.86

1.48
1.42
1.61

1.07
1.02
1.06

* Change at ecdysisat end of instar.
‘f Including rate for instar and at ecdysis.
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1.70
1.50
1.57
1.65
1.59
1.25
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BODY

LENGTH

Though the total body length consists of both h‘ ard’ (head capsule) and ‘soft’ parts
(thorax and abdomen) it is a desirable measurement to have and in the main it is a soft
part. Since the respiratory siphon and the anal segment are set at an angle to the rest of
the body they do not form a very suitable end-point for measurement and ‘body length’
has been taken as that from the tip of the head (preclypeus) to the point where the siphon
begins on the eighth segment dorsally. In this measurement particularly the greatest care
was taken to maintain the natural state of the body. After a number of trials the best
results were obtained when a number of larvae were very gently chloroformed on a glass
sheet covered with wet blotting paper, larvae which had died in a straight position being
selected for measurement.
As with other measurementsthose of total body length show a graded decreasinggrowth
ratio reaching a low figure in the fourth instar, especially in the male. The larva increases
from a length of 1.0 mm. on emerging from the egg to a mean of 7.33 mm. for the female,
or an increase factor of 7.33. The male increasesonly some six times, which, however, is
very considerable seeing that the male pupa is only about half the weight of the female
pupa. With each instar the growth factor steadily decreasesfrom approximately 2.0 in the
first instar to 1.25 in the male and 15 in the female. At ecdysis there is little change,
usually a slight reduction.
THORAX

AND

ABDOMEN

The thorax and abdomen taken together form the greater part of the body length and
represent growth as a soft part without the complication of the head capsule.This measurement increases during the larval period in the female from O-737 mm. to 6.55 mm. or
8-9 times. In width the abdomen increases 8.4 and the thorax 8.5 times. The body as a
whole, therefore, so far as the soft parts are concerned, maintains very closely its original
form. As in all other measurements those for the thorax and for the abdomen show a
steadily diminishing increase factor as growth proceeds.
THE

HEAD

CAPSULE

Apart from some slight increase which may precede ecdysis, the dimensions of the head
capsule remain unchanged throughout the instars, increase being seen only at ecdysis.The
mean diameter at hatching, allowing 2 hours for expansion at this time, and at the respective ecdyseswas in the female O-278, O-463, 0.71 and 0.98 giving increase factors of 1.67,
1.54 and l-32. The factors of increase for length are a little lower, being respectively 1.65,
l-37 and 1.26, corresponding to the fact that the shape of the head broadens slightly with
growth.
THE

ANTENNA

The antenna is interesting since the larval antenna takes no part in the final imaginal
structure, the imaginal buds of the antennae being entirely within the head capsule. Further
the length of the larval antenna would seemto be correlated with the working of the mouth
parts forming part of an outer circle of sensoryor protective hairs in advance of theseparts.
Being a hard part increase in size is entirely confined to the change at ecdysis.The growth
factors are 1.57, 1.46 and 1.42.
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THE RESPIRATORY

SIPHON

The siphon in the fourth instar is a typical ‘hard’ structure, since so far as growth is concerned it is a completely closed chitinous box. In the earlier instars, however, it behaves
like a ‘soft’ structure, since the chitinised portion is pushed up like a cap by the growing
hypodermal siphon of the succeedinginstar. It has about the same growth indices in the
first three instars as the soft parts, though somewhat lessin the third instar and, for reasons
given, very little increase in the fourth instar.
THE ANAL

PAPILLAE

These increase in size both during the instar and at ecdysis, as shown in the tables. To
obtain the total growth in this casethe two rates (for instar period and at ecdysis)must not
be added but multiplied. The total growth is about the same as that for the soft parts.
Table 16. Weight of instars at post- and pre-ecdysis

Instar
First
First
First
First
Second
Second
Third
Third
Fourth

PuPa

Stage
0 hours
2 hours
4 hours
Pre-ecdysis
Post-ecdysis
Pre-ecdysis
Post-ecdysis
Pre-ecdysis
Post-ecdysis
Pre-ecdysis
Male
Female
Male
Female

Number
of
weighings

3
5
5
4

Number
weighed
1067
2201
908
35
29
59
11
34
26
5
36
873
822

Weight
(mg.)
14.6
46.5
20.9
2.8
2.4
23.5
4.2
61.0
42.4

-

16.0
176.0
2275.1
3906.5

Weight
per larva
(mg.1
o-0137
0.0211
0.0230
0.0800
0.083
0.398
0.382
1.794
1.615
3.200
4.900
2.606
4.752

Ratio
increasein
instar
5.8
4.8
4.7
1.98
3.07
1

Ratio
increaseat
ecdysis
1.03
0.96
0.90
0.81
0.97

GENERAL

The above indicates growth ratios for the earlier instars approaching, and in the first instar
reaching, doubling of the dimensions. The ratio of increase further shows a definite
decreasein successiveinstars, especially so in the fourth instar. Not only is the ratio in the
fourth instar reduced, but whilst the first three instars last each approximately 24 hours,
the fourth instar is nearly three times as long. The measurements therefore are in accord
with the findings of Ripley (1923), that increase from first to second instar is usually
greater and that for the penultimate to the last instar less than for other instars.

(c) WEIGHT

OF INSTARS

AT PRE-

AND

POST-ECDYSIS

In Table 16 are given the results of weighing larvae at pre- and post-ecdysisstages. It will
be seenthat increasein weight is entirely that gained during the period of instar growth. At
ecdysisthere is no increase in weight and there may even be a decrease.This is shown not
only by weighing larvae before and after, but by the fact as shown later that the weight of
massedlarvae in a culture at times of ecdysisis little influenced by the proportion of instars
present, showing that at such times the two instars in the culture do not differ appreciably
in weight.
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Increase in weight of successiveinstars, as with linear measurements,shows a decreased
ratio as development proceeds, the ratios for the four instars being respectively, 5.8, 4.8,
4.7 and 3.07. The last figure refers to the female. In the male the increase for the fourth
instar is only 1.98. The mean weight of the larva increasesas a whole from O-0137mg. at
hatching to 4.90 mg. in the female just prior to pupation, an increase of 358 times.
The ecdysesoccur at approximately 24, 48, and 72 hours and pupation at 144 hours in
the case of the female. Pupation in the male is about 24 hours earlier. If the weights of
the instars are compared with the graph given in Fig. 24 (p. 284) for the curve of growth
in a culture it will be seen that the instar weight does not differ appreciably from the
weight for the culture, in spite of the fact that all larvae do not passthrough their stagesof
development simultaneously.
Table 17. Cubes of linear increaseratios for body lengthfor instars
and observedweight ratios for theseinstars.
Instar IV

h

I
Instar I
l-95
Linear increase
Cube of linear
7.4
increase
Observed weight 5.8
increase

Mean

\

Instar II
1.66
4.6

Instar III
1.62
4.3

Male
1.27
2-o

Female
l-51
3.4

Male
1.62
4.6

4.8

4.7

2.0

3-o

4.3

COMPARISON

OF LINEAR

AND

WEIGHT

Total

.A
I

\

Female
l-68
4.9
4.6

f

A

\

Male
6.1
226

Female
7.3
389

234

358

MEASUREMENTS

Since linear increase, other things being equal, would be represented by the cube of this in
measurement made in volume, and, if no change in density occurred, in weight, it is of
interest to see how far such a relation applies to the data obtained. In Table 17 are given
the cubes of the ratios for linear increase in body length for each instar and in contrast the
ratios obtained for weight increase (for source of data see Tables 15 and 16). It is obvious
that such a relationship does hold good.

(d) MEASUREMENT

OF GROWTH

IN

CULTURES

The course of development of Aedesaegypti in cultures has already been indicated. Owing
to the ‘spread’ caused by unequal rate of growth of individual larvae it is never possible,
except in the very early stages,to find all larvae at the same stage of development. Even if
only one instar is considered, the individual larvae are still in different stagesof growth in
that instar. It is necessary,therefore, in following up development in a culture, to obtain
more information than is given by measurement of post- and pre-ecdysis stages.
The cultures made use of for this purpose have all been of considerable size, that is some
hundreds or more, bred at 28” C. under conditions that experience had shown to be
optimal and from hatchings that have taken place in a short interval of time, 15 minutes or
less. Though it may be thought that such conditions are unduly artificial, this is not so to
the extent that might at first sight appear. Under conditions in nature or in the laboratory
favourable to the life of the insect, eggslaid by a single female almost entirely hatch over
a very brief range of time and the cultures now considered do not differ to any marked
degree in general characters from those put up in the course of ordinary routine work.
Moreover, origin from simultaneous hatching was an essential requirement to avoid what
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might otherwise have been larvae starting development at different unknown times. In all,
twenty-six cultures of this kind have been followed up during a period of about ten
months.
As in the previous section, where measurement was concerned with particular stagesin
larval development, both linear measurementsand weight have been taken, but in this case
in relation to hours of culture. The method adopted has been to take samples at stated
times by pipetting out indiscriminately a suitable mass of larvae, filtering these off after
a preliminary wash, removing a suitable portion of the massso yielded for measurement or
I

I

I

I

I

I

I

I

I

I

I

I

I

--+ Pupation begins

20

t

I

I

24

I

I

48

I

I

I

72
Hours of culture

I

96

I

1

120

I

I

144

Figure 23. Chart giving graph for measurementsof body length in culture at 28” C.
Observedvaluesare shownas dots. In the body of the chart a line is drawn throughthese,giving
the graph for linear increase.The dots for eachinstar are linked up alternatelyby unbroken and
by broken lines.
At the top of the chart are giventhe percentagesof the differentinstarsat hourscorresponding
to those of the growth curve.
weight and at once killing the remainder by dropping into water at 80” C. for determination
of the percentage of instars. This last procedure was necessarysince near ecdysistime considerable change in the percentage may take place in a short time from ecdysis,especially
in the earlier stageswhere this takes but a short time and goes on even among massed
larvae. For linear measurementslarvae have been treated as in the previous section. The
sample for weighing was allowed to rest as a mass on a porous tile, which rapidly freed it
from extraneous water. Care was always taken to avoid damaging the larvae by undue
pressure or manipulation, since damage to the anal papillae causing these to be detached
results in loss of haemolymph.
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The data for body length and corresponding counts of instars are too voluminous for
publication, but are shown in graph form for the cultures as a whole in Fig. 23, with the
graphs for count of instars set along the top of the figure. It is very clear that growth as
indicated by linear measurement plotted against time gives a straight line up to about
96 hours. After 96 hours there is some falling off in the rate. There are, however, by this
time a number of complicating factors which would have to be allowed for before concluding that a reduction in growth rate is responsible. In the first place it is now that
differentiation of sex begins to be apparent and as male larvae do not grow as large as the
I

I

I

24

I

I

48

I

I

72

I

I

96

I

1

24

I

I

1

48

Hoursof culture
Figure 24. Graph of increasein body weight.
Giving graph for observedmeasurementsof body weight during culture. Observedweightsare
shown as dots and what appearsto be the courseof increaseas shown by the observationsis
indicated by the interrupted line. Plottings from the formula given in the text are shown by
crosses.For data seeTable 17 and text.
Inset. The first 48 hours shownon an increasedvertical scale.
female this would be a cause of reduced body length in the culture as a whole. Also it is
now that pupation is beginning and, as male pupae are considerably smaller than the
female, this would remove more of the smaller male larvae than of the larger female and
have a reverse effect. Towards the end of the culture period another effect is at work,
namely that the relative number of larvae showing delayed development increases.These
would be too few at an earlier period to have any appreciable effect. But as pupation
removes more and more of the total larvae any retarded and usually poorly developed
individuals begin to have an undue effect. In regard to linear measurement there seemsno
doubt that growth in a culture where larvae are started, so to speak, at scratch gives
against time a straight line graph.
The result of weighing samplesof larvae at different hours of culture is given in Table 18.
Plotted, thesedata give the curve shown in Fig. 24. In the early stages,up to about 50 hours,
that is about the end of the second instar, the form of the curve suggestsan exponential
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function (see inset to graph). Later the curve is more uncertain, but may still be of this
character. Such deductions as can be made regarding the nature of the growth curve will
be considered in the next subsection.
Table 18. Weight of larva at d@erent hours of culture

Hour
0
18
23
24
25
26
28
44
45
46
48
51

Number of
larvae
weighed
-

Weight
(mg.)
-

1026
208 1
2728
88
2900
2468
903
181
493
1087

66.3
175.6
238.2
10.4
336.5
368.7
374.6
97.7
257.6
‘
594.1

Mean
weight
per
larva

Hour

Number of
larvae
weighed

0.0137
0.065
0.089
0.090
0.118
0.119
0.146
0.414
0.54
O-52
0.55

53
54
69
70
71
76
95
115
117
119
144

326
35
146
219
345
178
25
209
153
183
6

61-l

(e) CHARACTERS

0.58

Mean
weight
Weight
(mg.)
223.7
25.7
249.4
384.6
517.3
367.7
74.0
751.1
590.6
755.7
20.7

8

OF THE

GROWTH

44.8

per
larva
0.69
0.73
1.71
1.76
1.50
2.07
2.96
3.59
3.86
4.13
3.90
(male pupae)
5.60
(female pupae)

CURVE

The data that have been given show clearly that linear increase plotted against time gives
a straight line. This at first sight seemsto contradict what has been said as to the reduced
ratio for instars as development proceeds. Actually the two facts are mutually explanatory.
That the graph for linear increaseis a straight line indicates that increaseis not exponential,
that is, proportional to the increase in size, but is a fixed increment added throughout.
Imagine now a larva 1 mm. in length which increases in length per unit time by a fixed
increment of 1 mm. The ratio of increase would then work out as 2/l = 2, 3/2 = 1.5,
4/3 = 1.33, . . .. giving a reduced ratio, although the increase has been a regular one. The
larva, however, is not a Euclidian line, but a solid body, and in such a case, provided the
body maintains its shape, linear increase is only an indication of a three-dimensional
increase, that is of one that would be represented by the cube of the linear increase and
would be exponential. Furthermore, the reverse would hold good. If a mass is to grow
evenly throughout, its increase must be exponential and if this were so then linear increase
would be by even increments.
Consider, as a conveniently shaped mass, a sphere with a radius R which is increasing
in size by a steady increment to the radius of r. Its volume, and equally its weight if its
consistenceremains unaltered, will increase according to the formula
1/37r(R+ rt)3,
where
The
earlier
this in

1/3n is a constant characteristic of the sphere and could be given as a constant k.
body of the larva is not a sphere, but it is of very constant shape at least in the
instars and it would be reasonable to think of a constant k that might characterise
a similar formula. It might be reasonable therefore to consider a formula
W = k(L + It)“,
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where W is weight,L the originallength of the larva, 2the increment,t time in hoursand
k a constant. Knowing that L at hatchingis 1-Omm. and that from the straightline graph
givenby body lengththe increment2can be found to be approximatelyO-054,the formula
could be written
W= k( 1+ 0.054ty.
Taking k as the proportion of weight to length of the larva at hatching,that is O-0137,
a formula wasgiventhe resultsfrom which are indicatedin Fig. 24 by crosses.
Though far
from a perfectfit, it seemsworth recordingas a rational formula though it still doesnot
give the essentialfactor of growth, utilisingthe value O-054as observedbut without proceedingfurther in mathematicalanalysis.
Table 19. Observedand calculated measurementsof instars

Instar I at hatching
Instar I at pre-ecdysis
Instar II at pre-ecdysis
Instar III at pre-ecdysis
Instar IV at pre-ecdysis(male)
Instar IV at pre-ecdysis(female)

Time
in
hours
24
48
72
96
120

Body length (mm.)

IB
Obs.
1.01
1.97
3.27
5.06
6.17
7.33

Weight (mg.)
v

Calc.
2.26
3.59
5.88
6.50
7.48

Obs.
0.0137
0.08
040
1.79
3.20
4.90

Calc.
0.164
0.63
1.56
3.20
4.18

In Table 19 is given the applicationof the formula to the instarvaluesfor body length
and weight as determinedat pre-ecdysis,that is as distinct from determinationson the
culturesas a whole.
All observationsrelateto growth at 28” C. determinedas describedin the early portion
of the chapter.
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XIII
THE
INTERNAL
(a) THE

LARVA:
STRUCTURE

ALIMENTARY

CANAL

The alimentary canal of Culex larva has been very fully described by Thompson (1905)
and that of Anopheles larva by Imms (1907). *
Passing backwards, the canal consists of preoral cavity, mouth, pharynx, oesophagus,
proventriculus, mid-gut or ventriculus with its diverticula or gastric caeca and intestine, this
last consistingof a thin-walled portion or ileum, a short thick-walled colon and a terminal
portion, the rectum. The portion of mid-gut associatedwith the proventriculus is sometimes
termed the cardia. In addition there are the larval salivary glands and the Malpighian
tubules. The relations of these parts to each other and to the body are shown in
Fig. 25 (1).
The pharynx, oesophagusand proventriculus (in part), collectively forming thefire-gut,
are developed from the stomodaeum, the intestine constituting the hind-gut, as also
seemingly in the mosquito the Malpighian tubules, from the proctodaeum, whilst the midgut and the gastric caeca are derived from the mesenteron. In keeping with this the
pharynx and oesophagus,as also the intestine and rectum, have a chitinous intima and
their epithelium is usually more or lessof the flattened type. An exception, however, is the
colon which has very large cells. The epithelium of the mid-gut and its caeca, on the
contrary, consists of very large and massive cells. The cells of the Malpighian tubules
are also very large, not unlike those of the mid-gut and colon.

THE PREORAL

CAVITY

AND

MOUTH

(Figs. 25, 26)

The preoral cavity is the functional mouth. Its roof is formed by the largely membranous
structures on the ventral aspect of the labral and clypeal regions, including the epipharynx
and especially the large membranous post-epipharyngeal lobe (Fig. 26 (3) epl). Its floor is
formed mainly by the dorsal surface of the mandibles and to some extent of the maxillae.
When theseappendagesare abducted, the floor is largely open. As shown by Christophers
and Puri (1929), the emerging current produced by the brushes in the culicine larva when
feeding is directed backwards from such opening thereby causing the larva to glide along
in its characteristic way. When the brushes are retracted for combing or protection they
are received in a compacted form into the preoral cavity and lie largely covered by the
* See also Raschke (1887, A2de.s nemorosus), Hurst (1890, Culex), Nuttail and Shipley (1901, Anopheles),
Metalnikoff (1902), Wesche(1910), Schonichen(1921), Martini (1929), de Boissezon(1930), and various text-books
on medical entomology. For special description of the pharynx see Kulagin (1905) and Salem (1931) and for
description of the mid-gut Federici (1922, Anopheles) and Samtleben (1929). There are also many referencesto
structure in the works of Wigglesworth, notably the very full description of the proventriculus of Culex, Aedes
and Anopheles larva (Wigglesworth, 1930)and the paper dealing with storageof fats, glycogen,etc. (Wigglesworth,
1942).
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mandibles and maxillae. For a small extent in the middle line the floor is formed by the
labial and hypopharyngeal rudiments and the sharp-toothed mental sclerite (Fig. 25 (2)).
Any true buccal cavity, if present, is very restricted in extent. Snodgrass(1935, p. 387)
defines the buccal cavity as ‘The first part of the stomodaeum, lying just within the mouth;

mx
I

05 mm.

2

I

I

Figure 25. The alimentary canal.
1

Lateral view of larva showing general anatomy of the alimentary canal.

2
3

Anterior view of head showing preoral cavity and surrounding structures.
Pharynx and related parts. Dorsal view.
Lettering : an, antenna; bs, black spot area; Co, colon; Cs, gastric caeca; ct, the crescent;
fb’, flabellar plate ;fb”, scallop ;fg,frontal ganglion; fn, frontal connective ; g.1, supra-oesophageal
ganglion; g. 2, sub-oesophageal ganglion ; IL, ileum; Zp, process of lateral plate of clypeus;
Mg, mid-gut; MO, mouth; Mt’, Malpighian tubule (dorsal); Aft”, Malpighian tubule (dorsolateral) ; Aft”, Malpighian tubule (ventro-lateral) ; md, mandible ; md’, membrane covering
fenestra; mx, maxilla; mxp, maxillary palp; Oe, oesophagus; P, pharynx; Pv, proventriculus;
p, palatum; ppl, post-palatal lobe; Rc, rectum; sg, salivary gland; ss, suspensorium; ss”, position
of lateral oral apodeme; t. 10, ventral cephalic trachea; 12, 12’, anterior elevators of roof of
pharynx; 13, median elevators of roof of pharynx; 14, lateral elevators of roof of pharynx;
15, posterior decussating muscles ; 16, dorsal suspensors of the pharynx; 22, dorsal compressors
of the pharynx; 24, lateral compressors of the pharynx.

its dilator muscles arising on the clypeus, and inserted before the frontal ganglion and its
connectives‘. In Ai;des aegypti the frontal ganglion lies on the roof of the pharynx a little
behind the level of the chitinisation describedlater asthe crescent,and at about the samelevel
on each side of the pharynx is a slight constriction where the frontal ganglion connectives
passup to the ganglion. Into the roof of the pharynx anterior to this are inserted two small
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muscles, 12 and 12’ (Fig. 25 (3)), taking origin from the falciform apodeme in a position
that might well be clypeus. It would appear, therefore, that in this casethe buccal cavity is
the front portion of the pharynx. It will be simpler, however, to include such portion in
the pharynx of which in this case it obviously forms a part.

THE PHARYNX

I

(Fig.26)

This has been described in some detail by Thompson in Culex and by Imms in Anopheles,
but curiously enough the remarkable fringes are not referred to as such by either author.
In sectionsthese are quite inconspicuous and have been figured and considered merely as
hairs. They are much more conspicuousin, for example, the cast skin of the larva, where
their real nature as an important functional feature of the organ is obvious. It would seem
that it is upon the fringes that the ability of the larva to filter out minute particles from the
water depends. Further, it is probable that the necessityfor suchfringes has been the reason
for the large pharynx and in turn for the rather large head of the mosquito larva, especially
in some specieswhich live in open clean water. Apart from the fringes it is difficult to see
how the pharynx could filter particles from the current produced by the brushes. It is
doubtful if the brushes themselves act to any extent as a filtering agency in the culicine
mosquito, their main function being the production of a current directed into the pharynx.
The general appearance and structure of the pharynx, as also its relation to surrounding
parts, can be best seenfrom the figures. Essentially it is a funnel-shaped muscular organ
capped by a flat roof the lateral halves of which are capable of being folded up face to face
in the middle line, thereby closingup and flattening the organ. The lateral edgesof this roof
form sharp longitudinal ridges referred to as crestsof the pharynx. In life these crestsare
in constant in-and-out movement, expanding the organ when feeding is in progress, contracting it in the act of swallowing the bolus of food that gradually collects. Ventrally the
pharynx opens by a broad slit-like mouth into the preoral cavity, this being, on the analogy
already given, situated between the roof and the edge of the funnel in its most anterior and
ventral part. The lateral limits of the opening are indicated by peculiar narrow curved
chitinisations curiously like fish-hooks (ss”), especially in the Culex larva, which may
be termed the lateral oral apodemes. In the middle line dorsally and ventrally just inside
the opening of the mouth are the plates later described respectively as the crescentand
ovalplate. Though slit-like at rest the mouth by the lifting of its roof can be widely dilated.
When the mouth and pharynx are so dilated they form, with the preoral cavity, a deep
cavernous opening occupying much of the head space (Fig. 26 (1)f). Into this opening is
directed the current produced by the feeding brushes.
Where the pharynx ends posteriorly it forms a dorsal backward projection of the organ
reaching almost to the dorsum of the head. This posterior angle of the pharynx, as will be
seen, has important relations with the opening of the aorta and with the sympathetic
nerve system.
The pharyngeal roof consistsof severalplates which, taken together, form a roughly oval
plaque. Anteriorly in the middle line is the small dark crescenticcrescent(ct). Behind this
the median portion of the roof is formed by the laterally symmetrical semilunar plates, the
dorsalplates (dp). External to these and forming the lateral edgesof the roof on each side
are rather indefinite thickenings, the lateral plates (Zpp). These are diffusely thickened
towards their anterior ends and also posteriorly. The anterior thickenings receive the
I9
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attachment of the lateral oral apodemes, narrow strips of sclerotisation which link the
pharynx to the suspensoriaand probably give support to it (Figs. 25 (2); 26 (3), (4), ss”).
The posterior thickenings receive the insertions of the largest of the extrinsic muscles of
the pharynx, the lateral dilators (no. 14 of head muscles), which help to sling the pharynx
in its position in the head and to dilate it by drawing open the crests. It is the two posterior
thickenings which, narrowing behind, come together and largely form the posterior angle
of the pharynx, constituting a notch through which pass the aorta and the recurrent
pharyngeal nerve from the frontal ganglion. Inserted into the posterior angle and its
neighbourhood are various musclesas describedlater coming from the dorsum of the head.
Whilst these and the lateral dilators sling the pharynx in the head, the organ receives
support below from the lateral oral apodemes. In their natural position these lie more or
lessvertically springing from about the middle of the suspensoria.Though they have been
termed and have the appearance of apodemes, they are largely surface thickenings of the
membrane at the mouth angles.
Between the dorsal and the lateral plates of each side are the dorsal fringes (pf’). These
consist of narrow ribbons of thickening crossed by fine transverse ridges which are continued beyond the ribbon’s edge as stiff straight filaments, the whole forming a structure
very like a small-toothed comb. The actual number of fringes in the seriesis not easy to be
sure of, but there are at least three on each side, the outer ribbon carrying one, whilst the
inner ribbon carries at least two, one arising from each edge. The filaments, excluding the
ridge portion of the ribbon, are about 50,~ in length and 0.7,~ in width, the space between
being very regularly only about 1.0,~ or one-fifth of the diameter of a red blood corpuscle.
Terminally some of the filaments end in fine straight branches, though the majority seem
simple, continuing in strictly parallel course to their termination. In Culex molestus the
branching is more marked. In sectionsfood massesare frequently seenlying in the pharynx
in close connection with the fringes. In the dilated pharynx they project as ridges along the
roof of the cavity. As noted later a further fringe series lies along the ventral floor on
either side.
On the floor of the pharynx anteriorly and at about the level of the crescent is an oval
plate, oval plate (op), which forms a kind of threshold to the cavity. Behind this are a
number of fine, backwardly directed hairs. This portion of the floor often appearsin sections
somewhat sunk to form a gutter and the hairs standing erect look as if they might be
functioning as a valve, allowing entry to a current, but opposing its exit. The ventralfringes
Figure 26. Pharynx.
1
2
3
4
5
6

Sagittal section of head showing preoral cavity and pharynx.
Dorsal view of head showing pharyngeal connections.
Roof of pharynx and preoral cavity (cast skin preparation).
Floor of pharynx and hypopharynx (cast skin preparation).
Portion of a pharyngeal fringe highly magnified.
Basal portion of a flabellar hair at same magnification as 5.
Lettering : ap, flabellar apodeme; ct, the crescent; dp, dorsal plate of pharynx; ep, epipharynx;
epl, post-epipharyngeal lobe; f, pharynx; f”, fringes ; hp, hypopharynx; L.r, labial rudiment ;
Zpp, lateral plate of pharynx; ms, mental sclerite; op, oval plate; pe, post-epipharyngeal bar;
pf ,‘ pharyngeal fringes (dorsal) ; pf “, pharyngeal fringes (ventral) ; ppl, post-palatal lobe;
4, elevators of the pharynx (two muscles); 17, accessory dorsal suspensors of the pharynx.
For other lettering and numbers see under explanation of Fig. 25.
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lying along the sides of the pharynx below the lateral plates here converge. Medianly,
strictly speaking, there is no floor since ventrally the cavity of the pharynx forms a funnelshaped passageleading to the oesophagus.
Histologically the pharynx has an inner lining of chitinous intima with small-celled
pavement epithelium and an outer muscular coat. Apart from the small discreet dorsal
compressor muscles (no. 22 of the head muscles) the dorsal roof has no muscular coat.
The ventral portion has an inner coat of circular muscle with a strong band lying external
to this beneath each crest laterally, termed by Thompson the cingulum. Though taking
origin and insertion only from the pharynx this musclehas much the character of an extrinsic
bundle (see Fig. 30 (1) m. 21). The muscular coat proper much resembles that of the
oesophaguswith an inner circular coat and some loosely arranged external longitudinal
fibres. The extrinsic musclesof the pharynx and the nerve connections are dealt with later.
THE

OESOPHAGUS

This is a short tube passingfrom the pharynx through the nerve ring to end in the proventriculus. It consists of an inner lining of flattened epithelium with chitinous intima,
usually much thrown into folds, and an outer coat of circular muscle. Towards the base
of the neck the muscular coat makes connection by strands of tissue with surrounding
structures including the aorta which runs closely along its dorsal surface. As noted by
Salem it has a ventral and a dorsal bulge in this position. Actually these effects are due to
the oesophagus here passing through the cervical muscular diaphragm, which will be
described later when the rather complicated parts in this region are dealt with.
THE PROVENTRICULUS

(Fig.27(1))

The proventriculus has been described by Thompson in Culex, by Imms in Anophelesand
in the three representative speciesAnophelesplumbeus,Culexpipiens and Alfdesaegypti, as
also in a number of other Diptera and orders of insects, by Wigglesworth (1931 b). In all
three forms it is roughly similar and consistsessentiallyof an intussusceptionof the end of
the oesophagus into the cardia of the mid-gut. Its structure in AL;desaegypti will be
evident from the figure showing it in longitudinal section. Its walls consist of three layers,
namely an inner, or direct, face and an outer, or reflected, face of the intussuscepted
oesophagusclosely surrounded by a layer formed by the cardia (c). At the lower end of
the intussusceptionis a conspicuousannular blood sinus.The cells of the outer wall formed
from the cardia are large and resemble in type those of the mid-gut, though evidently
specialised,being more columnar and deep staining. Where at the bend the small cells of
the oesophagealtype give place to the large cardia cells there is what Thompson describes
as a ‘ break’, a small gap where there appear to be no cells. At this point too there is a
ligament-like extension of the connective tissue coat of the oesophaguson to the cardia.
The lower end of the oesophageal intussusception differs somewhat in detail in the
different mosquitoes. In Anophelesthere is a strongly developed chitinous ring carrying
fine curved spinesand a specialring of longitudinal muscle above this not present in other
forms (Wigglesworth, 1930). In Culexpipiens there is a general chitinous thickening of the
reflected layer with an everted rim at the edge. In AZdes aegypti the chitinous margin of
the free edge is still more thickened (Fig. 27 (1) a).
In regard to the function of the organ it has been shown by Wigglesworth that not only
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doesthe layer of cardiacellssecretethe peritrophicmembranebut that the structureacts
asa press,mouldingthe secretionasit passes
out (seealsounderdigestionin the chapteron
physiologyof the larva). The peritrophicmembrane,asshownby Wigglesworth(1930),is
composedof chitin, thoughthe outerlayerof secretingcellsappearsalmostcertainlya part
a

6

C-

Figure 27. Proventriculus,gastriccaecaand mid-gut.
Longitudinal sectionof proventriculus.
Sectionthrough anterior end of mid-gut and gastriccaeca.
Transversesectionof anterior portion of mid-gut of early fourth instar larva.
Transversesectionof posteriorportion of same.
Tangential sectionof mid-gut wall showingearly infiltration of small basalcells.
Tangentialsectionof extremeouter layer of mid-gut wall in a pre-ecdysisfourth instar larva,
showingheavyinfiltration with smallbasalcellsand early formation of musclefibresof future
adult mid-gut.
Lettering: 1, a, annular chitinous thickening acting as moulding press; b, blood sinus;
c, annular muscle;d, epithelium of cardia; e, ring of regenerativeepithelium. 2-6, a, basement
membrane;b, basalcell; c, developingmusclefibres; d, extrusionfrom cell; e, trachealcell.
Other lettering: C’s,gastriccaecus; Mg, mid-gut; Oe, oesophagus
; pm, peritrophicmembrane;
Pv, proventriculus.

of the mid-gut and of mesenteralorigin. The cellsnot only have a closeresemblanceto
those of the mid-gut, but show the sameinner clear margin or even a striatedborder.
External to this border may often be seena considerablethicknessof clear substance,
presumablysecretionwhich will eventuallybecomeperitrophicmembrane. Around the
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upper margin where the oesophagealcellular lining changesto the large cells of the cardia
is a ring of epithelium which as Thompson notes forms a regenerative area in the pupal
stage.
THE SALIVARY
GLANDS AND THEIR DUCTS (Figs.25(1); 39(3)sg)
On either side of the proventriculus and abutting upon the lower lateral caecum of its side
are the larval salivary glands. Unlike the Chironomus larva, which in many speciesusesthe
salivary secretion to bind together particles to form a protective tube, the glands of the
mosquito larva have no such special function to serve and are relatively very small. Each
gland consistsof a single tubular acinus having an open lumen surrounded by large deeply
staining granular cells. The distal end of the acinus is usually somewhat dilated, sometimes
considerably so, forming a spherical cyst-like portion which as noted by Thompson in the
living larva is highly refractile. In sectionsvery little indication is given of secretion in the
lumen.
From each gland there passesforwards a delicate thin-walled duct, salivary duct. Each
duct on the ventral aspect of the nerve connectives in the neck joins with its fellow of the
opposite side a little behind the sub-oesophagealganglion to form the common salivary
duct. The common duct passesforwards along the dorsal surface of the labial rudiment to
open by a transverse slit just dorsal to the labial plate (Fig. 13 (6)). The site of the opening
figured by Salem as at the ventral part of the plate and immediately behind the mental
sclerite is incorrect. None of the ducts is provided with taenidia as in the adult.
THE MID-GUT

OR VENTRICULUS

(Fig.27(2-6))

Immediately beyond the proventriculus is the portion of mid-gut from which arise the
balloon-like diverticula or gastric caeca. These occupy a large part of the space of the
thorax. They are eight in number arranged around the canal, two dorsal, two ventral and
two lateral on each side. They all bulge somewhat forward, but to a greater extent backwards, the largest and longest being the lateral, which reach to the beginning of the
abdomen, then the dorsal, the smallest being the ventral. They are lined with cells resemblingthose of the mid-gut, but of rather larger area. They have a broad striated border
and like the cells of the mid-gut have rather pale clear cytoplasm staining strongly with
eosin. There appears to be no muscular coat or indication of muscle fibres.
Beyond the origin of the caeca the mid-gut extends back as a long uniformly cylindrical
organ to the fifth abdominal segment, the exact position to which it reaches being a little
variable. Within it lies the long column of food debris enclosed in the tube of peritrophic
membrane, a space being everywhere present between the membrane and the cells lining
the gut.
The histology of the mid-gut wall is somewhat complicated by the changeswhich take
place in the fourth instar leading to the condition present in the pupa. Essentially in the
younger stagesthe gut is lined by uniform large cells with large globular nuclei and clear or
finely granular cytoplasm. In vertical section the cells tend to appear cubical or rectangular
and of more or less even depth. Cut tangentially they appear as large polygonal cells.
Those of the anterior two-thirds or so of the gut are flatter and of more regular shape than
those in the posterior portion where individually they project more freely into the lumen,
especially in the later stagesof development. There is a well-marked striated border which
is thicker and more conspicuous posteriorly. This is of the ‘brush’ form, consisting of a
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palisade-like arrangement of separate filaments which in dissectionsmay sometimes be
seen sprayed out around fragments of cytoplasm like a coating of motionless cilia. In the
advanced larva the gut cells, especially in the hinder portion of the gut, loose their regular
form, show vacuoles and project far into the lumen which eventually becomes crowded by
droplets and extruded massesof cellular material, a preliminary to the casting off of the
whole old epithelial layer in the pupal stage.
In addition to the large cells there are a variable number of small darkly staining cells
situated about the basesof the larger cells. These increase greatly in number towards the
later stagesforming lines or clusters of small cells along the lines of division of the larger
cells (Fig. 27 (5)). These are regeneration cellswhich eventually in the pupa develop into the
imaginal epithelium. The exact nature and source of the small basal cells are not clear.
Whilst some are destinedto form the imaginal epithelium, others appear to be forerunners
of the imaginal muscular coat of the gut. There are also cells which appear to be of the
nature of the normal replacement type. These may be of all sizes up to that approaching
the normal cells. Whilst proliferation of the basal cells is very striking towards the end of
the fourth instar a somewhat similar though lessmarked increaseis present at the end of the
thirdinstar, suggestingthatthere is somedegreeof replacementof the gut epitheliumat ecdysis.
Externally there is a well-marked basement membrane and the presence of numerous
tracheal cells with their tracheole branches. How far there is a muscular coat seemssomewhat doubtful. Thompson states that scattered muscle fibres are visible in sections.
Samtleben (1929) notes that muscle in this caseis inconsiderableand figures a section of the
gut of the first instar larva of Ak;desaegypti with scattered small longitudinal muscle fibres.
A curious feature is the presencein the fourth instar of two parallel strands passingalong
the whole length of the mid-gut on its mid-ventral surface and a similar pair dorsally. These
bands have occasionalnuclei and appear to be muscular in nature. Apart from theseI have
been unable in the early instar to detect definite muscle fibres. Later, however, there
appears associatedwith abundant basal cells a regular network of fibres at right angles as
in the adult mid-gut (Fig. 27 (6)). This would seem to be a prepupal development and if a
muscular coat existsin the mid-gut apart from this it is of a very inconspicuouscharacter.
At its termination, the mid-gut with its large-celled epithelium gives place abruptly to the
thin-walled ileum.
THE ILEUM (Figs. 25 (1); 28 (l-3 IL)

In marked contrast to the inert tubular mid-gut is the thin-walled muscular and actively
contracting ileum. At its anterior end the ileum is somewhat dilated in a funnel-shaped
manner, forming as in the adult a pyloric ampulla into which open at its upper end the
five Malpighian tubules. Though anatomically the ampulla may be considered as part of
the ileum, it showssome independent structural features. As noted by Thompson there is,
for some distance beyond the termination of the mid-gut, a complete absence of the
muscular coat of the ileum, which ends abruptly at a little distance from the mid-gut,
bridged only by the delicate basementmembrane and the thinned-out epithelium of the gut.
The epithelium here too shows special characters, there being for a short distance beyond
the mid-gut a zone of small rather cubical cells in contrast to both the large mid-gut
epithelium and the much-flattened epithelium of the ileum (Fig. 28 (1)).
The remainder of the ileum consistsof a length of thin-walled gut extending from the
pyloric ampulla in the fifth or sixth segment to its termination in the colon in the seventh
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segment. In life it is usually seenexhibiting active vermicular movements. In fixed material
it may appear as a thin-walled dilated tube of even diameter, or as a narrow portion of the
gut with its walls thrown into folds. In the latter caseit may be empty of any food column.
The ileum has a lining of flattened epithelium with a thin cuticular lining and doubtful
striated border. External to this is a thick outer coat of circular muscle. This consistsof a
single layer of regularly disposedmuscle fibres with round nuclei in contrast with the oval
nuclei of the epithelium (Fig. 28 (2), (3)). There do not appear to be any longitudinal fibres.
In the seventh segment the ileum enters the colon, usually with a slight valvular-like protrusion of its walls into that organ.
THE

COLON

(Fig. 28 (4), (5))

The colon is a curiously thickened and seemingly rigid portion of the gut. It is thrown into
longitudinal folds and lined by large cells not unlike those of the mid-gut or even of the
Malpighian tubules. There is a thick well-marked striated border. Spaced along its outer
wall at short intervals are circular muscle fibres linked up by membrane. In fresh preparations these spaced fibres, by constricting the organ, give it a curious beaded annulated
appearance. It seemsdoubtful if there are any longitudinal fibres and none could be demonstrated by Thompson. Probably staining by Heidenhein’s method might show such fibres
where otherwise they have been missed. Towards the end of the eighth segment the colon
givesplace with no very clear line of demarcation to the rectum. It would be interesting to
know what function is served by this peculiar portion of the gut. It is just possible that it
may be concerned with breaking up of the tube of peritrophic membrane, which in the
faeces of the larva is passedin short, rather regular lengths. See under ‘Digestion’, p. 704.
THE

RECTUM

(Fig. 28 (7), (8))

This is again a relatively thin-walled structure with its lining thrown into longitudinal folds.
In histological structure it is not unlike the ileum with rather small-celled flattened epiFigure 28. Intestine, colon and rectum.
Section through junction of mid-gut and ileum, showing entrance of Malpighian tubules, gap
in muscular wall and ring of cells at pylorus.
Longitudinal section of ileum in dilated condition showing regular arrangement of circular
muscle fibres.
A, transverse section of contracted ileum on same scale as the mid-gut and colon in 1 and 4.
B, portion of wall of same more highly magnified. c, showing muscular and flat epithelial
layer and characteristic nuclei.
Longitudinal section through full length of the colon.
Transverse section of colon.
Section through junction of ileum and colon.
Continuation of colon into rectum showing continuation of the circular muscle fibres of the
former into the latter.
Transverse section of rectum with diaphragm formed by tracheae and muscles of anal
segment.
Lettering: a, entry of Malpighian tubule into pyloric ampulla; b, circular muscle fibres;
b’, nuclei of same; c, gap following abrupt termination of muscular coat of ileum; d, ring of
special cells; e, longitudinal muscular bundles of anal segment ; IL, ileum; Mg, mid-gut ; tv,
tracheal vessel.
296

Olmm.

I

I

I

I

O-lmm.
I

I

,

0.1mm.

,

Figure 28

297

,

O-lmm.

,

LARVAL

STRUCTURE

thelium and an outer single layer of circular muscle fibres. These fibres continue the series
of the colon, but with the fibres closer together (Fig. 28 (7)). Like the ileum the lining is
cuticular without striated border. There do not appear to be any longitudinal fibres
intrinsic to the organ. Towards its posterior end, however, the rectum receivesthe insertion
of some segmental muscles of the anal segment (see under muscular system). In its
passagethrough the anal segment the rectum is accompanied on each side by the large
tracheae passingfrom the tracheal trunks to the anal papillae and by longitudinal muscles
of the segment which together form a kind of supporting diaphragm (Fig. 28 (8)). The
rectum terminates in the anus, which opens at the end of the anal segment between the
basesof the four anal papillae. The lining at this point is thrown into many longitudinal
folds. No structurescorrespondingto the rectal papillae of the adult are presentin the larva.
THE

MALPIGHIAN

TUBULES

These are described under the excretory system.They are five in number and open into the
ampulla, one dorsal and the other four arranged dorsally and ventrally at the sides.

(b) THE

TRACHEAL

SYSTEM

The tracheal system, besidesplaying an important part in the life of the insect, undergoes
interesting changesin the course of the passagefrom larva, through pupa, to the imago, and
without some knowledge of its details of structure much that happens in these changes
cannot well be understood. It is desirable therefore to give a somewhat detailed account.
The system is best studied in larvae which have been placed, when they have just reached
the fourth instar, for 5 or 6 days or more in clean water (see under starvation forms). Such
larvae may be examined alive under a cover-glasssuitably supported, or mounted temporarily in glycerine or glycerine jelly. For the latter purpose a small opening must always be
made to allow penetration, or otherwise gross shrinkage and collapse will result. A good
plan is to place the larva, after puncturing some non-essentialpart, in 50 per cent glycerine,
which may advantageously contain a stain, and then transfer to pure glycerine or melted
glycerine jelly. Very good preparations can be made by killing the starved larvae by the
formalin method (see under ‘Technique’, p. 116) and leaving them to harden for a day
or two still floating. After puncture and treatment with 50 per cent glycerine and pure
glycerine, they can be mounted by dropping melted glycerine jelly on them and covering.
Air remains in the larger tracheae, which show up vividly, for a surprising length of time, at
least for days or weeks. For a more permanent and thorough method, that described by
Wigglesworth in a recent publication can be used (Wigglesworth, 1950). This showsup the
ultimate fine tracheal branches in a very striking way.
As in other mosquitoes the larva of A. aegypti is metapneustic, that is the only functional
spiraclesare those opening at the apex of the siphon (post-abdominal spiracles of Keilin,
1944).
But though the terminal spiracles of the mosquito larva are the only functional ones,
other spiracles normal to insects are represented in the A. aegypti larva by tiny black
sclerotisations in the cuticle from which cords (actually tracheae without a lumen) pass
inwards representing the spiracular tracheae of insectswith open spiracles.The cords have
been described as early as 1890 by Hurst and by Giles (1902). The small black sclerotisations, which may be termed spiracular puncta, are very clearly seen in the cast skin, as
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also in the cuticle of the pale living larva (Fig. 10 (1) st). They mark very clearly the
position of the future spiraclesin the adult and are present towards the anterior margin of
abdominal segmentsI-VII and on the mesothoracic and metathoracic segmentsjust in
front of the line of hairs indicating these segments.There are no puncta in front of the
prothoracic dorsal hairs or on the eighth abdominal segment.
Normally the spiraclesof insectsare ten in number on each side, two thoracic and eight
abdominal, namely those on segmentsI-VIII, the eighth segment being the last segment
on which spiracles are present in any of the orders. That they are clearly indicated in the
mosquito larva in normal position towards the anterior end of the first abdominal segments, but not on the eighth, gives strong evidence, apart from other considerations
pointing the same way, that the highly specialised posterior abdominal spiracles of the
larva (and incidentally of other dipterous larvae so provided) are the spiracles of the
eighth segment displaced and drawn up behind their proper segment. With change of the
larva to the pupa these structures, as will be seen later, close up and not only ceaseto be
functional, but for all practical purposes disappear, suggestingthat their early specialisation is the reason why in the Diptera there are only sevenabdominal spiraclesin the imago
instead of the usual eight in most other orders of insects.
The puncta also enable the segmentation of the two spiraclesin the thorax to be determined with accuracy, for their relation to the thoracic hairs is quite definite. It may be
noted that, according to Snodgrass(1935), the anterior of the two pairs of thoracic spiracles
in insects is always mesothoracic, though it may in many casesappear to be prothoracic.
In the mosquito it has by most authors been considered prothoracic. That it is here also
mesothoracic is, however, clearly shown, as already noted, in the larva, and as their
identity is traceable through the pupa to the imaginal stage the homology determined for
the larva fixes that for the spiracles in the imago.

THE

TRACHEAL

TRUNKS

The most conspicuous feature of the tracheal system are the two large trachea2 trunks
(Fig. 29 (2)-(4) d) which extend from the terminal spiracles on the siphon through the
siphon and abdomen to the thorax. In the mosquito larva they are relatively of enormous
size. Giles (1902), who has given an early description of the tracheal system of the larva,
suggeststhat they may serve as a store of air during submergence. A more obvious reason
is that given by Hurst (1890) that they act as flotation chambers, reducing the specificgravity
of the larva to that of the water. As has been seenthey play an even more precise role in
the hydrostatic balance of the larva. The trunks form in the abdomen a broad conspicuous
band on each side of the narrow median space between them occupied by the pulsating
heart. They are lined with fine taenidia, which, probably due to interference effect, give to
them under the low power the appearance of watered silk. Especially just before ecdysis
the trunks may have the appearance of being double-walled, due to the presence of the airfilled tracheae of the old instar lying surrounded by the much larger fluid-filled tracheae of
the oncoming instar.
Each trunk is constricted to form a bulged portion in the metathorax and in each
abdominal segment I-VII. Towards the posterior end of each bulge there is a thin line
crossingthe trunk which is free from taenidia and indicates a line of weakness. It is at this
point that the intima is broken at ecdysisto enable segmentsof the trunks to be drawn out
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by traction of the cords attached to the puncta. Anterior to the bulge in the metathorax
the trunks suddenly narrow and, diverging widely, passround on either side of the thorax
to terminate in branches to the head and other parts. At their posterior ends in the eighth
segment before passing into the siphon there are on the ventral aspect of each trunk a
number of crypts or depressionsfrom which arises a felt-like mass of tracheoles passing
to the space behind the terminal chamber of the heart. Lastly, after passingthrough the
siphon and just before reaching the terminal spiracles,there is a short specialisedportion of
the trunks forming the felt chamber of Keilin as already described in the section on the
siphon.
Across the middle line of the body the trunks are united by a number of commissures.
One large and important commissure, cervical commissure, is situated just behind the neck.
A narrow cord-like, but patent, commissureis situated in the thorax (Fig. 29 (2)) and there
is one in each segment passingventral to the heart a little anterior to each constriction in
the abdomen (Fig. 29 (3)). On the outer side of each trunk, at the point where the cords
from the puncta join the trunks, is a small marked-out area of the trunk wall, insertion
plaque, from which arise the tracheal branches of the segment. Linking up the branches of
one segmentwith those of the segmentbefore and behind are the connectives, usually long
uniform tracheae taking a wavy course from one tuft of branches to the other. Arising
from the trunks or its branches, commissures and connectives are tracheal branches
supplying all parts of the body.
According to Snodgrass(1935) there is in the generalised insect plan in each segment a
trachea passing in from the spiracle, spiracular trachea, which sends off a dorsal and a
ventral branch. Joining up the spiracular tracheae are connecting tracheae which collectively form a lateral longitudinal trunk. Similarly connectives may join up the dorsal
branches to form a dorsal longitudinal trunk on each side and there may be also a ventral
trunk formed by the joining up of the ventral tracheae of successivesegments. On this
plan the tracheal trunks of the mosquito larva are the dorsal trunks, the lateral trunks being
represented only by the relatively small connectives.
Landa (1948) has described in great detail the tracheal system in the Ephemerid larva
and has given a systemof nomenclature, numbering and naming the different tracheae. It is
a curious fact that though the Ephemeridae are a very primitive group and the Diptera far
removed in zoological position, the characters of the tracheal system are remarkably
similar in the two, so much so that in regard to the larger vesselsand even many of the
Figure 29. The trachealsystem.
1

Showing tracheation of head. On the left are shown branches of the dorsal cephalic trachea
only and on the right branches of the ventral cephalic.
2 Showing tracheation of the thorax. Branches to the dorsal series of imaginal buds (trumpet,
wing and halter) are shown on the left, those to the ventral buds (fore-, mid- and hind-leg)
on the right. Similarly dorsal branches are shown on left and ventral on the right as indicated
by the numbers.
3 Showing tracheation of an abdominal segment (segments I and II).
4 Showing tracheal supply to the terminal segments.
Lettering: a, spiracular puncta; b, site of insertion plaque; c, tracheal k‘ not ‘; d, node line of
tracheal trunk indicating position where the intima is broken at ecdysis for removal of the
trunk segments.
Numbers indicate the tracheal branches as given in the list of tracheae in the text (pp. 304-5).
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smaller branches the names given by Landa are clearly applicable to those of the mosquito
larva. Landa does not consider that the tracheal trunks are merely connectives in the
sense of Snodgrassand regards them, not as ordinary anastomoses,but as quite special
organs superior to anastomosesand other tracheation. It is easier to describethe condition
in the mosquito larva on this basis than on the view that the tracheal trunks are enlarged
connectives, and in the description of tracheal branches here given Landa’s nomenclature
has been largely followed, though equivalent English names have been used in place of the
Latin.
TRACHEAL

BRANCHING

Though the arrangement of branches in the larva, pupa and adult superficially seem very
dissimilar, fundamentally the basic plan remains throughout and a knowledge of the
systemin the larva will greatly help in describing the changesundergone in the later stages.
To simplify the description an attached tabular statement gives the names of the chief
tracheae with numbers which are also used in the figures or when necessarywhen referring
to particular branches. This, and what is said below, relates to the fourth instar. It applies,
however, with little modification to the earlier instars, such differences as occur being indicated later when the different instars are described.
The table and figures give branches which may be termed trachea2 vessels, that is those
furnished with taenidia and ending in trachea2 cells, as contrasted with the ultimate tracheal
capillaries or tracheoles, which pass in large leashes from the cells to enter the different
tissuesand which can only be satisfactorily demonstrated by special methods, being devoid
of taenidia and often in part filled with fluid. For their demonstration see Wigglesworth
(1950) and also earlier papers by the same author (Wigglesworth, 1930, 1931a, b, 1938).
The tracheal cells from which tracheoles normally arise are relatively large, and usually
stellate, cells seen lying on the surface of muscles and other structures. To a large extent
they have fixed anatomical positions. As an example those present in the head are shown
in the figure giving the head tracheation.
In the arrangement of branches a certain segmental plan is evident, though liable to
considerable modification in certain parts. It is most clearly shown in tracheation of the
abdominal segments,but also fairly clearly in tracheation of the thoracic segments. It is
less evident in the head and some other parts. It will be simplest therefore to describe
tracheation of the abdomen and to follow this in order by that of the thorax and head
respectively.
TRACHEAL

SUPPLY

OF

THE

ABDOMEN

In each segment I-VII is a spiracular trachea, in this case the cord coming from the
spiracular puncta, which joins the tracheal trunk at an insertion plaque. From this plaque
there arise, (1) a visceral branch passingforwards and inwards under the tracheal trunk to
the viscera in the preceding segment, (2) a ventral branch passing outwards and ventrally
to supply fat-body and other tissues and ending in the ganglion of the segment, (3) a
connective passing forwards, and (4) a connective passing backwards. The attachment of the
connectives is a little curious. Each forward connective arises from the visceral branch
near its origin and runs in a wavy fashion to join the ventral branch of the segment in
front, usually some little distance from its origin, being then the backward connective of
that segment. The arrangement will be clear from Fig. 29 (3) in the lower of the two
abdominal segmentsshown.
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The above arrangement holds good for all segmentsof the abdomen, but with some
modification in segmentsI and VIII, exclusive that is of any segmentsposterior to this. In
segmentI the visceral branch is unusually large, passingforwards into the thorax to supply
the large mass of the gastric caeca. In this case the forward and backward connective
branches both arise from a short common vesselleading off from the large visceral branch
(Fig. 29 (3)). In segment VIII the connective from VII has a common insertion with the
visceral and ventral branch and a long stout branch which passesbackwards into the anal
segment. There is no spiracular cord. The branch passingto the anal segment comes to lie
lateral to the rectum where it divides into a dorsal and ventral branch supplying the dorsal
and ventral anal papilla of its side respectively (Fig. 29 (4)).
In connection with the eighth segment should also be mentioned the rather remarkable
tracheole plexus already referred to as arising from the tracheal trunks in this position.
The crypts from which the tracheoles arise are situated on the inner ventral aspect of the
trunks. They are short tubular depressionswith which conspicuousnuclei are associated,
from which an intricate meshwork of branchespassesventrally to form a dense plexus. This
is sometimes described as branches passing to the heart. Actually the plexus lies mainly
posterior to the terminal chamber of the heart occupying a space beneath the base of the
siphon and above the colon (Fig. 33 (2) b). It forms a mass of tracheoles of somewhat
reversed pyramidal form limited, if not by membrane, by some form of limiting layer and,
into the point of the pyramid, are inserted four tiny converging muscles,two on each side,
an upper and a lower. The upper muscle takes origin from the membrane just below the
edge of the siphon towards its posterior border and dips downwards and inwards to the
point of the complex. The lower muscle takes origin from the dorsal knot VIII and passes
upwards and inwards (Fig. 33 (2) m. 35). The posterior openings of the heart open into the
spaceoccupied by the tracheoles, which is clearly an important functional accessoryorgan
of circulation and as such will be further described when dealing with the heart.

TRACHEAL

SUPPLY

OF THE THORAX&.

29(2))

The tracheal system of the thoracic segmentscan best be seen from the figure. Here the
trunks, after entering the mesothorax, somewhat diverge and become much narrower and,
though still anchored by cords from the thoracic puncta, these cords are not inserted into
the trunks directly, but into short branchesfrom thesefrom the endsof which other branches
also arise, such points being termed by Landa trachea2knots. It is rather as if in the broad
thorax and in their narrowed condition the trunks found it awkward to adhere to the
proper plan and put out a branch to receive the insertion plaque. Otherwise much the
same plan is seen in the thorax as in the abdomen. There are the visceral branches and
ventral branches and also connectives. There are also here some small dorsal branches,
brancheswhich become much more important later in the pupa. The mesothoracic spiracle
has, however, to cope with the supply both to the prothorax and head. There are also now
the growing rudiments of the legs, wings and halteres to be supplied. The branches have
been given in the tabular statement and are shown in Fig. 29 (I), (2). Only some of the
more important points in the tracheal supply to the thorax need therefore be noted.
Beyond the level of the mesothoracic spiracle the trunks are continued on either side as
a large common trunk, the commoncephalic (1). This divides into two branches, a dorsal
cephalic (2) and a somewhat larger ventral cephalic (lo), both passinginto the head. The
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ventral cephalicbranch,however,before it entersthe head sendsoff a recurrentbranch
whichdividesinto two, onebranchgoingto the rudimentof the firstleg,the othersweeping
round as the ventral branch of the prothorax to end in the first thoracicganglion.The
trachealsupplyfor the future pupal trumpet comes,however,from the mesothoracicknot.
Further,the trumpetrudiment hasan altogetherdifferentrelation to the tracheationfrom
that of the other rudiments,for the pupal trumpet merelyforms aroundthe mesothoracic
stigrnaticcord and is evidently a product of the hypodermal cells forming part of the
trachealsystemand not a generativebud suchas are the rudimentsof the legs,wingsand
halteres.Theselatter receivetheir trachealsupply,mainly at least,from branchesarising
from the connectives,the importanceof which fact becomesmore evidentin the pupa.
TRACHEAL

SUPPLY

OF

THE

HEAD

The head (Fig. 29 (1)) receivesits tracheal supply from the dorsal and ventral cephalic
tracheae.Justbeforeenteringthe headthe dorsalcephalictracheais linked to its fellow of
the oppositesideby a large and important commissure,the cervical commissure. Shortly
after enteringthe headit liesin a deepgroovein the brain. It suppliesespeciallythe brain
(supra-oesophageal
ganglion and optic lobe), the developingcompound eye and the
antenna1rudiment, endingup in branchesto the posteriorportionsof the large retractor
musclesof the feedingbrushesof its side.The ventral cephalicbranchis a larger trachea
supplyingthe mouth-partsand relatedstructures.It extendsforwardsinto the labral area
and suppliesalsothe labial rudiment. For further detailsseelist below.
LIST

OF TRACHEAL

BRANCHES

Mesothoracic
spiracle.
1. Common cephalic.
2. Dorsal cephalic.
3. Commissural. Linking with oppositedorsal cephalic.
4. Lateral, branchinginto
5. Branch to adductorsof mandible.
6. Ocular branch to region of eye.
7. Ganglionic. Supplyingbrain and optic lobe.
8. Antennal. Supplyingantenna1rudiment.
9. Muscular to internal retractor of flabella, 9a, and to external retractor of flabella, 9 b,
towards origins.
10. Ventral cephalic.
11. Prothoracic. In thorax and dividing into
12. Branch to rudiment of leg I.
13. Prothoracicventral. Ending in thoracic ganglionI.
14. Ganglionic. To sub-oesophageal
ganglion.
15. Muscular. To adductor musclesin occipital region.
16. Mandibulo-maxillary, branchingto supply
17. Labial rudiment.
18. Maxilla.
19. Mandible.
20. Antennal. To antenna1prominence.
21. Labral, with branchesto
22. Internal retractor of flabella near insertion,22a, and external retractor ditto, 22b.
23. Labral membrane,flabella, etc.
24. Common mesothoracic. Leading to tracheal knot and
25. Mesothoracicspiracular(cord to mesothoracicpuncta).
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26. Mesothoracic dorsal, with branch to rudiment of nymphal trumpet (forming around 25),
and supplying shoulder.
27. Mesothoracic ventral, ending in thoracic ganglion 2.
28. Connective, meso- and metathoracic, sending branches to
29. Rudiment of leg 2 (ventrally).
30. Wing rudiment (dorsally). Anterior branch, 30a; posterior branch, 30b.
3 1. Dorsal-lateral, to thorax laterally.
32. Mesothoracic trunk; narrow portion of trunk linking common cephalic with ballooned
metathoracic portion of trunk, giving off medianly
33. Oesophageal branch, directed anteriorly by side of oesophagus, etc.
34. Commissural, long thin commissure joining 32 towards posterior ends and giving off
35. Branches to aorta.
Metathoracic spiracle.
36. Common metathoracic, linking trunk to tracheal knot, with branches
37. Visceral; from 36 in its course.
38. Metathoracic spiracular, cord leading to puncta.
39. Metathoracic dorsal, to dorsum of thorax.
40. Metathoracic ventral, ending in thoracic ganglion 3.
41. Connective, metathoracic-abdomen I, giving off
42. Branch to halter rudiment (dorsally).
43. Branch to rudiment of leg 3 (ventrally).
Abdominal spiracle I.
44. Spiracular (cord leading to puncta).
45. Visceral. Large trunk supplying caeca and giving off
46. Short branch dividing into 41 and 47.
47. Connective abdomen, segments I-II.
Links up posteriorly with visceral branch of
segment II.
Abdominal spiracles II to VII.
48 (II) to 48 (VII). Spiracular cords leading to puncta II-VII.
49 (II) to 49 (VII). Visceral, turning forwards under trunk and receiving connective from
segment in front at or near its origin.
50 (II) to 50 (VII). Ventral, passing directly outwards and ventrally and giving origin shortly
along its length to
51 (II) to 51 (VII). Connectives passing from near or at base of visceral branch of anterior
segment to ventral branch of more posterior segment at some little distance along its
course.
52 (II) to 52 (VII). Commissural. Short cordsconnectingthe trunks in each segment medianly
towards posterior ends of the trunk segments.
53. Ventral branch to segment VIII. Arising from trunk.
54. Visceral branch to segment VIII.
Arising from trunk.
55. Anal segment branch. Large trachea on each side arising in common with 53 and 54
and passing into anal segment where it gives rise to
56. Branch to eighth segment.
57. Papillary branch dividing in segment VIII into branches supplying respectively the
dorsal and ventral anal papilla of its side.
58. Feltwork of tracheae arising from ventral aspect of the trunks in the eighth segment and
supplying terminal chamber of the heart.
(c) THE

MUSCULAR

SYSTEM

The larval musculature, though complicated and consistingof some hundreds of muscular
bundles, in general arrangement is still broadly based on the general insect plan. The larval
muscles, in contrast to those of the adult, are mostly narrow bands, many minute and
20
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thread-like,the only onesthat could be describedas massivein characterbeing the four
largemusclesoperatingthe feedingbrushesand possiblyone or two of the largermuscles
in the thorax.Though all, eventhoseof the visceralcoats,are of striatedtype, the striation
is usuallymuch lessmarkedthan in the adult, and, in contrastalsowith the adult muscles,
thoseof the larva consistof narrow strandsof musculartissuesurroundedby very bulky
sarcolemma
(seeunder‘ Muscletypes‘, pp. 376-7).The muscularsystemhasnot onlyinterest
as an anatomicalfeature, but also is important as a help in tracing the homologiesof
skeletalparts. Some referenceto it will also be requiredwhen dealingwith the changes
occurringduring developmentfrom the larva through the pupa to the adult. It will be
convenientto deal first with the musclesof the head and neck and later with thoseof the
thorax and abdomen.
MUSCLES

OF

THE

HEAD

The musclesof the larval head have beento someextentdescribedby Thompson(1905),
and later in more detail by Imms (1908). It seemsdesirable,however,to recapitulateand
supplementthesedescriptionsand for precisionto number the head musclesas has been
done by Samtleben(1929) for the thorax and abdomen. It would be unwiseto attempt,
however,to relatethe many musclesof the complexheadstructuresto any systemsuchas
that given by Samtlebenfor the abdominal and thorax muscles,and the twenty-four
musclesof the head are givennumberedconsecutivelyin the following tabular statement
(seealsoFig. 30 (l), (2)).
TABULAR

STATEMENT

OF MUSCLES

OF THE

LARVAL

HEAD

Antenna1
1. Antenna2 muscles. Very smallmuscles
arisingfrom theanteriorarm of the tentorium and
insertedinto the membraneat the inner side of the baseof the antenna. Much larger in
Culexpipiens where the antennais larger and in which the muscletakes origin from the
posterior arm.
Clypeal
The largestmusclesin the headtaking origin on eachside
2. Median retractors of the_flabeZZa.
of the middle line of the dorsum of the head and insertedinto the head of the stirrup
apodeme. (Inner retractorsof the flabellae of Thompson.)
3. Lateral retractors of theflabella. Almost equallylarge musclesarisinglaterally towardsthe
front of the clypeusinternal to the falciform apodemeand insertedinto the shaftand point
of the stirrup apodeme. (Outer retractorsof the flabella of Thompson.)
4. Elevators of the epipharynx. Small, but long, twin musclesarisingfrom the middle line of
the dorsum of the clypeusbetweenthe origins of muscles13 and insertedinto the middle
of the post-epipharyngealbar. (Epipharyngealmuscleof Thompson.)
5. Lateral retractors of the post-epipharyngeal Zobe(dorsal Zip of the pharynx). Very small
musclesarisingfrom the inner ventral aspectof the falciform apodemeand insertedinto
membranenear the middle line posteriorto the epipharynx.
Figure 30. Musclesof the head.
1 Left side of head viewed from the medial sagittalplane.
2 Left sideof head viewed from dorsal aspectas though the cuticle were transparent.
Lettering: Br, brain; md, mandible; mx, maxilla; Oe, oesophagus
; P, pharynx.
Numbers l-24 are as given in the list of head musclesin the text.
The effect is that given when musclesare viewedby polarisedlight.
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Mandibular
6. Abductors of the mandibles. Muscular bands, 6a and 6 b, arising from the lateral occipital
region and converging to be inserted into the membrane at the outer angles of the base of
the mandibles. (Divaricator muscles of the mandibles of Thompson.)
7. Adductors of the mandibles. Large muscles composed of five bands, 7 a-7 e, arising separately
from the lateral occipital region and inserted by a single tendon at the inner margin of the
base of the mandible. (Converger muscles of the mandible of Thompson.)
Maxillary
8. Depressors of the maxillae. Twin bands on each side arising from the lateral aspect of the
head a little behind the ocelli and inserted along with muscle 9 into a projection on the
dorsal border of the base of the maxilla. (Depressors of the maxillae of Thompson.)
9. Retractors of the maxillae. Arising from the ventral part of the head capsule at the tentorial
pit and inserted along with muscle 8 into the base of the maxilla. (Retractors of the
maxillae of Thompson.)
Labial
10. Retractors of the Zabium. Arising on each side along with muscle 9, passing up the side of
the labial rudiment and inserted into membrane at the base of the pouch on each side of
the hypopharynx. (Depressor of the labium of Thompson.)
11. Dilators of the salivary opening.Two minute muscles lying in the hypopharyngeal rudiment
and inserted into the dorsal surface of the opening of the salivary duct. (Fibres in hypopharynx of Thompson.)
Pharyngeal
12. Anterior elevators of the roof of the pharynx. Two small muscles on each side arising close
together and along with muscle 5 on the inner ventral surface of the falciform apodeme
and inserted one behind the other into the roof of the pharynx anterior to the frontal
ganglion. (Lesser lateral muscles of the pharynx of Thompson.)
13. Posterior elevators of the roof of the pharynx. Two small muscles arising on each side of,
and close to, muscle 4 in the median line of the clypeus and passing backwards to be
inserted one behind the other in the median line of the roof of the pharynx behind the
frontal ganglion and the small dorsal compressors of the pharynx. (Elevators of the dorsal
plate of the pharynx of Thompson; elevator muscles of Imms.)
14. Lateralpharyngeal. Two moderately large muscles arising on each side just external to the
origins of the lateral retractors of the flabellae and at the inner side of the falciform
apodeme near the antenna1 base and inserted into the lateral plates of the pharynx at their
chief convexity. (Lateral muscles of the pharynx of Thompson; lateral pharyngeal muscles
of Imms.)
15. Decussating musclesof the pharynx. A small muscle on each side arising from the dorsum
of the head just behind the origins of the median flabellar muscles, decussating and inserted into the lateral plate of the opposite side towards its posterior end. (Diagonal
muscles of Thompson and of Imms.)
16. Dorsal retractors of the pharynx. A small muscle arising on each side of the middle line
behind muscle 15 and inserted into the posterior angles of the pharynx. (Retractors of the
pharynx of Thompson; retractor pharyngeals of Imms.)
17. Accessory dorsal retractors of the pharynx. Very small muscles arising behind muscle 16
and passing in front of the frontal ganglion to be inserted at the posterior angles of the
pharynx a little behind and ventral to muscle 16. (Anterior dilators of the oesophagus of
Thompson.)
18. Ventral retractors of the pharynx. Long thin strands arising from the inner ends of the
posterior arms of the tentorium and passing external to the cerebral connectives to be
inserted into the ventral lip of the pharynx anterior to the oval plate. (Ventral retractors of
the pharynx of Thompson.)
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19. Dorsal compressorsof the pharynx. Four small intrinsic muscles of the pharynx passing
from side to side across the middle line of the roof of the pharynx in the region of the
frontal ganglion. The two most posterior muscles decussate and blend. (Dorsal muscles
of the pharynx of Thompson and of Imms.)
20. Frontal ganglion muscle. A curious thin and thread-like, but long, muscle which arches
over the pharynx accompanying the connectives of the frontal ganglion.
21. The cingulum. Thick muscle bundles situated along the sides of the pharynx just below the
crests. They take origin on each side from the posterior angle of the pharynx and are
inserted anteriorly at the sides of the lower lip of the pharynx. (Cingulum or girdle muscle
of Thompson.)
Oesophageal. *
22. Dorsal dilators of the oesophagus. Small muscles arising dorsally on each side of the
cervical collar and passing behind the cerebral connectives to be inserted into the wall of
the oesophagus dorsally. (Dorsal, or sometimes given as posterior, dilators of the oesophagus of Thompson.)
23. Lateral dilators of the oesophagus.A row of muscular bands taking origin from the cervical
collar ventrally on each side and passing up through the nerve ring at the sides of the
oesophagus to be inserted in a line caudal of the cingulum. (Lateral dilators of the
oesophagus of Thompson; lateral dilators of Imms.)
24. Tentorial dilators of the oesophagus. Muscles on each side taking much the same course as
muscles 23, but taking origin from the inner end of the posterior arm of the tentorium.
The largest musclesof the larval head are the retractors of the feeding brushes.These are

not inserted directly into the brushesor even into the main apodemes, but into the stirrups,
which are separate apodemes and only indirectly linked to the main apodemes. The action
of these musclesin retracting the brushesis easy to understand as they can be seento draw
down and compress together the whole of the labral structures (Fig. 34 m.2, m. 3). This
does not explain, however, how these musclesbring about the sweepingmovements of these
organs. Thompson notes that during the sweeping (flickering) movement of the brushes
these musclesremain tense but still. Yet it seemscertain that they must be concerned, since
there are no other muscles that can be adequate for such a purpose and their great size
would be explained if they were required for this, the one most vital action of the larva,
namely the action necessaryto obtain its food. The next largest musclesare the adductors
of the mandibles, each arising by five rather widely separatedheads, which along with other
gnathal muscles in the occipital region all converge to the mandible and maxilla of their
side (Fig. 30 (2) m. 7).
A surprisingly large proportion of the head musclesrelate to the pharynx, which is an
extremely mobile organ and one by which again the larva mainly obtains its food, since it
functions as the filtering apparatus of the currents brought by the brushes. Its exact
orientation and correct participation in this function are probably nicely adjusted (seeunder
feeding). The small muscles 4 and 5 probably also take an essential part in raising the
membranous upper lip of the pharyngeal opening when feeding is in progress.
Certain segmentalrelations may be noted. The minute antenna1muscle in A&L aegypti
arises from the anterior arm of the tentorium. In Culexpipiens with much larger antenna
it is more conspicuousand rises far back from the apex of the tentorial spur. The labral
musclesall arise from what has been taken to be the clypeus, 2 and 3 taking origin from
the dorsum of the head in the clypeal region and 4 and 5 from the inner aspect of the falci* The oesophagusis taken as extendingfrom a line a little caudal of the cingulum muscleand excludingmuscles
17 and 18.
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form apodeme,that is that part correspondingto the clypeal surface.The mandibular
musclesall take originfrom the genaor parietalregionof thehead,the maxillaryabductors
from the sameregion. The maxillary retractor(9), however,arisesfrom the front of the
tentorialpit, that isfrom a part of the headcapsulewhich,asalreadyshown,is an extension
backwardsof the basalparts of the maxilla, the larval maxilla as ordinarily understood
beingthe partsonly of this structuredistalto the origin of the maxillarypalps.The labial
partsin thelarva areentirelyrudimentary,asalsois thehypopharynx,andthe only muscles
connectedwith theseare the retractorsof the labiumarisingfrom the tentorialpits and the
tiny musclesat the salivaryopening(no. 11).
MUSCLES

OF THE

NECK

The musclesof the neck are difficultto studyowing to the way this structureis normally
retractedand throwninto foldsand alsoto the presenceof the musculardiaphragmformed
in this region by fibres from the oesophagealcoat and other parts (seedescriptionof
neck). Few musclesappearactuallyto beproperto this region,though the cervicalcollar
givesorigin to musclespassinginto the head (notably no. 18) and insertionto musclesof
the thoracicseries,one of which (givenasc in Fig. 31 (1)) is insertedinto the basalfold of
the neck membrane. Some musclesalso passfrom the thorax through the neck to be
insertedinto the tentorialspur(~21’ and dZl2’). The mostnearlyto be regardedasmuscles
proper to the neck are the two smallmuscleslistedbelow asnos. 25 and 26 and shownin
Fig. 32 (4) as b and b’.
25. A small musclearisingfrom the collar dorso-laterallyand insertedinto theneck
membranelaterally.
26. A smallmusclearisingfrom the collar laterallyalongwith the musclegivenasa in
the figuresand insertedinto the neck membraneon its ventro-lateralaspect.
No. 25 decussates
with musclea as this passesinto the thorax, the decussationlying
externalto the largetrachealvesselsin the neck. There is a further decussation
of muscles
in this positiona little posteriorto this where two muscles,~22’ and dZl2’ (see later),
decussateat the baseof the neck.
Curiousfeaturesof the larval musculatureare the number of long thin musclesand the
occurrencenot infrequentlyof twin strands.Two suchstrandsarise in connectionwith
musclea, decussating
in the middle line dorsallybehindthe neck.Theseare not mentioned
by Samtlebenand asthereis somedoubt asto their exactnaturetheyhavenot beenshown
in the figures.Two long twin strandsalsopassthroughthe neck to the outer knot. Again
their nature is somewhatobscure.
MUSCLES

OF THE THORAX

AND

ABDOMEN

(Figs. 31,32)

The musclesof the thorax and abdomenhavebeenmost minutelydescribedby Samtleben
(1929) in AL;desmeigenensisand someother species.The following up of thesein serial
sectionsis difficultand tediousand they are beststudiedin whole mountedpreparations.
Very usefulmountscanbemadeby slicinghardenedlarvaeon a paraffinblock asdescribed
in the sectionon technique. Seealsomethod of dissectionof freshor fixedmaterial given
by Wigglesworth(1942) and by Abul-Nasr (1950,p. 344).The musclescanalsobe studied
in clearedspecimensobservedunderpolarisedlight asdescribedby Imms (1939)or by the
method of Kramer (1948). Kramer’s method is as follows: fix at 30”C. in Bouin’s fluid,
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8-10 hours; followed by 50 per cent alcohol, 10 minutes; 70 per cent, 60 minutes; 95 per
cent, 10 minutes; 0.5 per cent eosin in 95 per cent alcohol. Return to 95 per cent alcohol
and oil of wintergreen added dropwise at hourly intervals for 4-5 days. Transfer to oil of
wintergreen. Care is necessarywhen adding oil of wintergreen to prevent collapse. The
effect is much like that obtained with polarised light. By focusing the light and moving the
larva about, the muscles stand out in the different depths of the specimen as these are
examined. For technique of using polarised light see chapter on technique.

Figure 31. Musclesof the neck and thorax.
1 View of dorsal musculatureof neck and thorax of fourth instar larva of &Yes aegypti.
2 View of ventral musculatureof neck and thorax of same.
Lettering: a, musclearisingalongwith b’ (muscle26) from collar laterally and passingto inner
knot. Accompanyingit are somethread-liketwin musclespassingto the externalknot; 6, muscle
25 of neck; b’, muscle26 of neck; c, muscle(double) insertedinto neck fold; C’s,gastriccaeca;
d-e, musclesfrom innerknot to dorsalthoracicwall; g, thoracicganglia; ht, heart; Oe, oesophagus
with cervicaldiaphragm;Pv, proventriculus;sg, salivarygland; T, tentorium; tt, trachealtrunk.
On the left-hand sideof 1 only the musclesinsertedinto the lower fold of the neck are shown.
On the right only thosepassingthrough the neck are depicted. Musclesare numberedaccording
to Samtleben’ssystem(seetext).

Samtleben’s system of nomenclature enables the many muscles of the larva to be conveniently dealt with and the numbers given by him greatly simplify reference. Passingfrom
the relatively simple arrangement in the abdominal segmentsthis author finds the general
plan similar, though more complicated, in the three thoracic segments. He distinguishes
(1) a dorsal longitudinalseries,(2) a ventral longitudinalseries,and (3) a dorso-ventralseries.
There is also ventrally in each segment a transverseintersegmentalmusclewhich takes its
notation from the segment lying behind it. Both dorsal and ventral longitudinal muscles
normally number up to nine in each quadrant in abdominal segmentsor somewhat more in
some thoracic segments. In the abdomen nos. l-4 in both dorsal and ventral series are
usually relatively large muscles. Nos. 1 and 2 are normally directed outwards and forwards
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and lie deeper in the body than 3 and 4 which slant in an opposite direction. The arrangement, however, is less regular in the thorax. The remaining numbers are usually small or
even quite thread-like. The dorso-ventral seriesare distinguishedas (1) mediandorso-ventral,
of which there may be three, nos. l-3 from within outwards, towards the front of the

5

Figure 32. Muscles of thorax and abdomen.
1 One side of third abdominal segment showing dorsal musculature as seen from inside.
2 The same showing ventral musculature.
3

Lateral view of the same as seen from outside, showing also the dorso-ventral series and
position of large oenocytes.
4 Lateral view of musculature of neck and thorax as seen from outside.
5, 6 Dorsal and ventral musculature of first abdominal segment with adjoining muscles of
metathorax to show continuation of series.
Lettering: a, b, b’, c, as in Fig. 3 1; C’s, gastric caeca; g, ganglia of ventral chain; oe, large
oenocytes; MS, mesothorax; vtr, transverse muscle of second abdominal segment crossing in
front of ganglion of segment; I-IV, abdominal segments.
Muscles are numbered in accordance with Samtleben’s system, the dorsal and ventral longitudinal series being indicated by their numbers only.

segment (Fig. 32 (l), (2), (3)); and (2) lateral dorso-ventral, of which there may be five,
nos. 2-4 situated laterally about the middle of the segment,and no. 5 towards its posterior
end, no. 1 being present only in the first abdominal segment; and (3) intersegmentaldorsoventral (in thorax only) where the muscle, usually oblique, passesdorso-ventrally from one
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segment to the next (Fig. 32 (4)). Abdominal segmentsII-VII, except for a few small
details, have the typical musculature as shown in Fig. 32 (I), (2). Segment I, as also
segmentVIII, conform to the general plan, but show some differences (see Fig. 32 (5), (6)).
Roughly speaking the arrangement as regards the main classesholds for the thorax.
By using the shortened forms dim and vim respectively for the dorsal and ventral
longitudinal series,mdv and Zdvfor the median and lateral dorso-ventral and other appropriate lettering precededby the number of the segment,any desiredmuscle can be indicated.
To shorten such designationsas much as possible I shall, when referring to musclesin this
way, omit the letter m indicating muscle. The following therefore will be the abbreviations
used in the figures and text:
dorsal longitudinal ;
dl
ventral longitudinal;
VZ
mdv median dorso-ventral ;
Zdv lateral dorso-ventral ;
idv
intersegmental dorso-ventral ;
vtr
transverse intersegmental.
Samtleben also gives the musclesnames, for example musculuspronoti secundus(of the
dorsal longitudinal series) for I dZ2, and musculusdorsoventralisintersegmentalismesothoracis for II idv. The shortened form, however, appears to be all that is necessary
here.
After working for some time on the musculature of ACdes aegypti larva I have been
unable to note any significant departure from Samtleben’s description for A. meigenensis.
Space does not permit of a detailed description and all that can be done in this respect has
been to give figures for the appearance of the musclesin a typical abdominal segment and
in the thorax. Where no doubt exists as to the number of a muscle in Samtleben’s system,
it is so numbered in the figures, the segment to which it relates being left to the reader to
supply. Where, as in the prothorax, it has not always been possible to identify a muscle in
this way it has been indicated by a letter with a reference in the legend. Where two numbers
are given to the same muscle, the higher number or numbers refer to smaller muscles
hidden under the larger muscle shown. Figures giving dorsal and ventral views show the
muscles as they are seen in a bisected larva mounted and viewed from inside. In the
lateral views, the better to show relations, muscles are shown as though viewed from
outside.
A few general remarks are called for. The longitudinal seriestake origin and are inserted
at the intersegmental lines, the cuticle at such situations usually being to some extent
indented or even folded inwards. The muscles,however, are commonly continued with but
little interruption into musclesof the adjoining segment,being mutually inserted and taking
origin largely from each other. In the thorax muscles tend to arise in groups from what
may be termed ‘ knots ‘, much as in the tracheal system. Such ‘ knots ’ for a given segment
may not always be at quite the same level, for example in the prothorax (Fig. 32 (4)) where
those from an outer knot are shown in full black and those from an inner knot by dotting.
In addition to musclesproper to the larva there are, in the fourth instar and especially
nearing pupation, the developing imaginal muscles.These newly forming musclesare very
conspicuous owing to their numerous nuclei and dark staining which makes them quite
distinct from the pale larval muscles.They relate almost entirely to the future wing and leg
musclesand are restricted to the thorax. Some of the larval musclesmay, however, undergo
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a form of reconstructionwith accumulationof nuclei which makes them conspicuous.
Both forms of muscle will be dealt with later when describingchangesin metamorphosis.
Little can be said regardingfunctionsof this complicatedmusculature. Synchronised
actionby the abdominalseriescould obviouslyresultin the sculling-likemovementsof the
abdomenso characteristic
of the larva when swimming. Of the thoracicmusclesa certain
number in the prothoraxare concernedwith movementsof the head and one at least(c)
is insertedinto the basalfold of the neck. It seemsprobablethat to a large extent the
thoracicmusclesmay be concernedmainly in maintainingthe correctshapeof the parts.
It is of interestthat not a singlemuscleappearsto be directlyin connectionwith the large
lateral hairs of the thorax or abdomen.
MUSCLES

OF THE EIGHTH

AND

ANAL

SEGMENTS

(Fig.33)

Owingto changesin the generalstructureof the partsdueto the presenceof the siphonand
other features,applicationof Samtleben’snumbersto the differentbandsis, exceptin a
generalway, difficult. Beyondnoting that the musculatureis abnormal Samtlebendoes
not include thesesegmentsin his survey.They have been described,however, to some
extentby mein Anopheles(Christophers,1922,1923)and alsoby Imms (1908)in that genus.
In Ai;desaegypti a notablefeatureisthe numberand complexityof the musclespresent. In
all thereare somethirty-fivepairsof muscles.Spacedoesnot permit of a detaileddescription, but it seemsdesirablethat they shouldat leastbe indicatedand the attachedlist and
figureswith the numberedmuscleswill enablethem to be identified.
There are representedin the terminal parts almostcertainlyat leastthree and possibly
four segments,namelysegmentsVIII, IX, X and XI. SegmentVIII appearsto be mainly
that segment.It possesses
a dorsaland a ventralseriesof musclesasin previoussegments.
The dorsal seriesis representedby three small muscles,the siphon musclesa, b and c
(nos. l-3), and one large muscle(no. 4). The siphonmusclesnoted may be regardedas
eighth segmentmusclesof the dorsal seriescarriedup to intersegmentalline VIII-IX at
the anterior border of the stigmaticplate (ninth tergite). Muscle 4, the largestmusclein
theseparts,passesfrom intersegmental
line VII-VIII externalto the siphonmusclesto be
insertedat the posteriorborder of segmentVIII into a point situatedmid-laterallywhere
a numberof other musclesare alsoinsertedor take origin. For convenience
I havetermed
thisdorsal knot VIIZ. Exceptthat in the dorsalseriesthereis a reducednumberof muscles
ascomparedwith precedingsegments,there is no very marked changefrom the normal
arrangementother than the carryingup of the siphonmusclesinto the siphon.
The ventralseriesconsistsof four muscleson each side (nos. 5-8) arising as in previous segmentsat intersegmentalline VII-VIII ventro-laterally. Instead,however,of all
Figure 33. Musclesand other structuresof terminal segments.
1 Lateral view of terminal segmentsshowingmusculatureas seenfrom outside.
2 The sameof the eighth abdominal segmentviewed from the medial sagittalplane, showing
especiallythe trachealplexusand the muscles34, 35 associatedwith this.
Lettering: a, dorsal anal papilla; a’, ventral anal papilla; b, tracheal plexus; Co, colon; ht,
terminal chamberof heart; k, lateral and dorsalmuscularknots; s, siphon; tt, trachealtrunk.
Musclesare numberedin accordancewith list of musclesof the terminal segmentsgivenin the
text. The appearanceis that given when musclesare viewed by polarisedlight.
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proceeding to the ventral intersegmental line VIII-IX, they fan out widely to be inserted at
points ranging from near the middle line ventrally to the dorsal aspect of the segmentalong
the lower border of the siphon. In doing so they pass beneath muscle 4 of the dorsal
series.
Besides the dorsal and ventral series there are two muscles of the dorso-ventral series,
which appear to be respectively I&. 2 and I&. 3 (nos. 10 and 11). In addition there is a
peculiar series of small muscles arising laterally from the segment and also fanning out
from near the mid-ventral line to the dorsal aspect of the segment. I have entered these in
the table as lateral series (nos. 12-17).
Segment IX is represented by tergal and sternal parts. The tergal parts are largely
carried to the apex of the siphon as the stigmatic plate. The whole siphon from base to
apex appears to be mainly ninth tergite which in the later stagesin the hypoderm is slit by
developing fissuresinto the lateral and median parts of the future ninth tergite of the pupa
and adult. As with the anterior siphon musclesthe two posterior musclesd and e (nos. 18
and 21) are drawn up to the stigmatic plate. These should represent the more median tergal
series IX-X, though there is some indication that no. 21 may be from a ventral series.
Besidesthese are the musclesnos. 19 and 20 which may be of this series. They pass from
behind towards the edge of the siphon.
The sternal parts of segment IX as shown by the muscle attachments largely remain in
their normal situation. As shown by musclesnos. 5, 9 and 16, the anterior border of the
ninth sternite lies posterior to a rather prominent intersegmental bulged portion and is not
at the same level as the line of dorsal muscle insertions. This area is indicated by both the
male and female genital rudiments.
The quite numerous muscles of the anal segment belong to the dorsal series. There
appears to be no ventral series. They take origin mainly from the dorsal knot and pass to
the basesof the anal papillae (external aspect) and ventral fan area. Others arise from the
saddleplate a little distanceposterior to its anterior border. These are muscles30,3 1 and 32.
No. 30 passesto the sidesof the dorsal hair plaque. Nos. 31 and 32, each formed of twin
bands, are inserted into the basesrespectively of the dorsal and ventral anal papilla of its
side on the internal aspect close to the anal margin. These would appear to be muscles
pertaining to that part of the anal segment that later forms the cerci, that is pertaining to
tergite XI. There is also a small lateral series.These arise from a point marked k in Fig. 33 (1)
near the ventral edge of the saddle plate.
Apart from other points of interest the remarkable distortion of the parts indicated by
the arrangement of the ventral seriesof segmentVIII gives strong support to the view that
the terminal spiraclesof the larva are those of the eighth segmentdrawn up in some fashion
behind this segment. Besidesmere movement of the spiraclesthere is evidently some distortion of the hinder parts of the segment.
Mention should here be made of the curious little muscles34 and 35 which passinto the
capillary plexus of tracheoles behind the terminal chamber of the heart (Fig. 33 (2);
36 (5)). For a further description of these and related parts see under circulatory
system.
Belonging to the muscular system are two alary muscles. These are the two most
posterior of the alary series,being situated at the points corresponding to the two pairs of
pericardial cells present at the anterior end of the eighth segment. The origin of one of
these, the more posterior, is shown in Fig. 33 (1) just above the dorso-ventral muscle 11.
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Segment VIII.
Dorsal series.
Respectively from within outwards siphon muscles c, a, b, arising from tergal area on
each side of median line towards anterior end of the segment and passing into siphon
anteriorly (see under siphon).
4. Largest muscle of segment. Arises dorso-laterally at intersegmental line VII-VIII
external to 3 and inserted into the dorsal knot VIII (see text).
l-3.

Ventral series.
5-8.

Strong bands arising from intersegmental line VII-VIII
on each side of middle line
ventrally in order given from within outwards, and inserted:
5. Near median line into base of sternite IX anterior to rudiments of caecus and
genital buds in female and male respectively.
6. Into dorsal knot VIII.
7. On line of thickening below edge of base of siphon about level of pecten spines.
8. As 7, but about level of middle of siphon.
9. Smaller muscle arising from the intersegmental line VII-VIII
external to 8 and inserted
just dorsal to insertion of 5.
Dorso-ventral series.
10. Muscle at anterior border of segment, possibly Zdv.2.
11. Very broad short muscle about middle of segment corresponding to Zdv.3 of previous
segments.
Lateral series (see text).
12, 13. Small bands arising from lateral knot VIII, running parallel and inserted anterior to
insertion of 8.
14-16. Small bands arising close together from lateral knot VIII and inserted:
14. Intersegmental line a little ventral to dorsal knot VIII.
15. As 14 but a little ventral.
16. Crossing beyond line between segment VIII and intersegmental bulge to be
inserted external to 5 after passing ventral to that muscle and 9.
17. Arising a little ventral to lateral knot and inserted into dorsal knot VIII after passing
internal to 14 and 15.
Segment IX (tergal series only represented: see text).
18. Arising from the intersegmental area between segment VIII and saddle plate and passing
into siphon as the small siphon muscle.
19. Arising external to 18, but after short passage inserted below basal margin of siphon
internal to insertion of 7.
20. Arising from dorsal knot VIII and inserted anterior to 19 near insertion of 8.
21. Siphon muscle d. Arises internal to and ventral to dorsal knot VIII and passes into
siphon along with 18 posteriorly.
Anal segment.
22-5. Arising from dorsal knot VIII and inserted:
22. Near anterior border of saddle plate a little lateral to median line and muscles 32.
23. Base of dorsal anal papilla of its side externally.
24. Into sides of rectum towards its termination.
25. Side of ventral fan posteriorly and near base of ventral anal papilla of its side.
26-7. Arising just anterior to anterior edge of saddle plate and inserted:
26. Side of ventral fan posteriorly.
27. Small muscle arising near 26 and inserted into the lateral knot anal segment
(see text).
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28-9. Arising lateral knot anal segmentand inserted:
28. Baseof dorsal anal papilla of its sideexternally.
29. Baseof ventral anal papilla of its sideinternally.
30-2. Arising closeto middle line from saddleplate dorsally and inserted:
30. Outer side of dorsal hair plaque.
31. Inner sideof baseof ventral anal papilla of its side.Twin bundles.
32. Inner side of baseof dorsal anal papilla of its side.Twin bundles.
In addition there are the alary muscles(33, 33’) (see Fig. 36 (8) aim) and the small muscles
passinginto the capillary tracheal complex posterior to the terminal chamber of the heart
(34, 35) (see Fig. 33 (2)).
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The nervous system of the larva consists of the brain, the ventral nerve cord, certain
accessoryganglia belonging to the stomogastric or visceral system and nerves issuingfrom
or connecting these structures. Also coming under this head are the special sense organs,
notably the ocelli and chordotonal organs.
THE BRAIN

(Fig. 34 (l), (2))

Apart from the general description of the brain of Anopheles larva by Imms (1908) little
has been recorded of this organ in the mosquito larva or adult. For an account of what is
known of the structure of the insect brain Snodgrass (1935), Imms (1938) and Wigglesworth (1942) should be consulted together with references given by these authors. The
brain or supra-oesophagealganglion lies in the posterior portion of the head cavity, lying
entirely behind the level of the ocelli and forming a narrow band stretching almost across
the head. It consistsof two lateral masses,the cerebral lobes, linked acrossthe middle line
by a narrow commissure, cerebral commissure. It is also linked with the first ganglion of
the ventral nerve cord or sub-oesophageal ganglion (g. 1) on each side by a connective,
&cum-oesophageal connective, passingfrom each cerebral lobe around the oesophagus. In
structure it consistsof an outer cellular cortical layer and a light staining medullary portion
of nerve branchings, neuropile, which, besides occupying the central portions of the
Figure 34. Brain and ventral nerve cord.
1
2
3

Dorsal view of head of fourth instar larva showing the pharynx (shaded) and chief muscles
with the position and appearance of the brain.
Anterior view of right half of the brain and sub-oesophageal ganglion of fourth instar larva
with the position of issuing nerves. Reconstruction.
Dorsal view of the thoracic ganglia showing position of large nerve cells.

4
5
6

Ventral view of the same.
Transverse section of thoracic ganglion.
The same of an abdominal ganglion.
Lettering: a, protocerebrum; a’, neuropile of protocerebrum; b, deutocerebrum; c, tritocerebrum; d, cerebral commissure; an.r, germinal bud of antenna; fg, frontal ganglion; g, sub-oesophageal ganglion; gc, ganglionic connectives ; gc’, intra-ganglionic connective tracts ; m. 2, median
retractor of flabellum; m. 3, lateral retractor of flabellum; m. 24, tentorial dilator muscle of the
oesophagus; n, issuing nerve ; MC,large nerve cells; ne, nucleated sheath of ganglion; np, neuropile; 0, optic lobe; o’, o”, o’“, neuropile of optic chiasma; P, pharynx; snc, ground mass of small
nerve cells; t. 2, dorsal cephalic trachea; t. 10, ventral cephalictrachea; 1-8, cerebral nervesas

given in the list of head nervesin the text.
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different lobes, forms tracts connecting the different parts of the brain as well as being
continued into the commissureand connectivesand into the nerves issuingfrom the brain.
Compared with that of the adult the larval brain would appear to be relatively simple in
structure, the cortical layer consisting almost entirely of small cells with deeply staining
nuclei and scanty cytoplasm, though larger cells are present in some areas.
From its outer form, and especially from the appearances given by the medullary
neuropile, there can be distinguished the three basic component portions of the insect
brain, namely the fore-brain or protocerebrum (a), the mid-brain or deutocerebrum (b)
and the hind-brain or tritocerebrum (c).
The protocerebral lobes form the median and hind portions of the main brain mass.
Internally they are linked acrossthe middle line by the cerebral commissure(4. Externally
they carry the optic lobes (0). The commissure is composed almost entirely of neuropile
and is quite narrow. There are present within it, however, some small regularly arranged
nuclei. The optic lobes are pear-shaped with their bases abutting upon the protocerebral
lobes and their apices continued into the optic tracts leading to the optic nerves (I). These
passoutwards to the areas occupied by the developing compound eyes and give off in their
course a branch to the ocellus. The optic lobes are at first relatively small, when the compound eyes have only begun to form, but later they increase considerably in size so that
they extend outwards almost to meet the eyes fanning out to the area of developing
ommatidia. The protocerebral lobes show a cortex composed of very densely packed small
cells. There does not appear to be any appearance of distinct mushroom bodies or corpora
pedunculata as described in many insect brains, though portions of surface showing
aggregated cells referred to later may represent these. In the centre of each lobe is a somewhat lobulated area of neuropile (a’) and between this and a more externally situated area
of neuropile (0’) in the optic lobe are two massesof neuropile (0” and 0”‘) which possibly
represent parts of the optic chiasma. Arising from the posterior and ventral aspect of each
protocerebral lobe is the curious small nerve (nerve no. 9) which may represent the tegumentary nerve described in some insect brains. There is no obvious neuropile extension to
this as with the other nerves, but some large cells are present near its origin.
The deutocerebrum consistson each side of a lobe lying somewhat ventral to the protocerebral lobe. It is separated from the latter by a deep groove in which the dorsal cephalic
tracheal trunk passesin its course to the dorsal region of the head. The deutocerebrum is
produced into a conical projection from which the antenna2 nerve (2) arises.The larger cells
previously referred to are chiefly present scattered over the surface of this lobe and neighbouring parts of the tritocerebrum. Their number seemsto vary considerably in different
preparations.
The tritocerebrum is an inconspicuousportion of the brain lying at the root of the circumoesophageal connective. It gives rise to the nerve on each side proceeding to the frontal
ganglion and labrum, Zabrofiontal nerve (3).
The circum-oesophageal connectives are stout structures which, in addition to neuropile,
contain on their external aspectsa fair thickness of cellular cortical substance. From near
their lower end there arise from a common origin the accessory mandibular nerve (4)
and mandibular nerve (5). Where they terminate in the cornua of the sub-oesophageal
ganglion the maxillary nerve (6) takes origin.
The sub-oesophageal ganglion is a heart-shaped structure with its lateral anglesdrawn out
to merge into the connectives. Posteriorly it is linked to the first thoracic ganglion by long
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connectives, interganglionic connectives. From the ventral aspect of its lateral angles there
takes origin on each side a stout nerve passingto the labial rudiment, labial nerve (7) and
from almost the same spot but passing more ventrally is a nerve, hypostomal nerve (8)
passingto an enlargement near the cuticle just internal to the hypostomal suture.
The frontal ganglion (fg) is the chief ganglion of the stomogastric system. It lies in the
median line above the anterior portion of the roof of the pharynx. It is pear-shaped with
its narrow end pointing posteriorly. At its lateral anglesit receivesthe frontal connectives.
Posteriorly it gives off the recurrent pharyngeal nerve (10) which passesbackwards in the
middle line over the roof of the pharynx to the notch at the posterior end of this organ and
beyond connecting up with the stomogastric system. A small nerve is also given off from
the ganglion anteriorly passingforwards to the region of the upper lip of the pharynx.
In the accompanying table (Table 20) the nerves arising from the brain and suboesophageal ganglion are named and given numbers with a brief statement of their origin
and distribution.
Table 20. Tabular statement of nerves of the head
NO.

Name

n. 1
n. 2
n. 3

Optic tract
Antenna1
Labrofrontal

n. 3a

Labral

n. 3b

Frontal
connective
Accessory
mandibular

n. 4

Origin

Course

Optic lobe
Deutocerebrum
Base of circum-oesophagealcommissure (tritocerebrum)
Branch of 3 at crest of pharynx

Branch of 3 turning inwards over
crest
Junction of circum-oesophageal
connectivewith comua of suboesophagealganglion in common
with 5
Branch of 4 near origin

n. 4a

Infra-orbital

n. 5

Mandibular

n. 6

Maxillary

n. 7

Labial

n. 8

Hypostomal

n. 9

Tegumentary Takes origin from posterolateral
aspect of brain

n. 10

Recurrent
pharyngeal

Takes origin in common with 4 just
above comua of sub-oesophageal ganglion
Junction of connectivewith cornua
of sub-oesophagealganglion
Takes origin from ventral surface
of sub-oesophagealganglion towards base of comua
Arises in common with 7, but
passesexternal and ventral to this

Hinder end of frontal ganglion

Fans out to area of developing imaginal eye
Passesforwards to enter baseof antenna1rudiment
Passesforwards by side of pharynx giving branch
to 4 and dividing into 3a and 3 b
Continues forwards towards falciform apodeme
and passesbeneath lateral retractor of flabella to
clypeal and labral region
Over roof of pharynx to lateral angle of pharynx
Sends branch to plexus joining up with branch
from 4 and continues to angle of mouth. Gives
off4a
Passesventral to ventral cephalictracheato end in
thickening close to cuticle in region of infraorbital hairs. Suppliesintegument and adductor
muscles
Forms thickened trunk. Enters mandible at inner
angle of base proximal to molar lobe
Enters maxilla giving off branch to basal part of
maxillary rudiment just external to hypostomal
suture
Divides into two branches.one passingventral to
labial rudiment to lip of invagination, the other
passingdorsally to enter base of rudiment
Passesto hypodermis just internal to the hypostoma1suture about its middle where it forms an
enlargement
Crossing dorsal cephalic trachea has enlargement
giving off branch to dorsum of occiput. Can be
traced to region of tentorial pit
Passesbackwards over roof of pharynx to notch
and beyond

The ventral nerve chain consists, besides the sub-oesophageal ganglion, which may be
considered the first ganglion of the chain, of eleven further ganglia, namely three thoracic
corresponding to the three thoracic segmentsand eight abdominal ganglia corresponding
to the abdominal segmentsone to eight. Each ganglion is double consistingof two closely
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compacted lateral ganglia. The connectives linking the sub-oesophagealand first thoracic
ganglia are very long whilst the three thoracic ganglia lie close together with very short
connectives. The abdominal ganglia lie towards the anterior end of their respective
segments, except the first which as development proceeds becomes drawn towards the
metathoracic ganglion with which in the pupa it is fused. The ganglion of the eighth segment does not in the larva differ noticeably in the male or female and gives no evidence
of composite nature.
The ganglia of the chain, like the brain, have a cellular cortical layer and medullary
neuropile. In the cortex of the thoracic ganglia there are, in addition to the small cells
resembling those of the brain, many larger cells, some of these very large and conspicuous
in sections. These latter are especially numerous in certain areas of the ganglion, see
Fig. 34 (3), (4), and appear to be large unipolar cells with their pointed end directed inwards towards the neuropile. The neuropile consistsof two central tracts continuing the
connectives and in each lateral half a central neuropile mass proper to the ganglion. The
abdominal ganglia are smaller and possessfew or none of the very large cells seen in the
thoracic ganglia. They show two lateral massesof neuropile proper to each half of the
ganglion, the connectives appearing to be continued into or abutting upon this without
forming through tracts (gc’).
From both thoracic and abdominal ganglia nerves issue on each side from about the
middle point of the ganglion, except in the case of the eighth segment where the issuing
nerves arise posteriorly. The distribution of these can only here be very generally indicated,
since a special study would be necessaryfor sucha purpose and for further information the
authorities already mentioned should be consulted. In the thorax a leash of nerves passes
outwards from each ganglion towards the developing coxal regions which as development
in the larva proceeds are becoming more and more defined by constrictions in the hypodermal walls. Similarly from each abdominal ganglion a nerve passesoutwards beneath
the ventral musclesto pass up the side of the segment in the region of the ventral trachea
until it reachesthe outer margin of the large tracheal trunk. From thence it turns inwards
and is distributed to the dorsal muscles and other structures. Near its origin a branch
turns posteriorly to end among the ventral muscles. In the eighth segmenttwo large nerves
passfrom the ganglion of that segment, one on each side of the proximal portion of the
rectum. Each then divides into two, one branch going to the posterior region of the siphon,
the other passinginto the anal segment.

THE VENTRAL

SYMPATHETIC

SYSTEM

(Fig. 38(4),(5))

This consists of a line of nerves situated in the median line dorsal to the ventral nerve
chain. Whilst such a series appears to correspond to the median nervesof many insectsit
does not in AL;desaegypti larva so far as can be made out follow the usual course as
described for this series. Normally in insectsa median nerve arises in each segment from
the posterior part of the ganglion of the ventral nerve cord, taking origin between the connectives, and passesbackwards to the transverse intersegmental muscle at the anterior
border of the segmentbehind. At this muscle with which it is closely associatedit givesrise
to lateral branches proceeding outwards to the region of the spiracles. In A. aegypti larva
the nerves passfrom one transverse muscle to the next. In their course they pass over the
ganglion but they do not enter or arise from this. The line of nerve forming the seriesmay
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be clearly separate from the ventral chain or more closely approximated to this especially
over the ganglia. But in the latter case they can be traced without any break past this
structure. The nerves may possessonly relatively few nuclei, but in the later stagesof the
larva are conspicuousfor the numerous nuclei along their course. The seriescan be readily
followed from the transverse muscle at the anterior border of the first abdominal segment
to that at the anterior border of the eighth segment where the chain ends. The transverse
muscle of segment I crossesthe ganglion, but those of succeeding segments except the
eighth lie a little forward of the ganglion. That at segmentVIII passesover the front of the
ganglion. The chain, if present at all, is not very clearly traceable in the thorax, though a
nerve seemsto passfrom the third thoracic ganglion to the first transverse muscle. Small
nuclei are usually present arranged about the transversemuscle in the region of the nerve
and at their lateral terminations, but no lateral nerves have been made out. The appearance
of the system will be clear from the figure 38.
A systemof sympathetic nervesalso forms part of the complex known as the retrocerebral
complex. As, however, this system is very closely associatedwith the aorta and corpora
allata, its description is deferred to a later section under the circulatory system.

(e) SPECIAL

SENSE

ORGANS

Under this head may be consideredthe larval ocelli, the developing compound eyes as these
are seenin the larva, certain cuticular sensorypapillae andpits and the structurescommonly
referred to as chordotonal organs.
THE LARVAL

OCELLI

These come under the designation of lateral ocelli, or as sometimes termed, stemmata, as
distinct from the dorsal ocelli of many adult insects. In the mosquito larva they form a
close cluster of dark pigmented ‘eye-spots’ situated on the most prominent portion of the
lateral aspect of the head, lying behind and in the mid-concavity of the developing compound eyes when these appear (Fig. 35 (l), (2)). A very complete description of the larval
ocelli of Culex pipiens has been given by Constantineanu (1930). * In Culex pipiens according to Constantineanu the ocelli of each side are five in number arranged as shown in
Fig. 35 (3). In C. molestus the arrangement is much as in C. pipiens, forming a compact
group of closely aggregated spots. In kdes aegypti there are also five ocelli, but the
appearance and arrangement are somewhat different. The general appearance is of three
ocelli placed one above the other, the top and bottom ocelli being slightly posterior to the
middle one (Fig. 35 (l), (2)). Cl oser inspection, especially in the earlier instars, however,
shows that whilst the middle ocellus is single each of the other two is double, thus giving
the five ocelli as in Culex pipiens. Further the large middle ocellus is more or lesscircular,
not lengthened as in C. pipiens.
The general structure of an ocellus as seen in sectionsis shown in Fig. 35 (4), (5). Each
ocellus forms a cone with its base directed outwards. Under the but little modified cuticle
is a clear area, lens. Beneath this is a layer of elongate oval eosin-staining clear bodies
corresponding to the pneumocones of the compound eye (crystalline bodies of authors).
* See also Zavrel (1907), Demo11(1917), and for a general account of ocelli in insects,Snodgrassww, Imms

(1938), Wigglesworth (1942).
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remainder of the ocellus consistsof elongate retinula columns containing rhabdomes,
the retinula cells which compose these being heavily laden in the upper halves especially
with pigment granules entirely obscuring their outlines (Fig. 35 (4)). *

The

THE COMPOUND

EYES

These first appear in the early fourth instar larva as eyebrow-like dark streaks on the side
of the head anterior to the ocelli. These areas increaseprogressivelyin an anterior direction
by the appearance of successiverows of developing ommatidia until they occupy a large
part of the lateral surface of the head. The omrnatidia first appear as modified hypodermal
cells which develop pigment and become arranged to form columns containing rhabdoms.
At their base is a plexus of nerve fibres with nuclei continuous with the optic tracts. For
further description of these changessee the account of the development of the compound
eyes in Vanessa by Johansen and some further remarks given later under pupal changes.
SENSORY PAPILLAE

Of sensory papillae may be mentioned those at the apex of the antennae and of the maxillary palps. Two very complicated eminences with characteristic papillae constitute the
central portion of each side of the labial plate. Sensory papillae are also present on the
lateral portions of the stigmata at the apex of the respiratory siphon.
CHORDOTONAL

ORGANS (Fig. 35 ((7)-11))

The chordotonal organs (chordotonal sensilla or scolopidia) are a simple type of senseorgan
in the form of a ligament or ligaments, attached to the integument by one extremity and by
* Detailsof structureof the insecteye,includingvariousformsof ocelliand the compoundeye,are givenin the
very full accounts,in additionto thosealreadymentioned,by Grenacher(1879),Hickson(1885),Johansen(1893),
Redikorzew(1900),Radl(1905),BugnionandPopoff(1914);seealsoundersenseorgansof theimago(chapterXXIX).
Figure 35. Senseorgans.
Ocelli and developingcompoundeye of fourth instar larva of A2de.saegypti.
Outline of ocelli.
Outline (enlarged)from figure by Constantianuof ocelli of Culex pipiens.
Longitudinal sectionthrough ocellus.
Transversesectionat level of crystallinebodies.
Transversesectionthrough developingommatidia of compoundeye.
Chordotonal organ of first and secondabdominal segmentof fourth instar larva of ACdes
aegypti.

Tangential sectionof first abdominalsegmentshowingthe chordotonal organ passingfrom
ventral to dorsal aspect.
9 Basalportion of chordotonalorgan d of siphon.
10 Insertion of chordotonal organ c into lateral lobe of the stigmatic plate of siphon and the
small chordotonal organ a at apex of siphon.
11 Lateral view of siphonto show courseof the chordotonal organsa, b, c, d.
Lettering: a, b, c, d, chordotonalorgansas listedin text; cb, crystallinebodies;g, ganglionof
first abdominal segment; Ze, lens; Zm, ventral longitudinal musclesof segment; oc, ocellus;
oe, large oenocytes; om, developingcompoundeye; pg, pigment ; rb, rhabdom; TC,retinula cells;
scp, scolopidium;scpn, nerve to same;sp, spiracle;I, II, abdominal segments.
8
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a short strand of connective tissue at the other, containing characteristic nerve endings,
scolopales, the organs being considered as sensitive to mechanical stimuli or changes in
tension. Such organs may be present in various parts of the body in different insects and
have been described particularly in the abdominal segmentsof the larvae of Nematocera
where they are most readily seen. Their structure has been minutely described by Graber
(1882), as seen in the young Chironomus larva and in the transparent larva of Corethra
(Chaoborus). In the latter they are present in all but the first and last body segments. In
A&7esaegypti larva they are most readily seen in the transparent stagesof the living larva
or in preparations of such stages.The most conspicuousis the organ in the first abdominal
segment (Fig. 35 (7)) where the resemblance to Graber’s figure is very evident. The cords
in each segmentpassdiagonally from before backwards and from the ventral to the dorsal
surface (Fig. 35 (8)). Demo11 (1917) notes that three pairs of sensilla are present in the
siphon of the Culex larva. These are very clearly to be seenin the siphon of A&?esaegypti,
passing up with the muscles of this organ, but readily distinguished from these by their
narrower and less coloured appearance.
One suchorgan (d>ariseson each side from a baseshowing distinct scolopale appearances
(Fig. 35 (11)) attached just below the lower edge of the siphon posteriorly and laterally
somewhat dorsal to the pentad hair and about in line with the pecten spines of its side.
Its tendon passesup the siphon posterior to the tracheal trunk and close to the siphon hair
of its side to terminate in one or more branches at the base of the posterior lobes of the
stigmatic plate.
A secondorgan (c) with a similar base showing scolopale appearance is attached close to,
but a little external and anterior to, organ d and about in line with the second or third
scale of the comb. The tendon of this passesup external to the tracheal trunk crossingthis
obliquely to end in the lateral papilla of its side at the apex of the siphon. Dr Tate informs
me that in Culex larva, where a tag, as in many mosquito larvae, is present on the lower
margin of the siphon, this lies over a sensilla, which would appear to be that now being
described. In A&?es aegypti larva, however, no tag is present and the sensilla is unprotected, a fact in keeping with other evidence that the larva of this mosquito is poorly
adapted to life other than in comparatively sheltered conditions.
A third cord (b) has an attachment at the anterior end of the eighth segment dorsally,
passing backwards through this segment to enter the siphon on its anterior aspect. This
passesup the siphon along with the musclesa, b, c to be inserted into the base of the felt
chamber. Here the scolopale appearancesare less distinct than in the two previous cases.
There is a long basal cord in the eighth segmentwith some suggestivenuclei shortly before
entering the siphon.
What appears to be a fourth organ distinct from (b) more resembles those in the abdominal segments.This is a much smaller organ situated anterior to the felt chamber in the
apex of the siphon (Fig. 35 (10)). It has three cords, one passingtowards the apical rim of
the siphon, one going to the tracheal trunk and one short cord to the side of the siphon tube
a little below the siphon hair.
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(Figs.36-9)

For a general account of the circulatory system in insectswith bibliography see especially
that by Wigglesworth (1942 a).
As in insects generally the blood, haemolymph, in the mosquito larva is a relatively
colourless fluid occupying extensive spacesthroughout the body and maintained in circulation through pulsation of the dorsal vesselwith certain membranous and other guiding
structures.The dorsal vesselas usual in insectsconsistsof an abdominal portion, heart, and
a thoracic portion passingforwards to the head, aorta. In the larva, except that ostia (as
also alary muscles and pericardial cells) are not present in the aorta, there is no great
contrast in the two portions. Associated with the heart are the alary muscles, rather
poorly developed in the larva, and the characteristic groups of pericardial cells (dorsal
nephrocytes) set along its course. The dorsal diaphragm, which is such a prominent
feature in many insectsand in the adult mosquito, is little developed in the mosquito larva,
possibly as a result of the great size of the large tracheal trunks. Certain membranes exist,
notably at the anterior opening of the aorta, as also at the neck where there is a muscular
diaphragm. In the developing imaginal buds of the advanced larva may also be seen the
forerunners of the longitudinal partitions conspicuous in the legs of the imago. No
accessory pulsating organs additional to the heart and aorta have been described in the
larva.
Other tissuesconvenient to describe along with the heart are: the haemolymph with its
cellular constituents; certain free cells usually referred to as phagocytes; the oenocytes;
and the fat-body.
Closely associatedwith the aorta is the retrocerebral nerve complex described later. For
physiology of the circulation and behaviour of the heart see section (g) in chapter XXXI
(Physiology).
The heart (Fig. 36). Among early descriptions of the heart in the larva or pupa of the
mosquito see those by Raschke (1887, Culex nemorosuslarva); Hurst (1890, Anopheles
larva and Culex pupa) ; Metalnikoff (1902, Culex larva) ; Imms (1908, Anopheles larva
and pupa). Several authors have studied the heart as seen in the transparent larva of
Chaoborus(Corethra), namely Dogiel (1877); Lebrun (1926); Tzonis (1936). Lebrun, in
the living larva suitably mounted after intra vitam staining, demonstrated in a very clear
manner the ostia of the heart and the alary muscles.
The anterior opening of the aorta in the head of Chironomuslarva has been described
by Holmgren (1904) and Imms gives a careful description of this complex part in the larva
of Anopheles.Very helpful in this respect too is the description by Wigglesworth (1934) of
the aortic sinus in Rhodnius.
Recently a very complete study of the heart and associatedtissuesin the larva, pupa and
imago of Anopheles quadrimaculatus, with references to other species, including CuZex
pipiens and AC;desaegypti, has been made by Jones (1952, 1953, 1954) with, in addition to
the morphology, much information given on the physiology of the heart and circulation in
the mosquito as indicated in the chapter on physiology.
The heart in A. aegypti larva does not differ materially from the description by Imms and
others of this structure in Anopheles. In the living insect it can be seen pulsating between
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the two tracheal trunks which lie lateral to it. In sectionsit appears as a delicate tube with
laterally placed nuclei which project into the lumen and are characteristically spaced at
intervals (about three pairs to a segment). In each of the abdominal segments I-VII,
situated somewhat forward in the segment,is a pair of lateral ostia. These are recognisable
by the presenceof twin nuclei, smaller than those of the heart wall, C
->fthe cells guarding the
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Figure 36. The heart and related structures.
1

Showing heart and arrangement of nuclei, ostia and pericardial cells.

2

Coronal section through heart showing lateral nuclei and fibrillae.
of heart.
Sagittal section showing ostia and ostial cells.

3
4
5

a, floor of heart; b, roof

Coronal section of terminal chamber of heart.
Similar section through tracheal plexus. a, terminal branches of tracheae forming limiting
membrane of tracheal plexus.
6 Group of eight pericardial cells at an intersegment.
7 Pericardial cells showing cortical layer of cytoplasm and two nuclei.
8 Transverse section through abdominal segment showing alary muscles.
Lettering : aim, alary muscle; cpt, crypt with tracheal cell; hn, nuclei of heart wall; ht, heart ;
ht’, terminal chamber of heart; ht”, chamber posterior to heart occupied by tracheal plexus;
OS,ostium; OS’, terminal ostium; osc, ostial cell; pc, pericardial cell; PC’, group of same at intersegment; pc’, single pair of same at anterior end of first abdominal segment; tt, tracheal trunk;
18,21, muscles of siphon; 34, more dorsal of double pair of muscles inserted into apex of tracheal
plexus ; VII, VIII, abdominal segments.
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ostia, one anterior and one posterior to the opening (Fig. 36 (3)). The openings are simple
and slit-like. In each segment,just anterior to each pair of ostia, there is an ill-defined, and
in the larva not very marked dilatation of the tube, pulsating chamber. Apart from the
lateral openings of the ostia there are no valves in the heart.
Anteriorly the heart proper passeswithout much change into the aorta. Posteriorly it
terminates in a somewhat swollen terminal chamber.This chamber in the larva ends somewhat abruptly about the middle of the eighth segment where it is closed posteriorly by a
flattish membranous wall. This has an opening on each side of the middle line and there
are small nuclei, resembling those at the ostia, in the intervening portion of wall and
external to the openings, which therefore may be regarded as ostia, terminal ostia.
The walls of the heart are thin, delicate and transparent. According to Imms there is a
delicate membrane (sarcolemma) externally and internally. Fine oblique or transverse
parallel and closely set striae are visable on close inspection (about 0.5,~ in thickness with
intervals about twice this). According to Jones these fine muscular fibrillae are double and
arranged spirally. Though muscular in nature the heart wall as a whole does not show up
conspicuously under polarised light, though the fine fibrils are faintly illuminated.
The tracheal plexus (Fig. 36 (5)). Beyond the terminal chamber the floor of the heart is
continuous with a delicate membrane forming the floor of the structure previously referred
to as the tracheal plexus (see under the tracheal system). It is from the chamber formed by
the plexus, as shortly to be described, that the terminal ostia open into the heart and the
plexus clearly forms an important adjunct to the organs of circulation being in effect a
collecting chamber and an oxygenating organ. The plexus is formed by a massof branching
tracheole-like vesselswhich arise from short tubular crypts taking origin from the inner
portions of the ventral walls of the tracheal trunks where these lie in the eighth segmentand
base of the siphon. The crypts number about fifteen to twenty on each tracheal trunk and
are arranged in a staggeredseriesextending from a little behind the anterior border of the
eighth segment to some little distance within the base of the siphon. A few of the more
anterior crypts lie over the terminal chamber of the heart, but the larger number are
posterior to this structure. At the bottom of each crypt is a cell with a conspicuouslarge
dark-staining nucleus and through the cytoplasm of these cells, as in a tracheal cell, there
pass the tracheole-like vesselsreferred to. As with ordinary tracheoles these are devoid of
taenidia.
Branching in various directions, but in the main directed ventrally, the tracheolesin mass
form a defined cone-shaped structure coming to a point just dorsal to the colon. Here it
receivesthe insertion of the four small converging musclesas describedin the sectiondealing
with the muscles of the terminal segments.The cone on its lower surface is definitely delimited by a delicate membrane previously mentioned as continuous with the ventral wall
of the heart. The cone lies within, but does not fully occupy, a considerable space between
the colon ventrally and the large tracheal trunks dorsally. The four small musclescoming
from different directions to be attached to the point of the plexus presumably keep this
structure suitably stretched in its correct position (Fig. 36 ((5)).
The aorta (Fig. 37). The aorta is very similar in appearance to the heart, its walls showing
the characteristic lateral nuclei at intervals. It is, however, unprovided with ostia and
neither alary muscles nor pericardial cells are present along its course. The two most
anterior ostia are at the anterior border of the first abdominal segment, where also the
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pericardial cells end. The aorta may, therefore, be considered as that portion of the dorsal
vesselanterior to this. From thence it passesforwards in the thorax in the mid-dorsal line
lying over the groove between the two median dorsal gastric caeca and then dorsal to the
proventriculus and oesophagus to the neck. Just before reaching the neck it lies close
beneath the tracheal commissurewith on either side the corpora allata. A little further on
it pierces, and its walls are blended with, the muscular diaphragm in the neck. It now
passesforwards close to the dorsal wall of the oesophagusand pharynx to the cerebral
commissure linking the two halves of the brain. Its relations in the final portion of its
course are complex and important and merit special consideration.
The prothoracic aortic sinus. Under this name Jones(1952, 1954) has describeda specialised
portion of the aorta in the prothorax which is dilated and can be seen in the living condition, especially in the first instar larva, actively pulsating. The author describesand figures
it as a relatively large bulb-like sinus or sac lying between the corpora allata and attached
to these structures by tissue strands. A single pair of intra-aortic thickenings is present
at the posterior extremity of the sinuswhich opens through a narrow valve anteriorly into
a narrow continuation of the aorta where this terminates behind the supra-oesophageal
ganglion. In the living Ai;des aegypti larva it is seen as a swollen pulsating portion of the
aorta. But in sections the organ is not so conspicuous and beyond the fact that it dips
down sharply under the commissure there may be little to notice, though in some cases
there is some lateral dilatation and some folding of the walls. At about the junction of the
anterior two-thirds with the posterior third, however, where the aorta is crossed and
closely contacted on each side by a small trachea passing dorsally from the lateral trunk,
the wall of the aorta is thickened and there is a cluster of nuclei distinct from the spaced
nuclei of the rest of the organ (see also description of the aorta in the imago).
The anterior termination of the aorta (Fig. 37 (l)-(3) ; 38 (1)). After passing the tracheal
commissure and as the aorta approaches its anterior end it lies close to the dorsal wall of
the pharynx, its ventral wall being closely adherent to, if not actually formed by, pharyngeal
elements. At the pharyngeal notch it lies in the groove between the projections formed by
the posterior ends of the pharyngeal plates, that is the groove in which the recurrent
pharyngeal nerve also lies in its passagebackwards. This groove is closed in dorsally by
the cerebral commissure and so formed into a narrow passage-way. This passage-way is
further restricted by two largish musclescoming from the dorsum of the head to be inserted
into the posterior angles of the pharynx where these form the lateral boundaries of the
Figure 37. Aortic openingand related structures.
1

Sagittal section in median line of head giving lateral view of structures at anterior opening of
aorta.
2 Dorsal view of structures at anterior opening of aorta. Reconstruction. For explanation see
under lettering.
3 Posterior view of aortic opening. Reconstruction.
Lettering : ao, aorta; Br, brain; Cc, cerebral commissure ; P, pharynx ; rn, recurrent nerve
passing through gap at posterior angle of the pharynx over muscle 24 (cingulum) to floor of aorta
where it continues into structures described under retrocerebral system; sn, blood sinus; sn’,
membrane continued from sarcolemma of muscle 16 to that of 15 to form roof of sinus (sn) ;
sn”, membrane passing from cerebral commissure to dorsum of head; 15-24, muscles as listed in
text under muscles of head.
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notch (dorsal suspensorsof the pharynx; muscles no. 16). With the walls of this narrow
way those of the aorta are blended, that is the dorsal wall is fused with the connective tissue
of the commissure and the ventral wall with the pharyngeal wall and the sarcolemma of
the two musclesreferred to (Fig. 37 (1)). Here the aorta proper terminates. Passingout of
this opening, however, the blood still finds itself restricted by a roof formed of thin
membrane linking the voluminous sarcolemma of the two musclesreferred to with that of
the decussating muscles situated some distance forwards. This membrane converts the
trough between the crests of the pharynx as far forwards as the decussatingmuscles into
a covered way continuing the aorta as a blood sinus. The arrangement will be clear from
Fig. 37 (l), (2). In Fig. 37 (1) the aorta passesin from the neck on the left.
There is another membrane in this region not directly connected with the blood sinus,
but which should be mentioned. This is a supporting membrane (sn”) which rises from the
front of the cerebral commissure and passesto the dorsum of the head in the occipital
region. This forms a pocket between itself and the sinus roof membrane (Sri).
There are also some important relations on the ventral side of the notch. Besides the
muscles 16 there is a smaller pair (muscles no. 17) which also pass from the dorsum in
front of the cerebral commissurealong with the muscles 16 to be inserted into the anglesof
the pharynx just ventral to the insertion of these. These smaller musclesserve still further to
close in the flanks of the blood passage. Still another pair of muscles(no. 21) passbehind
the commissureand are inserted to each side of the floor of the aorta where this enters the
notch. Between this pair and nos. 16 and 17 there is, so far as I have been able to ascertain,
a passage-wayfor blood directed laterally and downwards. The similarity of the arrangement to that given by Wigglesworth (1934) for Rhodnius will be evident.
Where the aorta lies over the pharynx before reaching the knot it comes into close
association with the retrocerebral nerve complex and is modified thereby. For further
details see under the retrocerebral complex.
The alary muscles(Fig. 36 (8)). Intimately associatedwith the heart and its accompanying
pericardial cells are the alary muscles. These are small muscles ending in delicate fibrillar
branches which form a network closing in a space, dorsal sinus, the network forming the
dorsal diaphragm. The musclesarise from the cuticular hypoderm of the segmentslaterally
and just external to the outer edge of the longitudinal seriesof musclesand passunder these
and the large tracheal trunks. Their terminal fibrillae passabove and below the pericardial
cells enclosingthese between the two layers. There is one such muscle in AL;des aegypti to
each pericardial cell and since these cells lie in groups of four pairs, two on each side of the
intersegmental line the alary muscleshave a similar distribution. There is only one pair at
the anterior end of the first abdominal segment and two in the eighth segment. There are
none connected with the aorta in the thorax. According to Jones (1954) the alary muscles
maintain the heart wall taut and if cut the dilatation at the pulsating chamber disappears.
They are not, however, concerned with the heart’s pulsation otherwise than to keep this
organ under some control. According to Lebrun (1926) the alary fibres in Corethra are not
muscular but of an elastic nature. In AL;desaegypti the fibrillae do not show up brilliantly
when viewed by polarised light. This, however, would not seem to preclude their being of
muscular nature since the heart itself is not vividly illuminated when so viewed. The same
applies to a number of visceral musclesas compared with the brilliant effect with the usual
systemic muscles.
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The dorsal nephrocytes(Fig. 36 (I), (6), (7), (8)). In close relation with the heart are the
pericardial cells, now commonly referred to as the dorsal nephrocytes, somewhat similar
cells lying in the prothorax beneath the oesophagusbeing known as the ventral nephrocytes.
The pericardial cells are large characteristic cells occurring in insects in close association
with the heart. For a general review regarding their occurrence and characters seeHollande
(1922). In the Diptera they have been described in the larva of Muscidae by Graber (1873)
and by Kowalevsky (1889, 1892) ; in the larva of Anthomyidae by Keilin (19 17) ; in Mycetophilidae larva by Madwar (1937) ; in Chironomus larva by Graber (1873). In the mosquito
they have been described in Culexpipiens larva by Wielowiejski (1886) and by Metalnikoff
(1902) (also referred to by Kowalevsky (1889)); in Anopheles briefly by Imms (1908) ; more
recently in the larva, pupa and imago of A. stephensi, C. fatigans and Ai;des aegypti by
Rajindar Pal (1944) and in several speciesof Anopheles, in Culex pipiens and Agdes aegypti
by Jones.
According to Metalnikoff there are two large massesin the thorax situated ventrally
anterior to the caeca, two large cells in the first abdominal segment and eight smaller cells
arranged in four pairs in each abdominal segmentfrom II to VIII. The large massesin the
thorax refer to the ventral nephrocytes. The remaining description agrees with that given
by Rajindar Pal in the three species noted. Jones, however, finds in several species of
Anopheles examined, including A. stephensi, many more than the twenty-eight pairs
described.He distinguishesthree sizesof pericardial cells,namely, large (av. 18.5,Uby 28*1,u);
medium (av. 12.3,~ by 18.0,~); and small (av. 8.2,~ by 15.7,~). The large occur principally
in the region of the ostia, the medium and small all along the sidesof the heart proper.
Including the medium and small cells he finds in Anopheles as many as twenty-eight or
more at each segment.
In Aedes aegypti larva the number and arrangement of the pericardial cells with the
exceptions noted below is as described by Metalnikoff and by Rajindar Pal. These are in
groups of four pairs, two situated in the hinder part of the segmentin front and two in the
forward portion of the segment behind (Fig. 36 (1); 39 (9)). In segment I only one pair is
present anteriorly (possibly in the metathorax as described by Rajindar Pal) and in the
group VII-VIII
there are two pairs only, both of which lie in the fore-part of the eighth
segment.There are no cells in the hinder portion of the eighth segment,that is twenty-seven
pairs in all. No cells that could be classed as small or medium cells have been seen in
A. aegypti in the material examined by me, the intervening portions of heart between the
groups of four pairs being quite free from any such type of cell. In mosquitoes taken in
nature Rajindar Pal has found a certain small variation. In A. aegypti in the group VII-VIII
there might be two, or three, pairs, two lying in the latter case in segment VII and one in
VIII. In Anopheles there was some variation with season. It seemspossiblethat conditions
of culture might affect the numbers.
The cells are large, oval in shape and measuring in the full-grown larva some 40,~ in
length by 20,~ in transverse diameter. They usually have two, but sometimes three, nuclei
arranged in the length of the cell. There is an outer densercortical zone of cytoplasm and an
inner more reticular cytoplasm, commonly with vacuoles and inclusions. They lie lateral to
and somewhat ventral to the heart and between the large tracheal trunks. They are surrounded and enmeshed by the fine branching fibrillae of the alary muscles, but owing to
the inconspicuousnature of these branchings in the larva they often appear in sections to
lie more or less free in the pericardial sinus. As noted by Metalnikoff and subsequent
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authors they tend to take up carmine particles when this substanceis introduced into the
body by injection or feeding. They are now accepted as concerned in the taking up of
colloidal particles and along with cells of a similar nature have been termed nephrocytes
(Keilin, 1917).
The ventral nephrocytes(Fig. 38 (1) PC”). In the mosquito larva the ventral nephrocytes are
cells with a somewhat similar appearance to the pericardial cells and possessingthe same
power to take up carmine particles. In AnopheZes quadrimaculatus they lie, as described by
Jones (1954), below the oesophagusin the median line over the connective linking the suboesophagealganglion with the first thoracic ganglion and attached to the middle portion of
the larval salivary gland (at the isthmus). They are connected to each other by thin filaments
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Figure 38. The corpora allata and the median nerve.
1

Sagittal section near middle plane of head showing corpus allatum complex and other
structures.
2 The corpora allata and related structures of Ai;des aegypti. Reconstruction.
3 Sagittal section through a corpus allatum complex.
4 Coronal section through an intersegment showing ventral transverse muscle and median nerve.
5 Two successivesections showing median nerve.
Lettering : ao, aorta ; Cc, cerebral commissure ; ca, corpus allatum complex ; ca’, corpus allatum ;
can, supporting cells of complex; 8.2, sub-oesophageal ganglion; g-3, first thoracic ganglion;
g. 6,7, abdominal ganglia VI, VII ; mn, median nerve; nca, nerve to corpus allatum; Oe, oesophagus; P, pharynx; Pv, proventriculus; PC’“, ventral nephrocytes ; rcg, hypocerebral ganglion ;
m, recurrent nerve; sn, aortic sinus ; t. 2, dorsal cephalic trachea; tc, cervical tracheal commissure;
vtr, ventral transverse muscle.
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of cytoplasm. They are not conspicuousin sections,but are best displayed in larvae fed on
carmine in dissections,being attached to the salivary glands when these are dissectedby
the method of Jensen (1955).
In AL;desaegypti the ventral nephrocytes form a group of from one to three large pericardial-like cells in the median line lying over the nerve connectives.
THE BLOOD OR HAEMOLYMPH

(Fig. 39(8))

The blood (haemolymph) of insectsis a more or less colourless fluid. It forms a considerable proportion of the total body substanceof the mosquito larva and very considerable
spacesoccupied by the haemolymph occur in various parts of the body. The physical and
chemical characters of the haemolymph in A. aegypti larva have been closely studied,
notably by Wigglesworth (see under ‘Physiology’, p. 709).
Contained in and in connection with the haemolymph are certain cellular elements,
haemocytes. For a general review of the subject of the haemocytes of insect blood with
plates showing the chief forms see Rooseboom (1937). * A bibliography is given by
Rooseboom and by Wigglesworth (1942 a).
All authors agree in recognising small reproductive forms (proleucocytes) with deeply
staining nucleus, scanty cytoplasm and showing active karyokinesis. In Rooseboom’s
plates these are shown in Calliphora measuring about 10,~ in diameter with nucleus 6,~.
Type 2 of Rooseboom are much larger, measuring according to his figure up to as much as
30,~ in diameter with nucleus of 6,~ and lightly staining. Among other forms described
are oenocytoids. These have uniform acidophil cytoplasm resembling that of oenocytes, but
are not (in Rhodnius) derived from these cells (Wigglesworth, 1942a).
Insect haemocytes are for the most part sedentary, occurring especially in many insects
lateral to the heart. They are commonly pear-shaped or fusiform with pointed ends. In
the late larval stage phagocytes are commonly seen in numbers attached to muscles in
process of removal and such may contain inclusions of muscle substance (sarcolytes).
Haemocytes may accumulate to form phagocytic tissue of a permanent character (Cuenot
(189 1,1893) ; Lange (1932), and previously Pause (19 19), describesin the terminal segments
of Chironomus larva reticular membrane formed by phagocytic cells lining and enclosing
fat-body).
In Aedes aegypti larva blood cells, other than the small cells commonly seen accumulated about muscle fibres and other elements and presumably phagocytic, are not conspicuous.The commonest forms of detached cell seenin the haemolymph are round or oval
cells with relatively small nucleus and clear eosinophil cytoplasm measuring about 10~
in diameter (Fig. 39 (8)). These are found as single isolated cells in many positions including the pericardial space about the heart. The cells clustered about musclesare small
spherical cells with round deeply staining nuclei and will be referred to later.
OENOCYTES (Fig. 39 (4)4 (7), (9))

These are characteristic globular or polygonal cells with large central nucleus readily distinguished from other tissue cells by their appearance and dark eosin staining cytoplasm.
For a general review see Hollande (1914) and for a more recent account Wigglesworth
(1933, 1942a). They have been described in the larva of Culex pz@ens by Wielowiejski
* See also Kollmann (1908), Hollande (1909, 1911), Mutkowski (1924), Wigglesworth (1933, 1937, 1942a).
22
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(1886) ; in Anopheles by Imms (1908) ; and very fully by Hosselet (1925) in Culex (Theobaldia) annulata. In the advanced larva oenocytes occur in two forms, namely small and
large. Small oenocytes measure about 20,~ in diameter. They occur characteristically set

on the inner surface of the ventral parietal fat-body in segments2-8. They may be quite
numerous extending almost to the lateral border. They may also be found isolated or in
scattered groups elsewhere. Large oenocytes resemble the small, but measure 50-60~ in
diameter. They form groups of 5 or 6 closely packed cells on each side of abdominal
segmentsl-8, lying in a pocket of the lateral parietal fat-body. In mounted preparations
of the whole larva these lateral patches of dark-staining cells form a conspicuous and
characteristic feature of the larval abdomen.
According to Hosselet oenocytes are secretory cells. In an early stage they contain
abundant chondriome, which disappears as secretion accumulates in the cytoplasm.
Eventually they discharge their contents into the general body cavity. In the small oenocytes discharge of secretion is continuous through larval and pupal stages.With the large
oenocytes accumulation of the products of secretion takes place at a slower rate and full
development and discharge of secretion results only in the pupa. The complete disappearance of oenocytes from the adult shows that these cells are concerned only with metamorphosis. They have been shown by Wigglesworth (1937) in Rhodnius not to initiate
ecdysis, but to provide material for the building up of the new cuticle.
In AL;desaegypti larva the lateral patches of about five large oenocytes on each side of
abdominal segments I-VII form a striking feature (Fig. 39 (4), (9)). The cells lie close
together in a roughly oval plaque in the mid-lateral line a little posterior to the middle of
the segmentand between lateral dorso-ventral muscles 4 and 5. The plaques lie usually in
a recesson the inner aspect of the parietal layer of fat-body. The cells are very large,
measuring up to 40 or 50,~ in diameter with large globular nuclei and uniform strongly
Figure 39. Malpighian tubules, fat-body, oenocytes and haemocytes.
1

Sliced preparation to show ventral parietal fat-body of thorax and first abdominal segment.
Effect of staining with Sudan black.

2 Thoracic visceral fat-body.

a, cape-like prothoracic parietal fat-body. Ventral portion;
b, median lobe of visceral fat-body lying on each side of the aorta and partly covering the
corpora allata; c, extension of dorsal visceral fat-body lying over salivary gland; d, lateral
extensions of ventral visceral fat-body.

3 Transverse section of thorax of early fourth instar larva to show lobes of visceral fat-body.
4
5
6
7
8
9

a and b as for no. 2.
Transverse section of abdominal segment to show position of large and small oenocytes.
Malpighian tubules. Unstained preparations. A, tubule of early fourth instar larva; B, the
same of pre-ecdysis fourth instar larva.
Transverse section of Malpighian tubule showing striated border.
Oenocytes. A, large oenocytes; B, small oenocytes. Same magnification.
Haemocytes. A, as seenin various situations; B, lying near heart.

Schematictangential sectionto show distribution of large and small oenocytes,also pericardial cellsand the dorso-ventralsegmentalmuscles.
Lettering: ao, aorta; 0, gastric caecus; ca, corpus allatum; gb, imaginal bud of first leg;

Zdv.2-5, lateral dorso-ventral muscles. Zdv.1 is present only in segment I; oe, large oenocytes;
oe’, small oenocytes ; Pv, proventriculus; PC’, group of four pairs pericardial cells ; PC”, group of
single pair ; PC”“, group of two pairs; sg, salivary gland; sp, spiracle; t, trachea (t. 32).
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eosinophil cytoplasm (Fig. 39 (7)). The only segment not showing the plaques is the
eighth. There are no plaques in the thorax.
Small oenocytes are another constant and conspicuousfeature of larval structure. These
lie embedded, or more strictly recessed,on the inner surface of the ventral parietal fat-body
in all abdominal segmentsexcept the first and eighth (Fig. 39 (4), (9)). Usually there is an
irregular group about the level of and ventral to the plaque of large oenocytes. Others are
present more towards the posterior end of the segment. In appearance they closely
resemble the large oenocytes, but measure only up to about 20~ in diameter.

THE FAT-BODY

(Fig. 39 (l)-(4))

This normally consists of layers or lobes composed of cells of more or less uniform
character, 3040~ in diameter, whose cytoplasm is swollen with oil globules and watery
vacuoles and may contain both reserve and secretory substances. As in insectsin general
(Weber, 1938) the fat-body in the mosquito larva consistsof a layer immediately beneath
and largely conterminous with the hypodermis, parietal layer, and of lobes lying around or
between the internal organs, visceral layer.
The disposition of the fat-body is best studied in the early stagesof larval growth before
excessiveaccumulation of fatty tissue and development of imaginal appendages obscures
the arrangement. Even so, though in the mature larva there may appear to be little
evidence of lobes from these becoming pressed together, their limits can still generally be
made out. Further, the distribution has a definite relation to the metamerism and other
features and so has some interest and importance.
Study of the fat-body can often be facilitated by suitably staining fixed material with a
fat-soluble stain, for example Sudan black. Dissections or sliced larvae may be overstained in soudan black in 90 per cent alcohol, transferred to 90 per cent alcohol to
decolorise if necessary and then to 70 per cent alcohol followed by 50 per cent alcohol,
equal parts glycerine and 50 per cent alcohol and pure glycerine with final mounting in
glycerine jelly. As oil-soluble stainsare very rapidly removed in alcohol and clearing fluids,
mounting in balsam is unsuitable. The fixative used is important. Good results have been
given with Tower’s method. The lobes stand out very vividly (see Fig. 39 (1)).
The arrangement of fat-body is seen in its simplest form in the abdomen where each
segmenthas its own fat-body with a wide intersegmental gap, where in the living larva the
pulsating heart and tracheal trunks are clearly displayed. The dorsal layer consistsof a thin
sheet lining the tergum and reaching anteriorly to the level of the spiracular cord and
posteriorly to the end of the segmentproper. It is this dorsal sheet, only about one cell in
thickness, which is referred to by Wigglesworth (19423) as being very convenient for the
study of reserve materials under the microscope using the living larva under a cover-glass.
The ventral sheet is lessuniform. It lines the ventral surface of the segment leaving a gap
at the intersegment. It has a median ridge on which the ventral nerve cord rests. Laterally
the two sheetsare thickened, turned in and largely fused to form a thick mass of fat tissue
occupying the side of the segment. This mass is grooved anteriorly by the spiracular cord
passing from the spiracular punctae to the tracheal trunks and perforated by the dorsoventral musclesof the segment. Occupying a pocket on the inner aspect of the lateral mass
at about the middle of the segment or a little posterior to this is the characteristic group of
large oenocytes. Lying on the inner surface of the ventral sheet on either side of the ventral
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nerve cord are the small oenocytes. In the eighth segment the ventral layer is deficient
posteriorly and the dorsal sheet does not passthe base line of the respiratory siphon. The
anal segment has a separate sheet of parietal layer only on each side. Apart from lobules
of the parietal layer the abdomen is devoid of any visceral layer.
In the thorax the fat-body occurs both as parietal layer and extensionsof this or separate
lobes forming a visceral layer. As in the abdomen the parietal layer is divided corresponding to the three thoracic segments,though the gaps between are narrower and more
bridged across than in the abdomen. Fenestrae at the insertion of muscles are also more
conspicuous (Fig. 39 (1)). Laterally the dorsal and ventral sheetsare linked up by extensions of fat-body passinginternal to and between the genital buds of the legs and wings.
A conspicuous feature is the continuous cape-like layer of prothoracic fat-body. This
covers completely the anterior aspect of the thorax, sending lateral extensions over the
genital buds of the first legs and abutting upon the rudiments of the pupal trumpets lying
just dorsal and external to these (not shown in the figure).
In addition to the thoracic dorsal and ventral parietal layers there are lobes of fat-body
situated around and between the internal organs. The most important of these consist of
dorsal and ventral massesfilling the space anterior to the gastric caeca. The dorsal mass
consists on each side of a lobe which has an inner fusiform portion (Fig. 39 (2), (3) b)
abutting upon the aorta and partially covering over the corpora allata of its side. Externaly
this lobe forms an extension lying over the salivary gland (c). It has been figured by
Wigglesworth (19423) in his paper dealing with reserve materials in the mosquito larva.
The ventral mass forms a pad at the level of the anterior end of the proventriculus resting
upon the ventral nerve cord connectives(Fig. 38 (1)). From this extensionspassbackwards
on to the first thoracic ganglion and along the under side of the salivary gland (d). This
lobe has also been figured by Wigglesworth. The arrangement is liable to considerable
variation in details, though on the whole the general plan is adhered to. Lateral connecting
stripsjoining the dorsal and ventral parietal sheetsand junctions of these with the visceral
lobes may resemble lobes. In the late larval stagesalso gross accumulation of fat tissue
tends to obliterate details.
The head is almost entirely devoid of fat-body and the spaces,which are considerable, are
occupied by haemolymph.

(g) THE

RETROCEREBRAL
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AND
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ALLATA

Under the name retrocerebral complex is included a rather complicated system of ganglia
and nerves constituting what was formerly often termed the sympatheticor stomatogastric
nervous system. Closely associatedwith this are certain bodies of a glandular nature the
most important of which are the corpora allata or endocrine glands responsible for
hormones concerned in metamorphosis (see ch. XXXI (b)).
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The nervous structurescomposing the complex have in the past been very variously homologised and named by different authors. Recently an important comparative study,
including these parts in the mosquito (Culex pipiens) has been made by Cazal (1948) with
a suggestednomenclature.
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According to Cazal the generalised schemefor the arrangement in insectsis as follows.
The recurrent nerve from the frontal ganglion passing backwards between the aorta and
the oesophagusenlarges to form an oval ganglion, hypocerebral ganglion. From this there
passesbackwards a median, or two lateral, oesophageal nerves. These end at the fore part
of the gut on each side in a ventricular or gastric ganglion. This constitutesthe stomatogastric
system. The cephalic neuro-endocrine or aortic system consistsof a pair of glands, corpora
paracardiaca (corpora cardiaca of many authors), situated laterally to the aorta, or in some
forms fused in the middle line beneath the aorta, and two further glands lying posterior to
these, the corpora allata. Nerves from the protocerebral lobes (an inner from the cerebral
commissure and an outer from the protocerebral lobe), which may be fused, pass to the
corpora paracardiaca and from these in turn nerves pass to the corpora allata. There are
also some collateral nerves among which may be noted one from the nerve to the corpus
paracardiacum going to the musclesof the tentorium or mastigator muscles; one from the
corpus paracardiacum anastomosing with the maxillary nerve forming a ganglion under
the oesophagusand others anastomosing with nerves in the prothorax. There is a nerve
from the corpus paracardiacum to the hypocerebral ganglion and one from the corpus
paracardiacum to the aorta.
According to Cazal in Culex pipiens pupa the hypocerebral ganglion and the corpora
paracardiaca are fused into one structure, namely a composite ganglion lying ventral to the
aorta. This receives the recurrent pharyngeal nerve and from it proceed two lateral oesophageal nervesterminating in two ventricular ganglia, thus completing the normal stomatogastric system. From the ganglion also arise on each side a nerve to the corpus allatum.
Cazal notes, however, that in the larva the composite gland is very poorly developed,
whilst the paracardiaca nerves are fused to the hypocerebral ganglion and end in some cells
of doubtful nature (see also Possompes, 1946, 1948, who has recently described the above
parts in Chironomus. A very clear account with figure is given by Imms in his fourth
edition (1938), p. 65, embodying much of what is said above).
In AL;desaegypti the parts are much as described by Cazal in Culex. The recurrent nerve
passesbackwards over the roof of the pharynx to the posterior notch in that organ. Here
it turns sharply downwards, passing through a median groove in the cingulum muscle to
enter the curious T-shaped body forming the first part of the floor of the aorta and which
is thought to be the structure described by Imms in Anopheles larva as the ‘supporting
collar’. Further back it enters a rather diffuse ganglionic structure on the ventral floor of
the aorta. In some late larvae this appears to consist of a dorsal and a ventral mass. From
the ventral massarise two lateral nerves which at the level of the muscular neck diaphragm
end in small collections of cells possibly representing the ventricular ganglia. The dorsal
mass gives off stout nerves which pierce the diaphragm and pass to the corpora allata
complexes. It has not been found possibleto demonstrate the presenceof the lateral nerves
passing to the hypocerebral ganglion from the brain.

THE

CORPORA

ALLATA

The corpora allata in AZdes aegypti are included and form a part only of the structures
which have been termed by Bodenstein (1945) the corpus allaturn complex. A very complete
description has been given by Bodenstein, including the variation seen in a number of
speciesand genera of mosquitoes, including A. aegypti, and the changes taking place in
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the pupa and adult. * The complex, which in the advanced larva is a conspicuousand easily
identified structure, is situated just behind the neck on the tracheal commissure which
connects the two dorsal cephalic tracheal trunks (Fig. 38 (2)). It consistson each side of
the median line of a backwardly directed somewhat elongated conical structure composed
of large cells with large oval nuclei containing, some distance down its length, a round or
oval body composed of much smaller cells, the actual corpus allatum. The bodies enclosing the corpora allata are not only attached to but appear in continuity with the
tracheal wall. The cells composing them are large with rather clear voluminous cytoplasm
and large conspicuous oval nuclei. They are considered by recent authors (Possompes,
Cazal) to be of the nature of pericardial cells. The cells composing the corpora allata are
small with limited cytoplasm, clearly marked off from the surrounding larger cells. On
their inner aspectsa nerve enters each complex anteriorly and passesthrough their substanceto the neighbourhood of the corpora allata. As shown by Bodenstein, the outer cells
disappear in the adult making the complex much lessconspicuous.The characteristic small
cells of the corpus allatum are, however, surrounded by a single layer of cells of intermediate size which have first appeared in the young pupa. The differences noted by
Bodenstein in the speciesand genera of mosquitoes examined, including Anopheles,though
appreciable are not great.
In their figure showing the stomatogastricsystemin ChironomusMiall and Hammond, as
does Possompes, indicate peculiar flange-like structures arising from the trachea and
extending to the corpora allata. These flanges are clearly homologous with the supporting
part of the corpora allata complex in mosquitoes, though in Chironomusthey arise, not
from the tracheal commissure, but from the dorsal cephalic tracheae just caudad of the
commissure. As already noted, the cells of the supporting structure have been considered
to be of the nature of pericardial cells. But very similar cells with large oval nuclei may be
present where large new tracheal vesselsare being initiated, for example, the large trachea
that forms in connection with the abdominal spiracle of the pupa, or large new tracheae
forming to supply the developing wing musclesof the adult. There would appear to be more
than a merely casual relation of the complex with the tracheal system.?

(h) THE
THE

EXCRETORY

MALPIGHIAN

TUBULES

SYSTEM
(Fig. 39 (5), (6))

The Malpighian tubules of Culex pipiens larva have been described by Metalnikoff (1902) ;
Roubaud (1923); and de Boissezon (1930). Those of the larva of Anophelesmaculipennis
have been described by Nuttall and Shipley (1903) ; Imms (1907) ; Roubaud (1923) ;
Missiroli (1925, 1927). Many points regarding their structure and physiology in Ai;des
aegypti have been given by Wigglesworth (1933, 1942a). Studies on the Malpighian
tubules of the same specieshave been made by Ramsay (195 1).
* A paper in Russian by Mednikova (1952) also describesthe endocrine organs, corpora allata and corpora
cardiaca, of mosquitoes(see under references),but I have not seen any translation of this.
i Of authors other than those mentioned who have dealt with the retrocerebralcomplex in the larvae of related
forms to mosquitoesmay be noted; Dogiel (1877, who in Corethra first describedthe corpora allata), Miall and
Hammond (1900, Chironomus),Holmgren (1904, Chironomus),Nabert (1913, Tipulid), Frew, ( 1923, Forcipomyia),
Selke (1936, Tipulid), Madwar (1937, Mycetophiliidae), Burtt (1937, Chironomusand Tipulid), Hanstrom (1942,
Diptera), Thomsen (1943, Cdiphoru, with short general review in English), Arve and Gabe (1947, Chironomus),
Zee and Pai (1944, Chironomus).
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The tubules of A. aegypti have the same general anatomical characters as described in
other mosquitoes. Both in the larva and in the imago they are five in number, a peculiarity
of Culicidae shared only by Psychoda,Ptychopters and Blepharocidae (Pentanephridia of
Muller, 1881). They are best studied dissectedout and examined fresh in Ringer’s solution
or after special fixation on a cover-glass. As noted by Wigglesworth (1931) in connection
with Rhodniusthey are not usually well fixed in sections.The striated border, as also noted
by Wigglesworth, Zoc.cit., is well shown by dark-ground illurn.ination. For observing the
course of the tubules they can be examined in transparent mounted larvae or better in fixed
material, the detached abdomen being brought through alcohol and glycerine equal parts
to glycerine. The soft cuticle is then readily removed, leaving the hardened tubes and gut in
their natural position.
The tubules open into the intestine just behind the characteristic cells of the mid-gut
into a slight dilatation of the intestine corresponding to the pyloric ampulla of the imago,
one dorsal, dorsal tubule, and two on each side, one dorsal and one ventral, that is a dorsolateral and a ventro-lateral pair. From their point of entry, which is at about the posterior
end of the fifth segment, each tube loops forward to about the anterior border of the
segment and, bending backwards, so continues to terminate in a blind end in the eighth
segment. In the larva, after the initial forward loop, the course of the tubules is fairly
direct. The two ventro-lateral tubules extend to the end of the segment,the others stopping
slightly short of this. Though only loosely held in place by tracheal branches the different
tubules have a more or less constant position. The ventro-lateral pair pass back on each
side in a wavy fashion ventral to the intestine to terminate with their blind ends lying close
together near the middle line or more or less separated. The dorso-lateral pair lie dorsal to
the intestine and about half-way along their course come together in the middle line,
afterwards diverging to lie along each side of the sausage-shapedcolon (Fig. 25 (1)).
Sometimes they cross each other and come to lie on opposite sides of the colon to their
origin. The dorsal tubule in its terminal portion usually comes to lie alongside one or other
of the dorso-lateral pair, usually the left.
In the early stages,up to the early fourth instar, the tubules are narrow, of even thickness
throughout and translucent. During the fourth instar the cells of the tubules become so
charged with granules that the tubules are considerably swollen, opaque and milky white.
The portion of tubule forming the ascending part of the anterior loop differs somewhat
from the rest of the tubule, being somewhat narrower and remaining relatively free from
granular deposit so that it is more difficult to see in the whole mounted larva when the
rest of the tubule, being opaque and white, stands out markedly.
In structure each tubule consistsof an outer thin membranous coat devoid of muscle
within which are large characteristic cells with a striated border surrounding a relatively
narrow lumen. The cells are aligned along the tubule on opposite sides alternately, giving
to the tubule a somewhat zigzag effect. Each cell occupies the greater part of the circumference of the tube, bulging in its thicker central portion in which the nucleus lies into the
lumen and thinning out towards its edges. They may be visualised as more or less square,
wrapped round the tube with two opposite angles meeting, or nearly meeting, on the
opposite side to the nucleus. The adjoining cells being oppositely placed make good the
deficiency where the narrow points meet. There are well-marked lines of demarcation
between adjoining cells, which, when the cells are opaque with granules, appear as clear
transparent lines. The cytoplasm is uniform in character, finely granular or loaded with
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coarse granules depending on circumstancesaffecting excretion. The nucleus is large, clear
and spherical and situated centrally in the cell. The lumen in the early larval stagesis fairly
wide and clearly outlined. As a result of the cells projecting on alternate sidesof the tube it
has usually a wavy course. When the cells are heavily loaded with granules it tends to be
narrow and ill-defined unless distended with fluid or solid matter. The presence of solid
secretion in the lumen is commonly described,usually associatedwith cells transparent and
clear from granular matter. This would appear to depend to some extent at least upon
conditions affecting the larva. Wigglesworth (1933) notes that if larvae are grown in
isotonic or slightly hypertonic salt the lumen of the Malpighian tubules becomes clogged
with granules. After transfer to fresh water the tubules in a few minutes are clear and
transparent. A similar filling of the lumen by solid excretory matter is described by
Roubaud in larvae grown under crowded conditions.
In that portion of the tubule forming the proximal limb of the forward loop which was
noted as differing somewhat in character from the remainder of the tubule the cells are
smaller and usually more flattened. Also, as noted by Imms, the line of demarcation between
the cells is little apparent.
An important point is the nature of the striated border. A well-marked and defined
striated border can usually be made out except when the cells are heavily loaded with
granules. As seen under dark-ground illumination the border appears as a dark clear
zone about 1.0~ in width situated next to the more granular cytoplasm and above this,
bordering the lumen, is a brightly illuminated line about 2.0~ in width. In the early larval
stagesthis clearly defined line can be traced throughout the whole lumen including that in
the proximal part of the forward loop. In the larva of AnophelesmaculipennisImms also
figures the ascendingportion of the forward loop as being lined by a uniform narrow layer
which has all the appearance of being striated border of the honeycomb type. The question
to what extent the tubules in ACdesaegypti show striated border of the brush type is later
discussedunder the excretory system of the imago.
As shown by Wigglesworth the Malpighian tubules of the larva play an important role
in the maintenance of the osmotic control of the larval haemolymph (seeunder ‘ Physiology ‘,
p. 709 and also further remarks regarding the Malpighian tubules and their functions
given when discussingthe excretory system of the imago).
Unlike the mid-gut the epithelium of the Malpighian tubules is not replaced during
metamorphosis.
OTHER

TISSUES

CONCERNED

IN

EXCRETION

Besidesthe Malpighian tubules certain other tissuesalso play a part in excretion usually by
the storage of waste products. In the mosquito the only tissues of importance in this
respect are the cells of the fat-body and the nephrocytes, including the ventral nephrocytes
and the pericardial cells. For information regarding these structures in the larva see
appropriate headings in the section dealing with the circulatory system and associated
tissues.
(i) THE

REPRODUCTIVE

SYSTEM

Certain stagesin the development of the reproductive systemtake place in the body cavity
and hypoderm of the larva. There are no external indications of these such as are present
in the pupa. These changeshave been describedin some detail by Christophers (1922, 1923)
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and reference to some of the structures has been given by Imms (1908). In a recent
publication Abul-Nasr (1950) has studied the development of the reproductive system in
three representative speciesof the Nematocera, including Chironomus dorsalis, and as a
result has employed a common nomenclature for the parts based on the homologies as
ascertained by the observed development. The stagespresent in the mosquito larva are very
similar to those described by Abul-Nasr in Chironomus and it will be convenient to use
Nasr’s nomenclature. Before describing the appearancesseenin the larva of Ai;des aegypti
it will facilitate matters to describe very briefly and in outline the general plan on which
this nomenclature is based.
Following Abul-Nasr the organs of generation include (a) the primary reproductive
system consisting of the sexual glands or gonads with associated mesodermal structures,
(b) the secondary reproductive system comprising those parts of ectodermal origin other
than the segmentalparts, and (c) modified segmentalparts including the genital appendages.
Little need be said regarding the gonads and mesodermal structures. These are respectively in the female and male the ovaries and the testes with their terminaljilaments, when
present, and their mesodermal strands. According to Abul-Nasr the last-mentioned
structuresin Chironomus in both sexesare branched, one branch proceeding to the seventh
segment and the other to the anterior border of the ninth sternite. The branch which is
thickest and eventually develops depends on the sex, namely the strand to the seventh
segment in the female and that to the ninth segment in the male, the other strand disappearing before completion of larval life.
The secondary systemsdiffer in the two sexes. In the female the structuresare derived
chiefly from invaginations at the posterior border of the eighth sternite. Two imaginal
buds appear first as separate disks of hypodermal thickening on each side of the midventral line and later coalesceto form the rudiment of the vagina. On the dorsal surface of
each of these buds there arise the spermathecal rudiments. Later a median invagination
between and slightly anterior to those forming the spermathecal rudiments forms the
rudiment of the common oviduct. At a later stagean invagination arising from a thickening
on the dorsal wall of the vagina forms the vaginal apodeme rudiment. Besides these developments at the posterior border of the eighth segment there is formed in the female a
further pair of hypodermal buds on each side of the median line at the base of the ninth
segment, which later join and form the rudiment of the caecus. Later these two sets of
rudiments, those on the eighth and those on the ninth segment, are brought together so
that they open into a common cavity, the atrium. This latter is a development from the
intersegmental membrane between the eighth and ninth segments, enclosed as these
segmentsare brought into closer apposition. It develops certain sclerotisationswhich will
be referred to later when describing the parts in the adult. Meanwhile the common oviduct
invagination progresses forwards and links up at the posterior border of the seventh
segmentwith the mesodermal strands either still as an undivided median structure or after
bifurcation, thus giving rise to the oviduct rudiments. The oviducts, right and left, may in
different speciesbe variously formed, therefore, from mesodermal or ectodermal elements,
but are liable to eventual replacement of the former by the latter due to the ectodermal
tissuesreplacing or creeping over the mesodermal. The segmental modifications need not
here be dealt with as they will be fully described later when dealing with the pupal and
adult parts. It is only necessary to say that in the female sex there are no genital
appendages.
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In the male the first indications of the reproductive system other than the mesodermic
elements appear as hypodermal disks on each side of the middle line at the base of the
ninth sternite ventrally. These develop into conspicuous imaginal buds which are the
rudiments of the future gonocoxites (male forceps, claspers or coxites). Later two further
invaginations appear at the bases of the gonocoxite rudiments which are the rudiments
of the ejaculatory ducts. From each of the ejaculatory duct rudiments there develops
an outgrowth which will eventually link up with the mesodermal strand of its side. The
ejaculatory duct rudiments and their outgrowths, together with the mesodermal strands,will
eventually develop into the vesiculae seminales, vas deferens and other structures which
need not concern us for the present. There now occurs a still further and independent
invagination which carries forwards with it the ejaculatory duct rudiments and will eventually form the terminal undivided median seminal passage.This is termed by Abul-Nasr the
penis tube. The name is a little apt to cause some confusion, due to other terms made use of
in connection with the extremely complicated reproductive organs in some of the Nematocera, for example in the Tipulidae. For the present it will be sufficient to note that it
commonly happens that the penis tube with the tissue surrounding it is excavated by a
circumferential fissureto form a projecting organ, thepenis, and that this may lie within the
hollow formed by the encircling fissure which constitutes the genital cavity. These later
changes need not be further pursued for the present. It is necessary, however, to say
something regarding the genital appendagesin the male. Internal to the gonocoxite rudiments, arising independently or as lobes divided from the gonocoxite rudiments, are the
paramere lobes of Pruthi (1925). In many forms these further divide into an outer pair of
lobes, theparameres, and an inner pair which may form or take part in the formation of the
intromittent organ.
With this resume of the nature of the structures present in the two sexes the reproductive system as present in the larval stage in Aedes aegypti can be described in due
perspective.
THE

MALE

SYSTEM

testes are situated in the sixth abdominal segment where they are recognisable in
sections at least as early as the second instar and quite conspicuous in the third. In the
fourth instar they form stout sausage-shapedstructures measuring about 0.3 mm. in
length, that is nearly the length of the segment. They lie on each side of the segment close
to the lateral parietal wall and ventral and external to the large tracheal trunks. Each is
closely invested by a special coat of fat-body, which, however, is not pigmented or otherwise different from other lobes of this tissue.The anterior extremity is narrowed, but is not
continued into a terminal filament as is that of the ovary. Distally there is a well-marked
mesodermal strand which can be traced to the ventral aspect of the posterior border of the
seventh segment. I have not been able to demonstrate in A. aegypti larva any strand
extending to the ninth sternite. Imms, too, in describing the larval testis in Anopheles,
mentions only a strand passingto the seventh segment. Nor, in the larva, does development appear to proceed as far as the linking up of the strands with the ejaculatory duct
rudiments. In structure the testis in the fourth instar has a very characteristic appearance,
being largely composed of transverselayers of spermatogonia and spermatocytesfrom two
to more cells in thickness as distinct from the polygonal loculi in many insects. There is a
membranous coat with nuclei within which the contained spermatocytes lie apparently
The
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without special support. The apical portion, as does also the very young organ, consistsof
small round cells with dark nuclei. There does not appear to be any large ‘apical cell’ as
present in some insects (Snodgrass, 1935, p. 571). Following upon the apical portion are
layers of different stagesin the formation of spermatozoa. No fully developed spermatozoa
have been seen in the larval stage.
The secondary reproductive system in the male is entirely confined to structures originating at the base of the anal segment. Already in the third instar are present imaginal
buds in the position of the imaginal buds of the gonocoxites in the fourth instar. These
appear widely separated on either side of the ninth segment close to its anterior border on
the ventral aspect. They are very conspicuous and may enable the sex of a larva to be
determined even in a fresh specimen. During the fourth instar these buds develop into
conical lobes which are clearly the future gonocoxites. These come to occupy the whole
length of the anal segment, their apices reaching as far as the ventral fan. Owing to the
thickening of the hypoderm over a considerable area at the base of the segment the gonocoxite rudiments when extruded are linked together basally by thickened hypoderm which
will eventually form the ninth sternite in the pupa and adult (Fig. 40 (3)-(5)).
Lying basal and internal to the gonocoxite rudiments after these have evaginated are two
conspicuousmore or less globular masseswith central cavities. Each of these is extended
outwards as a fine projection (Fig. 40 (5)). There can be no doubt, from the resemblance of
these structures to the description and figures of Abul-Nasr for Chironomus,that they are
the ejaculatory duct rudiments as described by that author. They first appear in the late
third instar as thickenings on the gonocoxite imaginal buds. Their cavities are continued
into the extensions which arise from them and will become the vasa deferentia. These
extensions have not been traced in the larva to the mesodermal strands and my previous
statement that they were the swollen ends of the strands (Christophers, 1922) requires
correction. Late in the fourth instar the position where the invagination of the penis tube
will take place is very clearly shown as a dimple in the middle line between the basesof the
gonocoxite rudiments (Fig. 40 (5) pi’). At this stage also the commencing fissure that will
divide off the paramere lobes from the gonocoxites makes its appearance. Later changes
are described under the pupa and discussedwhen dealing with the reproductive system in
the adult.

Figure 40. Male reproductive system.
Showing position of male gonads and secondary reproductive system. Fourth instar
larva.
Longitudinal section of male gonad.
Anal segment of late third instar larva, showing gonocoxite genital buds not everted and
beginning formation of the ejaculatory duct rudiments.
The same in an early fourth instar larva, showing everted gonocoxite rudiments and appearance
of rudiments of vas deferens on ejaculatory duct rudiments.
The same in a late stage fourth instar larva. The vas deferens rudiments have elongated and
position of penis cavity invagination indicated.
Lettering: A, anal lobe; gcx.y, rudiment of gonocoxite; ejd.r, rudiment of ejaculatory duct;
ft, parietal fat-body of segment; gm, spermatogonia; m.go,male gonad; mst, mesodermal strand;
pi’, site of penis invagination; spc, layers of developing spermatocytes; t.ft, layer of fat-body
surrounding the male gonad; vd.r, rudiment of vas deferens.
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(Fig.41)

The female rudiments in A&&s aegypti conform to the usual type of development in the
Nematocera as described by Abul-Nasr. The ovaries are situated in the sixth abdominal
segment, being already present in the third instar. In the fourth instar they are rather
elongate structures of about the length of a segment and extend somewhat into the fifth
segment. They are not, as are the testes,provided with a special coating of fat-body. They
possessan outer nucleated containing membrane and indications in the arrangement of the

.

.

‘..

1 O-lmm.

1

3

Figure 41. Female reproductive system.
Showing position of gonads and secondary reproductive system of female. Fourth instar larva.
Sagittal section, showing hypodermal thickenings and invaginations of developing common
oviduct, spermathecae and caecus.
Ventral view of the same parts. Reconstruction. a, opening of duct of median spermathecal
rudiment into the vaginal rudiment. b, opening of the conjoined ducts of the lateral
spermathecae.
Transverse section across the common oviduct rudiment and the rudiments of the median
and lateral spermathecae.
Section of ovary in young larva, showing early formation of follicles and nucleated peritoneal
sheath of ovary.
Lettering: at.r, area becoming atrium on closing in of parts; cod.r, common oviduct rudiment;
cs.r, caecus rudiment; f.go, female gonad; foZ.c, follicular cells; ft, lobe of fat-body; g, ganglion
of eighth abdominal segment; mst, mesodermal strand; oog, oogonium; pts, nucleated peritoneal
sheath; sp’, spiracular plaque on tracheal trunk; spmr, spermathecal rudiments; tf, terminal
filament; vg.r, vaginal rudiment.
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cells throughout their substanceof early follicle formation (Fig. 41 (5)). A conspicuous
terminal filament is present, passing forwards from the apex of the organ nearly to the
anterior border of the fifth segment in the neighbourhood of the tracheal plaque of that
segment where it ends on the surface of the tracheal trunk. A well-marked mesodermal
strand extends from the posterior extremity to the hinder border of the seventh segment.
The secondary reproductive systemconsistsof the rudiments of the caecuson the ventral
aspect of the base of the anal segment (ninth sternite) and those of the common oviduct
and spermathecae at the posterior border of the eighth segment. The caecus rudiment is
already present in the third instar, where, as also early in the fourth instar, it consistsof
two areas of thickened hypoderm with a central depression in each. Later these join to
form a single centrally situated rudiment with a central dimple, in which condition it
remains throughout the larval period.
The rudiments of the common oviduct and spermathecae are later in appearing. In the
early fourth instar there appear on the eighth segmenttowards its posterior ventral border,
and widely separated, two small hypodermal thickenings. These later extend and fuse,
forming a median rudiment consisting of a common oviduct rudiment and three spermathecal rudiments. The common oviduct rudiment has a wide posterior opening and a
rapidly advancing invagination which at the time of full larval development has extended
to the hinder border of the seventh segment. The spermathecal rudiments are three in
number. They lie one on each side and one in the middle behind the common oviduct
rudiment, the ducts from their cavities joining and entering the cavity of the oviduct rudiment some little distance from its opening. From the resemblance of the early appearance
of the two widely separated hypodermal disks to the condition described by Abul-Nasr in
Chironomus and other features in the development, it is almost certain that the portion of
invagination distal to the entry of the ducts is really a separate rudiment, namely that of the
vagina. This would be formed by the junction of the original two hypodermal disks coming
together as described in Chironomus. Unfortunately these early changes have not been
sufficiently observed in detail to enable this to be definitely stated. The resemblance, however, of the development in the two forms leaves little doubt of the fact that development
in the mosquito and Chironomus is closely similar. In Chironomus there are two spermathecae, those corresponding to the lateral rudiments in the mosquito. The median spermatheta of the mosquito is therefore not represented, unless its homology be the vaginal
apodeme as figured by Abul-Nasr.
A point that should be mentioned is that in the later stagesthe lateral thickenings of the
area on the eighth sternite become much thickened and form projecting ridges. They
represent the beginning of the processby which the parts on the eighth and ninth sternites
are brought together to form the atrium.
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The mosquito pupa, unlike the pupa of most insects,is quite an active creature. It is not,
however, as it is sometimes termed, a nymph, a name which is properly reserved for the
immature stagesof insects which pass through a gradual metamorphosis. Three types of
pupa are distinguishedby Comstock (1920), namely those in which the legs and wings are
free as in the Hymenoptera and Coleoptera (exarate pupae); those in which the legs and
wings are glued to the body as in the Lepidoptera (obtected pupae); and those enclosedin
the hardened larval skin as in many Diptera (coarctate pupae). The legs and wings of the
mosquito pupa are glued to the body and in Comstock’s classification it is an active
obtectedpupa.
In general appearance the pupa of ACdesaegypti resemblesthat of most other culicine
mosquitoes. It differs from the anopheline pupa in having a more rounded and plump
body and breathing trumpets which are cylindrical, not broadly flap-like as in that genus.
The chief structuresused in identification from other culicine pupae are : (1) the form of the
respiratory trumpets; (2) the arrangement and characters of the hairs, especially those of
the abdominal segments;and (3) the characters of the tail-fins or paddles.
The body of the pupa consistsof a large globular anterior portion, cephalothorax,and a
narrower articulated abdomen.,which is normally kept flexed under the cephalothorax and
is used to propel the insect when swimming. This outward appearance, however, is largely
a simulacrum, the result of glueing together of head, body, wings and legs to form a seeming
whole. This can be clearly demonstrated if a newly emerged pupa is placed in some fixative,
for example formalin acetic alcohol, which dissolvesthe cement bathing the parts before
this hardens. Pupae so treated show the head and mouth-parts free, the wings opened out,
the legs free and loosely displayed and the true body (thorax) made evident.
Outstanding among descriptions of the pupa and its structure are the classicalpapers by
Hurst (1890), the very detailed description of the changes taking place in this stage by
Thompson (1905), and the very useful short account of pupal charactersused in systematic
work by Edwards (1941). Much information on pupal structure is also given in the papers
by Marshall and Staley (1932), and by Brumpt (1941), dealing with the mechanism of
emergence (see also Imms (1907, 1908) ; Eysell (1911); Seguy (1923) ; Sen (1924) ; and the
early work of Causard (1898), drawing attention to the part played by air in emergence of
aquatic pupae with mention of the mosquito on p. 260).
On pupal chaetotaxyare : Ingram and Macfie (19 17,19 19) ; Macfie (1920) whosedescription
of the chaetotaxy of the pupa of A. aegypti still forms the basisof work on this subject, and
more recent papers by Senevet (1930-40); Christophers (1933); Baisas(1934-8) Crawford
(1938) ; Belkin Knight and Rozeboom (1945) ; Rozeboom and Knight (1946) ; Knight and
Chamberlain (1948) ; Mattingly (1949) ; Baisas and Pagayon (1949); Belkin (195 l-3).
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Contributions dealing with special features are : Giles (1903), on the prepupa (see ch. x
(e)) ; Kulagin (1905), on the pupal head and mouth-parts; Theodor (1924), on the respiratory trumpets of A. aegypti pupa; Adie (19 12), Cantrell (1939) and Trembley (1944), on
sex differentiation ; Zavrell (1907) and Constantinianu (1930), on pupal ocelli ; Hosselet
(1925), on oenocytes in the pupa.
THE HEAD AND MOUTH-PARTS

(Figs.42,43)

At the front of the cephalothorax is the flattened head with the trunk-like mouth-parts,
forerunners of the proboscis, curled round beneath the cephalothorax like a keel. If the
head, preferably of a young pupa, be carefully detached from the rest of the cephalothorax
and laid on the flat facing the observer and so mounted without undue pressure,most of the
structures composing these parts will be well displayed (Fig. 42 (2), (3), (4)). Conspicuous
on the sidesof the head are the large compoundeyesand behind these the five ocelli much
as in the larva. In front of the compound eyes in their upper portions and approaching
each other in the median line are the large globular basal segmentsof the antennae, somewhat larger in the male than in the female. From thesethe antennaesweepback in a curved
Figure 42. The pupa.
Lateral view of female pupa of ACdes aegypti.
Anterior view of same. The left wing is shown slightly separated from the cephalothorax.
a, outer hard cuticle forming part of cephalothoracic cuticle ; b, thin membrane of inner surface
of wing not normally exposed.
Anterior view of detached head of A. aegyptipupa (female).

The sameof the male pupa. In both casesthe muchretractedhypodermforming the imaginal
parts is shown.
Bilobed membranoussac of tip of pupal labium showingthickeningsand papillae. a, b,
thickenings of the membrane; c, papilla of left lobe; d, developing labella.
Transverse section of respiratory trumpet at level of opening. a, outer cuticular layer; b, feltlike inner lining composed of thin filamentous or sheet-like extensions of cells. Note double
layer of hypoderm.
Dorsal view of cephalothorax and first two abdominal segments. a, inset membranous area
in first abdominal tergite; b, rod-like thickening on membrane extending from near base of
float hair.
Lateral view of first abdominal segment showing extensive membranous area with inset large
functional spiracle opening into the ventral air cavity.
Ventral view of same. Only a thin line of thickening is present. Segment II ventrally has
cuticle resembling that of other segments.
Lettering : an, antenna; an’, basal lobe of antenna; ats, antero-thoracic setae; CL, clypeus;
E, compound eye with 5 ocelli; G, general plate; ha, pupal halter; Lr, labrum; md, mandible;
mt, metanotum; mx, maxilla; mxp, maxillary palp, with developing imaginal palp; psc, postscutellar area; psc’, torn edge of same ; rt, respiratory trumpet ; rt’, anterior thickening at base of
same; rt”, posterior thickening from wing base; SC,scutum; SC’, torn edge of same; so, sensillum
(‘hairless ring’); sp, spiracle; st, mark of functionless spiracle; T, tentorium with posterior end
torn from head membrane; T’, anterior opening of tentorium; tb, tibiae (outer surface); tb’,
tb”, tibiae of fore and mid legs; ts, tarsi; vp, vertical plate; W, pupal wing.

Roman numeralsindicate segments.
Arabic figuresindicate the setaeas given under Belkin’s (1953) systemin Table 21.
For itemsin above lettering not shownon Fig. 42 seeFig. 43.
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fashion over the sidesof the thorax. Passingback from the narrow gap between the basal
lobes onto the dorsum of the head are two small plates separated by a shallow median
groove. These correspond to the vertex of the future imaginal head and may be termed the
verticalplates (head shields of Belkin, Knight and Rozeboom). During the act of emergence
the longitudinal split down the back of the pupa ends on reaching the posterior border of
these plates and is replaced by a transverseslit. It is here that the head of the imago is
pushed forwards in the early stagesof emergence. After emergence is complete the plates
are pushed forwards to become two conspicuous oval pieces at the extreme front of the
cast pupal skin (Fig. 43 (6) VP).

1 05mm.

1

-

’
ha

‘

6

Figure 43. The pupa.
Lateral view of scutum showing connections of respiratory trumpets.
Dorsal (left) and ventral (right) view of abdominal segments showing setae numbered according to Belkin (1953). a, medium portion ninth tergite; b, midrib; c, buttress; d, paddle
hair.
Dorsal view of metanotum and left halter. Also dorsal view of left side’of abdominal segments I and II. Hairs as under 2 but at higher magnification.
Pupal hypopygium of male. Within the pupal gonocoxites are the retracted developing
gonocoxites of the imago. a, pupal gonocoxite; b, developing gonocoxite of imago.
Pupal hypopygium of female. Ventral view. c, cercus partly hidden by d, ninth sternite;
c’, developing cercus of imago; d’, developing ninth sternite of imago.
Dorsal view of pupal skin as left floating after emergence. Only cephalothorax is shown. See
also Fig. 48. a, opening into sheath of clypeus and mouth-parts; b, membrane of back of
head now opened out; c, hollow occupied by anterior coxae; d, sensory pits.
For lettering see under Fig. 42.
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Lateral to the compound eyes there is, on each side of the head, a smooth flat area of
cuticle which carries the three postocular setae and correspondsto a part of the genal area
of the larval head. At its posterior border this is reflected inwards as soft membrane
forming the back of the head and apparent only on dissection or in sections. At a little
distance below the level of the bottom of the compound eyes this surface terminates on
each side at a cleft or groove beyond which is the large flattened maxillary palp of its side.
This area forming the head laterally may be termed the genalplate of the pupa (Fig. 42 (3) G).
On the front of the head between the compound eyes and below the gap between the
basal lobes of the antennae is a conspicuousbulged area, the clypeus (Fig. 42 (3) CL). On
each side of this in the angle between the compound eye and the basal lobe of the antenna
are the anterior openings of the tentorium. As in the larva the hollow tentorial bars pass
through the head, in this caseto the end in the soft membrane already referred to as forming
the back of the head. Passing downwards the clypeus continues without a break into the
trunk-like Zabrum. Glued on each side of the labrum in both male and female are the long
thin pupal mandibles and external to these the pupal maxillae. External to the maxillae in
(Fig. 42 (3), (4) mxp).
their basal portions are the broad flat areas of thepupalmaxillarypalps
In the female these are somewhat shorter than in the male and within them can be seenthe
short rather club-shapedfemale imaginal palps modelled in the hypoderm. In the male the
contained developing imaginal palps are long and thin and bent into an S-shaped curve
(Fig. 42 (4) mxp). Behind, and largely hidden by the parts so far described, is the stout,
but largely membranous, Zabium. In the female, lying in the samepupal sheath as the labium
is the future imaginal hypopharynx identifiable by its sharp-pointed end. The hypopharynx
develops as a ridge on the dorsal aspect of the labium and in the female later separatesas
a distinct organ. In the male it fails to separate. This organ is one of the few which is
formed entirely in the pupal stage.
All these elements continue in close approximation along the ventral aspect of the
cephalothorax to its posterior part where they curve upwards to end in closeassociation
with the membranous ventral aspectsof the first and secondabdominal segments. Here the
labium endsin a bilobed bag-like swelling furnished with somewhispy sclerotisationsand at
the tip of each lobe a minute papilla (Fig. 42 (5)). Within this membranous bag lie the much
shrunken-away labella of the imaginal labium. Closely applied to the sac ventrally is the
turned-up spatulateend of the pupal labrum marked by conspicuous
transverse ridgesand at
its sidesare the closely applied undifferentiated ends of the pupal mandibles and maxillae.
Owing to the early retraction of the hypoderm all these structures in the pupa are in the
form of cuticular sheathsand already, even in the young pupa, there is a wide spacebetween
this pupal cuticle and the developing hypoderm forming the corresponding imaginal parts.
The pupal wings and legs have already been extended in the formation of the prepupa
within the body of the larva. But the mouth-parts up to the time of pupation have been
still in the form of invaginated rudiments, namely: a large plicated backwardly projecting
massin the frontal region very conspicuousin sectionsof the later stagesof the pupa, which
when projected forwards constitutesthe pupal labrum; a large invaginated double germinal
bud lying in and fully occupying the labial area, which when extruded at pupation forms
the pupal labium; and still other rudiments compacted in the stumpy larval mandibles
and maxillae, which during pupation are pushed out to form the long slender organs of the
pupa. More will be said about the extrusion of thesevarious structureswhen describing the
act of emergence in which as shown by Thompson they play a distinct role.
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THE THORAX (Figs. 42,43)

When the head has been removed there comes into view that part of the pupal surface
corresponding to the prothorax and above this a convex surface corresponding to the
anterior promontory of the imaginal thorax. On the sidesof the pupal thorax just above
the curved antennae towards their base are the antero-thoracic setae described later and
further back is the broad convex scutumof the mesothorax. Along the median dorsal line
of the scutum for the greater part of its extent is a sharp crest-like ridge, median keel of
Belkin, Knight and Rozeboom. On each side of this crest is a band of smooth cuticle
crossed by regularly spaced transverse thickenings. The central ridge forms the line of
weaknessalong which the cuticle splitsin the act of emergence.The bands of ridged cuticle
at its sides are pushed over to the sides during emergence and form supporting edges
giving stability to the pupal skin and helping to make this a safe platform for the emerging
imago (Fig. 43 (6) SC’). Projecting from the sidesof the scutum are the respiratory trumpets
and dorsal to these towards the median line is on each side the single small dorsal seta.
A little posterior to the trumpets are the wing roots from which the pupal wingspassdownwards on the sidesof the thorax. The pupal wings show little or no indication of venation,
which, however, is already showing up in the contained hypoderm forming the developing
wings of the imago. Across the scutum at a level a little behind the wing roots is a transverse line behind which the surface is smooth and just before which the median crest and
its accompanying striated areas cease. Beneath the cuticle in this position and stretching
from side to side can be seen the developing scutellum of the imago and behind this the
postscutellum. On each sidejust dorsal to the wing root is the single small supra-alar seta.
Behind the extensive scutum is a short transverse bar, the metanotum, linking together two
flat triangular areas constituting the pupal halteres. These lie behind the pupal wings with
their apicesdirected posteriorly along the sidesof the first abdominal segment.Within them
can be seen the much smaller club-shaped developing imaginal halteres. On the basesof
the halteres are the metanotal hairs, three on each side (Figs. 42 (7) ha; 43 (I), (2), (3) ha).
Occupying the remaining parts of the lateral aspectsof the pupa are the outer sidesof the
tibiae of the three pairs of legs, those of the fore- and mid-legs in front of the wings and
those of the hind legs lying just under the wing edge (Fig. 42 (1) tb). In the prepupa it has
been noted that the tarsi are turned up and lie behind and parallel to their respectivetibiae.
But during pupation they have become straightened out and in the pupa they lie in line
with the tibiae and are curled up under the wing apex. The tarsi of the fore- and mid-legs
make single loops in this position and those of the hind legs a double S-shapedloop.
The respiratory trumpets (Fig. 43 (1) rt). The respiratory trumpets of the Culicini, in
contrast to those of the Anophelini, are more or less cylindrical in shape, those of the
Anophelini being more flap-like. A summary of the characters used in identification is
given by Edwards (1941). Following Ingram and Macfie (19 19), the basal closed portion is
termed the meatus and the open portion the pinna. The meatus is further subdivided into
a proximal tracheoidportion marked with transverse striae and a distal reticulated portion
in which the surface is covered with a fine network. The respiratory trumpets of AC;des
aegypti, as noted by Theodor (1924) possessno tracheoid portion. They are tubular, somewhat expanded from base to apex with a fairly oblique opening and when flattened appear
rather broadly triangular. The open portion occupies one-third to one-half of the whole
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with a rounded notch in the apical lip. The basal end of the opening is narrow and terminates as a fine slit. The base is very loosely articulated allowing the trumpet to be easily
swung into position by surface forces when brought to the surface. At the level of this
articulation is a sharp bend which may possibly act as a valve closing the air passagewhen
the trumpet is in certain positions. Giving support to the basal articulation is a cuticular
fold anteriorly and an area of thickening extending from the wing base posteriorly
(Fig. 43 (1) rt’, rt”).
The trumpets arise from a triangular area formed by an extension of the scutum into the
angle between the wing root behind and the curve of the antenna in front, an area that in
the imago will form a somewhat depressedregion of the pleura surrounding the anterior
thoracic spiracle of the imago. Shining through the cuticle here is seena considerablelength
of ballooned tracheal trunk. This leads from the trumpet to the developing anterior spiracle
of the imago and is cast off with the pupal skin at emergence(see under tracheal system).
The ventral air space (Fig. 48 (5) a). When the parts forming the cephalothorax become
cemented, any spaceswhere the parts have not been in contact will become sealed off within
the apparent body of the pupa. An important space of this nature is a large cavity lying
ventral to the thorax. It is walled in laterally by the wings and legs and below by the
mouth-parts. Within this space,which is strictly outside the real body of the pupa, is a collection of air forming a large bubble which can be readily seen in the young pupa before
the parts darken. It is to a large extent due to this bubble, as pointed out by Hurst, that the
pupa, besidesbeing made very buoyant, is properly aligned at the surface in relation to the
respiratory trumpets. Also as pointed out by Hurst there is a most important point in
connection with this space, namely that into it open the large patent first abdominal
spiracles.Thus the air in the cavity communicates via the tracheal system of the pupa with
the external air. An interesting point in this connection, which does not appear to have
been so far noted, is that pressure within the sac is apparently under control. Looking
down upon a young (white) pupa the presence of the bubble where this presents in the
region of the halteres is very evident. From time to time as this area is watched something
very like a wink occurs. At first this was thought to be due to some movement of the
halteres, but was afterwards seen to be due to the opening and closing of the large first
abdominal spiracle.
THE

ABDOMEN

The abdomen of the pupa has a curious resemblance to that of a lobster, consisting as it
does of heavily sclerotisedsegmentswhich are freely moveable on each other in flexion and
extension with little or no lateral movement, the resemblance being further added to by the
large flat terminal paddles or tail fins. Disregarding the tail fins and parts derived from
more posterior segmentsthere are eight fairly equally sized abdominal segments.The first
lies posterior to the metanotum and carries on each side a conspicuous large branched
hair, the den&tic tuft orfloat hair of Edwards. These hairs, from their size and black colour,
are already conspicuousunder the cuticle of the larva as it approaches pupation and stand
out prominently to the naked eye in the newly emergedwhite pupa. Each arisesat the edge
of an oval area of soft membrane set in the tergite. Extending across the membrane, one
end in close connection with the hair, is a long straight thickening strongly suggestingthe
stylus of a drum membrane. When the pupa is at the surface the float hairs lie close beneath
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the surface film. As suggestedby Hurst they are probably sensory in function. Ventrally
and laterally the first abdominal segment is largely membranous. On it, situated laterally
and a little dorsally, are the large oval first abdominal spiracles.
The second to the seventh segmentsare approximately of the same size and character.
They consist of completely sclerotised rings, there being no area of pleural membrane
laterally to indicate division between tergite and sternite, though markings on the cuticle
give an appearance of this (Fig. 42 (1)). The segmentscarry rather inconspicuous hairs as
described later. At least two of these hairs, hairs 8 and 10, arise from the pleural region of
the segment.
The eighth segment carries the paddles and other structures which are portions of the
ninth segment. It carries a reduced complement of hairs, the most conspicuousbeing a large
branched hair on each posterior angle.
Dorsally the eighth tergite is continued backwards into a semilunar median projection
with crinkled edges, the median lobe of the ninth tergite. This is the form finally taken by
the median portion of the hypoderm of the larval siphon after the tracheal trunks and
other stigmatic structures have been withdrawn from it at pupation. Beneath this plate
can still be seenin sectionsthe shrunken remains of the cellular coat of the tracheal trunks
left to degenerate after the cuticular intima has been withdrawn. On each side of the
posterior margin of the segment are articulated the pupal paddles. These are withdrawn at
pupation from the lateral portions of the larval siphon and are the lateral lobes of the ninth
tergite. Lying ventral to the paddles are the parts withdrawn from the anal segment of the
larva that will form the proctiger of the hypopygium of the imago with charactersdepending
upon the sex.
The pupal paddles(Fig. 43 (2) (b)). In A. aegypti the paddles are almost circular in shape,
being only slightly longer than broad (index 1*2-1.3). They possessa median longitudinal
thickening, the midrib, and at their base a thickening termed by Belkin, Knight and
Rozeboom the buttress. At the termination of the midrib is the paddle hair or apical seta,
which in A. aegypti is about one-quarter the length of the paddle. In the Anopheles pupa
a small accessorypaddle hair is present near the main hair arising ventrally. In CuZex an
accessoryhair is also present arising dorsally. In AL;desaegypti there is no accessoryhair.
On the distal margin of the paddle there are present in A. aegypti fine rnicrotrichiae-like
spines, somewhat larger on the portion external to the paddle hair. The paddles normally
overlap by about half their width. They are the chief organs of pupal motility.
The pupal hypopygium(Fig. 43 (4), (5)). Ventral to the paddles in the male are the relatively
large gonocoxites. These form conical projections with a deep median fissure between them
extending almost to their bases. The ninth stemite is a narrow inconspicuous transverse
band at their base. The gonocoxites are already formed in the larva on the ventral aspect of
the anal segment. The parts withdrawn from the apical dorsal region of the anal segment
do not figure conspicuously in the male pupa where they lie behind the gonocoxites. They
become the anal lobe in the male hypopygium.
In the female there are also two conical projections, but these are smaller and blunter
than in the male and are not so deeply separatedby the median fissure. Moreover, they are
not genital appendages but are the cerci being formed from the hypoderm in the apical
dorsal part of the anal segment of the larva. Further in the female there is present, lying
ventral to the projections and extending well up their length, a conspicuous semicircular
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plate (Fig. 43 (5) d’). This is the ninth sternite and its presence or absenceenables a final
decisionas to the sexto be made. It is easily visible in lateral view, thus enabling final proof
of sexing to be made even in the living pupa with little or no difficulty. There are no parts
representing the gonapophyses.
THE

PUPAL

SKIN

The cast skin of the pupa has been extensively used for purposesof systematicdescription.
As noted by Edwards (1941), for examination it should be suitably dissected,as otherwise
when mounted whole flat the parts are much confused. The method of dissectionused by
Edwards is as follows. First the whole abdomen should be carefully detached, taking care
not to injure the first abdominal segment; next the two sides of the thorax should be
separated by means of needles inserted into the dorsal slit, separating the head with the
antennae and proboscis which readily comes away, and cutting through the bar of the
metanotum; the four parts, namely the abdomen, the two sidesof the thorax and the head,
should then be mounted flat, avoiding undue pressure. Knight and Chamberlain separate
the metanotum with the abdomen.
The pupal skin differs from the cast skin of the larva in that, besidesthe cuticle of such
parts as are exposed at the surface and are more or less firm and sclerotised, there are
extensive areas not exposed at the surface where the cuticle is thin and membranous and
difficult to follow except in sections.Thus the back of the head, which in the pupa is hidden
by the head being flattened against the thorax, is still represented by thin membrane to
which the ends of the tentorial bars are attached before they are torn away in the act of
emergence. The pupal skin left floating after emergence is on this account rather more
complicated than might be expected and a word may be said in this connection. Pushed out
well in front are the displaced small oval vertical plates (Fig. 43 (6) VP). Along the sidesof
the now widely open empty skin are the edges of the dorsal split with their characteristic
striated strips. These strips, resting on the water, amount almost to lateral outboards
giving to the floating skin considerable extra stability. Between the striated strips and the
vertical plates are the now empty globular antenna1 bases,and projecting below these are
the tentorial bars with their torn-away free ends. Behind the antenna1 bases are areas of
membrane that have been covered in at the back of the head and front of the thorax and
with these is a portion of harder cuticle carrying the anterior thoracic hairs. Posterior to
the striated edgesare the smoothly torn edges of the postnotal area extending back to the
metanotum, which is left intact. On the floor of the empty skin are the openings into the
sheath of the clypeus and depressionsin which the anterior coxae have lain. Laterally are
the openingsinto the wing sheaths. Furthest back of all is the widely distended empty skin
of the abdomen.
DIFFERENTIATION

OF

THE

SEXES

Differentiation of the sexes,which in the larva is only obscurely evident, becomes in the
pupa obvious. The outstanding distinction is size. This is most marked where the rearing
has been optimal. But even in poor cultures the sex is usually obvious. Only in starvation
forms are the two sexesalmost equal in size. Even so the female is usually slightly larger.
The only authors, so far as I am aware, who emphasise,or even mention, this useful point
are Cantrell (1939) and Trembley (1944). The first-mentioned author gives a table of six
series of measurements of the length of the cephalothorax in female and male pupae of
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A. aegypti. In five of the series the difference is as between 10 and 19 per cent, which in
volume or weight would be equivalent to the cube of this.
Besides difference in size there are slight differences in shape, the female pupa being
usually more bulged at the sides.The most certain distinction is of course the character of
the genitalia which are situated ventral to the tail paddles and are readily examined in the
dead pupa or still more readily in the cast skin. In the case of the living pupa, however,
there is little difficulty in determining the sex in this way if the pupa is allowed to lie upon
its side, as it naturally does, on the slide. The critical feature is then the presenceor absence
of the projecting plate of the ninth sternite (seeunder description of the pupal hypopygium).
Ability to distinguish the sex of pupae is extremely useful, almost essential in critical
experimental work. Thus, for example, 100 pupae of a particular sexare quite easily pipetted
out for emergence. This is not only much less laborious than collecting 100 of a given sex
from the adults in a cage with suction tube, but has the further advantage that there is no
handling of the adult insect. Even apart from the hypopygeal characters the pupal skins
of the two sexes are readily distinguished at a glance both by size and by reason of the
greater thinness and delicacy of those of the male. It is easy therefore to check up after
hatching out a batch of pupae what number of each sex has emerged.
(b) CHAETOTAXY

OF THE

PUPA

As already noted when dealing with the larval chaetotaxy (ch. IX (d), there have been a
number of different systemsof notation for the larval and pupal hairs. The first fully to
describe the pupal hairs was Macfie (1920), who gave a description of the hairs of the pupa
of A. aegypti with a nomenclature for hairs of the cephalothorax and abdomen. Later a
very complete study was made of the pupal abdomen by Baisas(1934--Q, who adopted with
some modifications the schemeof notation introduced by Macfie and developed by Senevet
(1930) and Christophers (1933). It was this notation that was adopted by Edwards (1941)
and that, following this author, has been widely used. As a result, however, of observations
on a large number of genera, more especially by Knight and Chamberlain (1948), and of the
study of the homologies between larval and pupal chaetotaxy by Rozeboom and Knight
(1946); Baisas and Pagayon (1949) ; and by Belkin (1951-3), a new notation had become
necessary, that put forward by Belkin (1952) with corrections by Belkin (1953) being now
in general acceptance, and giving a serial notation applicable to both the larva and pupa
(see also remarks under the larva in ch. IX).
Alterations beyond a certain point, however, are inevitably confusing and there are
important works dealing with the pupa, such as the extensive work of Senevet on North
African Culicines and of Edwards on Ethiopian species,as also of Knight and Chamberlain and others on eastern forms where notation has been that used by Edwards or earlier
systems. In Table 21 there has therefore been given for convenient cross reference the
original notation by Macfie; the modification by Baisas as used by Edwards ; the more
consecutive numbers used by Knight and Chamberlain and adopted by Belkin modified
to apply both to larva and pupa; and the final consecutive numbering by Belkin (1953).
Mention should here be made of the item termed by authors the ‘hairless socket’, a
small hairless ring present on abdominal segmentsIII-V of the pupa and situated between
hairs 5 and 4. This is not included in Table 2 1, and is now considered to be a sensillum and
not a hair.
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The reader should also be reminded that in the first larval instar and in the pupa the
hairs 9 and 13, the transitory hairs, do not appear in the corrected Belkin notation (see
ch. IX (6)).
Table 21. Designation of pupal hairs according to authors

Position of hair
Cephalothorax
Post ocular
Antero-thoracic
Mesothoracic
Metathoracic

Abdomen
SegmentI

SegmentsII-VII

Dorsal

Ventral
Dorsal

Ventral

Segment VIII

Dorsal

Segment IX

Ventral
Paddle

Knight and
Chamberlain
(1948)

Belkin
(1953)

P
R

3-1
4-7
8-9
10
11
12

l-3
4-7
8-9
10
11
12

;
K
M
L
s
T
u

2
3
4
5
6
7
8
10

1
2
3
4
6
6
7
10

1
2
3
4
5
6
7
8
9
10
11
12
13
1
5
8
13
8
7

0
1
2
3
4
5
6
7
8
10
11
12
14
0
4
7
14
7
6

Macfie
(1920)

Edwards
(1941)

l-3
4-7
8-9
8
9
10

l-3
4-7
8-9
0

C
1
2
4
3
5
6
7

Nil
D
C
C”
C’
B
B’
A
A’
E
D
C
B
A
D
P
A
-

5
C
c

4
B

2
1
A

6
7
D
8
5
A’
A
-

Notes

(4
(b)

(4
(4

(a) Hair 10 displaceddorsally by presenceof pupal haltere.
(b) Sensillum (0 of Knight and Chamberlain) between 5 and 4.

(c) Paddle is the lateral portion of tergite IX.
(d) Not present in A2de.s aegypti.

A point that may be of some help in identification of abdominal hairs and explains to
some extent the somewhat confusing use of letters to signify some of the hairs is that
originally made by Macfie in giving his system. Looking at an abdominal segment of the
pupa in dorsal view there are usually three hairs arising on or near the posterior margin of
the segment. From without inwards these are given by Macfie as A, B and C (6,4 and 1 of
Belkin). Near A, and a little anterior, is A’ (7 of Belkin). A little anterior to B is B’ (5 of
Be&in) and anterior to C are C’ and C”. The changesundergone in this quite helpful early
notation will be seen from the table. In the present text and in Figs. 42 and 43 the
numbering of hairs is that of Belkin (1953), as given in Table, 21.
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OF THE PUPAL

CEPHALOTHORAX

Hairs l-3 of the cephalothorax are situated on each side on the plate behind the compound
eye and ventral to the curved basal portion of the antenna. Hair 1 is the most dorsal and
is situated above the ocellus. Hairs 2 and 3 lie below the ocellus and towards the point of
origin of the maxillary palps from the plate. The plate, usually termed the ‘post-ocular
plate’, representspart of the gena of the imago, the hairs l-3 being considered respectively
to represent head hairs 10, 12 and 13 of the imago.
Hairs 4-7 are situated on each side above the curved antenna on the anterior lateral
angles of the thorax on a portion of the dorsal shield corresponding to the prothoracic
lobe of the imago (Fig. 43 (1) at), hairs 4 and 5 being a little anterior to 6 and 7. They
represent the prothoracic hairs of the imago.
The mesothoracic hairs 8 and 9 are situated on the convex scutum, hair 8 being a little
dorsal and posterior to the trumpet, and 9 just mesad of the line of origin of the wing
(Fig. 43 (l), (8), (9)). Th e metathoracic hairs 10, 11 and 12 are situated on each side in a line
on the metathoracic plate internal to the more expanded portion representing the haltere
(Fig. 43 (3), (lo), (1 I), (12)). Hair 10 is mesad and commonly bifid, hair 11 is longer than
the others and single. They are homologous with the larval metathoracic hairs 1, 2 and 3
respectively.
CHAETOTAXY

OF THE

PUPAL

ABDOMEN

(Fig.42(2),(3))

Except for segmentsI and VIII the hairs of the pupal abdomen resemble in their number
and arrangement those of the larva. Their notation by different authors is given in Table 21.
As in the larva, those for each segment are numbered O-14 (omitting the transitory hairs 9
and 13), O-5 being dorsal, 6-7 lateral and 8-14 ventral.
The small hair 0 is present on each segment II-VIII
much as in the larva towards the
anterior portion of the segment. The remaining dorsal hairs also have much the arrangement seenin the larva (Fig. 43 (2), (3)). Hair 1 is the most mesad and like hair 4 ariseson or
near the posterior margin of the segment. Hairs 2,3 and 5 lie more on the segmentand are
usually small and simple hairs. Hair 4 is Macfie’s hair B. Approximately between 5 and 4
on segmentsIII-V is the sensillum(hairlessring of authors). Hairs 6 and 7 are conspicuous
as being at the outer posterior angle of the segment. Hair 6 is simple, long on segmentVI
and very small on segmentVII. Hair 7 increasesgradually in size, becoming thick and more
thorn-like to segment VI. Ventrally are hairs 8-14 (Fig. 43 (2)). Hair 8, as in the larva, is
situated laterally and more forward than the others and, as in the larva, posterior to the
pupal spiracular marks (pupal puncta). Hairs 10, 11 and 12, on the outer half of the
posterior end of the segment. The minute hair 14, as in the larva, is present in the intersegmental line anterior to segmentsVII and VIII and is stated by Macfie to be present on
the remaining segments,though I have not been able to verify this. The two hairs are much
more conspicuous on the anterior margin of segment VIII than on other segments.
On segment I hair 1 forms the conspicuousdendritic tuft hair. The remaining hairs are
in a line towards the anterior margin of the segment, 2 and 3 being most mesal, then
another pair 5 and 4, and towards the outer border 6, 7 and 10, the last being displaced
from its normal position by the large haltere rudiments (Fig. 43 (3)). There are no hairs on
the ventral aspect of segment I.
On segment VIII the only hairs on the dorsal surface are, on each side, the small
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anteriorly situated hair 0 and a fairly developed simple hair on the posterior border
(hair 4). Laterally is the large branched hair 7, which on this segment consistsof 4 or 5
large thick branches of about equal length carrying very fine lateral filamentous branches.
There are no hairs on the ventral surface.
The paddles carry only the single unbranched main paddle hair. The paddle hair
(hair 1) and the accessorypaddle hair (hair 2) are considered by Belkin (1953) to be probably the two lateral hairs of the ventral valve of the larval siphon. The paddles ‘are the
lateral portions of the ninth tergite and it would seem very likely that the paddle hair and
accessorypaddle hair represent the hairs 6 and 7 conspicuousat the lateral angles of the
other tergites.
The chief characteristicsof the pupal hairs of A&Ies aegypti are given by Edwards (1941)
as follows :
(1) The dorsal thoracic hair (hair 8) is very short and usually double.
(2) The middle metathoracic hair is markedly longer than the other two.
(3) The two inner and the two outer hairs on segment I (hairs 2, 3 and 6, 7) are subequal in
length and single (an unusual condition) (Fig. 43 (3)).
(4) Hair 1 on segment II is usually double or triple.
(5) On segment III hair 1 is usually double placed obliquely internal to hair 4 (not behind it).
(6) Hair 6 is rather spine-like even on segment II, progressively longer on III-V,
but not
longer on VI than V. It is single and strong and much longer on VII than on VI. On VIII it has
2-5 subplumose branches reaching to about the middle of the paddle.
(7) Hair 4 on segments II-VI is single, not more than half as long as the segments.

(c) THE

TRACHEAL,
GENERAL

MUSCULAR

AND

OTHER

SYSTEMS

CONSIDERATIONS
ON INTERNAL
STRUCTURE
OF THE PUPA

The pupa is essentially an intermediate form between the larva and the imago, both of
which lead an active life of their own, the larva as an aquatic and the imago as a terrestrial
winged insect. Hence almost any stage between the structures required for the larva and
those for the imago will be found in the pupa, making any description of the systemsa study
of development rather than one relevant to the pupa as such. One system, however,
namely the tracheal system, plays so prominent a role in the life of the pupa in both the
beginning and the end of this stage that it merits special consideration. Another system
which cannot be passed over lightly is the muscular, in that the enormously developed
imaginal musculature is imposed anew upon that of the larval. The circulatory and nervous
systemsare less profoundly altered though in these as in the alimentary canal there are
stagesin the pupa which are helpful in deciding some homologies of imaginal structures.
THE TRACHEAL

SYSTEM

(Fig.44)

The tracheal system of the pupa is formed around the larval system as present in the prepupa and ends as that of the adult insect lying ready for emergence swathed in the pupal
cuticle. From one point of view the characters most properly pertaining to the pupa are
those in the young pupa and later changesmight be regarded as in increasing degree those
pertaining to the imago. Such a view, here adopted, will simplify description and enable
changes more properly belonging to adult structure to be dealt with more satisfactorily
later. To a large extent the main features of the pupal tracheal system have already been
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laid down at pupation when, the intima of the larval tracheae being withdrawn, the newly
formed system behind this has come into use. According to Hurst no fresh intima to the
tracheae proper to the pupa is developed with the exception of that lining the length of
trachea linking the respiratory trumpets to the position where the imaginal spiracle is
eventually formed and the lining of the branch joining the tracheal trunk to the spiracle
of the first abdomal segment, both of which are cast off with the pupal skin. It is true that
in the cast pupal skin no such wealth of cast intima is to be seen as in the cast larval skin.
Careful examination will, however, show that there is a considerable extent of very thin
intima cast which is devoid of any taenidia, indicating that the pupal stage does not, with
the exceptions noted, produce a taenidial lining proper to itself.

40

13 27

Figure 44. The pupa. Tracheal system.
1
2

Tracheae of the cephalothorax viewed from ventral aspect.
The same viewed from the side.
Lettering: rt, base of respiratory trumpet; g, thoracic ganglia; l-47, numbers of tracheae as
given in tabular statement on p. 369 of pupal tracheae.

The following are the chief changesthat occur at pupation :
(1) The structures about the terminal spiracles of the larva with the cuticular lining of
the tracheal trunks up to the first line of weaknessin the seventh segment are withdrawn
and not replaced. The cellular layer representing these shrinks and forms solid cords
extending from the terminations of the pupal tracheal trunks to the under side of the ninth
pupal tergite.
(2) The spiracular cords leading from the mesothoracic punctae to the mesothoracic
knot are replaced by large patent tracheal trunks linking the mesothoracic spiracleswith
the main system.
(3) The spiracular cords and puncta of the first abdominal segmentare replaced by large
patent tracheae and functional spiracles opening into the ventral air space.
(4) With the general flattening of the pupal head and neighbouring parts the more
anterior portions of the trunks in the thorax are compressed and pushed back making a
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sharp angle or kink on each side where the fore and hind parts of the tracheal trunk system
meet at the breathing trumpets (Fig. 44 (2)).
Changes other than those noted mainly occur in the hypoderm and are hence to be
regarded as imaginal rather than pupal or in providing new vesselsfor the increasedmassof
wing muscle in the thorax. Thus in the pupa strictly speaking there is no metathoracic
functional spiracle. But at an early stagea large spiracle is developed in this position in the
hypoderm. In the pupal abdomen there are no functional spiracles (except for the first
segment). But marks on the cuticle (best seen in the pupal skin) indicate the position of
spiracles on segmentsII-VIII,
those on segment VIII being near the posterior border.
In face of the considerable changesnoted above, the tracheal system in the pupa nevertheless still maintains in a remarkable manner the essential features of the system in the
larva. Thus the connectives which in the larva take a more or less direct course giving off
quite small branches only to the germinal bud rudiments of leg, wing and haltere still give
the same, but much enlarged, branches to the now extended legs, wings and halteres of the
pupa passingin long loops down the sidesof the coxae to do so. This identity of the pupal
and larval tracheal systemswill be very apparent from the numbers given in the tabular
statement of tracheae where the homologous pupal branches have been given the numbers
previously applied to those of the larva. Almost all the pupal branches are capable of
being thus numbered.
As in the larva the main tracheal trunks in the pupa are much dilated and ballooned.
In addition to the large anterior commissure small commissural branches are present as in
the larva, two in the thorax and one in each segment II-VII.
The other tracheal vessels
and even their smaller branches are very much as in the larva. Thus in the head the dorsal
cephalic still supplies the brain and antenna1 region and the ventral cephalic the mouthparts and labrum with branches much as in the larva.
Tracheation of the abdominal segments,except for the eighth and anal segments,is very
similar to that of the larva. For each segmentII-VII there is on each tracheal trunk towards
the anterior end of the segment an insertion plaque. From this there take origin : (1) a
spiracular trachea; (2) a connective passing forwards; (3) a visceral trachea passing
directly inwards; (4) a ventral trachea passing round the segment to its ventral aspect;
(5) a connective passingbackwards. This last usually takes origin a little distance from the
base of the ventral trachea (as in the larva). From the backward connective about the
middle of the segment there arises a small dorsal branch.
The tracheal trunks, as patent vessels,now end at the seventh segment, being continued
only as solid cords composed of cells remaining over from the epithelial coats of the
trunks after withdrawal at pupation of their intimal lining. These cords, as already noted,
continue backwards to the under side of the semicircular median lobe of the ninth tergite
where they may still show some indication of their original tubular structure. The eighth
and anal segmentsreceive their tracheal supply from lateral tracheae taking off from the
trunks where their tracheal character terminates.
TABULAR

STATEMENT

OF PUPAL

TRACHEAE

1. Common cephalic. A short trunk directed medianly and ventrally. Gives off the following
branchesat its inner end:
2. Dorsal cephalic. To brain and antenna1region (branches4-9).
3. Commissural. The main anterior commissureas in the larva but stouter.
24
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10. Ventral cephalic. To mouth-partsand other head structures(branches14-23). In thorax
givesoff:
11. Prothoracic dividing into :
12. Trachea to first leg.
13. Branch endingin region of thoracic ganglion 1.
24. Common mesothoracic. In the pupa contractedto a bulbousdilatation at junction of the
commoncephalicwith the main thoracic trunk. From it the following branchesarise:
25. Mesothoracic spiracular. A sausage-shaped
tracheal trunk linking the respiratory
trumpet of its side with the main systemand joining 24 at position of future imaginal
spiracle.
26. Mesothoracic dorsal. Tracheaearisingfrom commonorigin or shortbasaltrunk, namely,
26’ passingforwards and inwards to front of dorsum, and 26” twin tracheaepassing
backwardsand outwardsto lateral area of dorsum.
27. Mesothoracic ventral. Arises along with or as branch near base of 28. Divides into
branch to pleura and one endingnear thoracic ganglion.
28. Meso-meta connective. Long looped tracheadirectedventrally. Gives off:
30. Branch to wing. Taking origin towardsanterior end.
29. Trachea of middle leg arisingfrom apex of loop.
32. Thoracic tracheal trunk. Dilated trunk with inner wall thin and membranous.Extendsfrom
junction with 24 to level of open spiraculartrachea of first abdominal segment. Gives off:
33. Commissural (mesothoracic).Linking trunks towardsanterior end and giving branches
to heart, etc. A small trachea.
34. Commissural (metathoracic). A smalltrachealinking trunksin the metathoracicregion.
36. Common metathoracic. Tracheafrom trunk to metathoracicknot and branchesradiating
from that, namely
38. Spiracular. Becomesopen tracheain hypoderm.
39. Metathoracic dorsal. Newly formed or enlarged branchespassinginto posterior
portion of dorsum to supplywing muscles.
40. Metathoracic ventral. A small branch to pleura.
41. Connective (meta- abd.). Forming ventral loop and giving branches:
42. Branch to haltere. From near anterior end of connective.
43. Branch to hind leg. Arising from apex of loop.
44. Spiracular (I abd.). A patent and wide tracheapassingfrom the trunk to the open spiracle.
From itsinnerend(insertionplaque),whichreceivesthe connective4 1, arisealsothe following:
45. Visceral branch. Passesdirectly inwardsto end in branchesamong the remnantsof the

gastriccaeca.
47. Connective (I-II). About its middle givesoff:
50. Ventral branch for the segment.
(For descriptionof the abdominaltracheaeseetext.)

THE ALIMENTARY

CANAL

(Fig. 45)

The alimentary canal during the pupal stageundergoes changesthat convert the larval into
the imaginal canal. These changesbegin in the late (prepupal) stageof the larva by the withdrawal of the invaginated portion of oesophagusfrom the proventriculus. At pupation
this is followed by other changes.The entire elaborate cuticular structureslining the mouth
and pharynx are withdrawn, leaving these structuresmore or less featurelesswith a simple
cellular lining. At the point that was previously a recessedangle between the cardia and
the oesophageal invagination there develops an annular thickening which eventually
projects far into the lumen (Fig. 45 (4), (7) ar). There follow a number of other changes
which are mainly degenerative. The cells of the outer wall of the proventriculus (car&a),
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and also those lining the gastric caeca, show marked nuclear and other changes and are
eventually cast off into the lumen of their respectiveparts, leaving these structureswith thin
walls formed only by small regenerative cells. Similar changes occur in the mid-gut, the
whole of the alimentary canal from the annular thickening to the point of entry of the
Malpighian tubules being reduced to a much narrowed simple tube at first filled with
massivecast-off epithelium and later, when this is absorbed, almost free of contents. Both
cardia and the gastric caeca are included in thesechangesand later ceaseto be differentiated
from the rest of the canal (Fig. 45 (6), (7)).
Posterior to the pyloric ampulla changesin the ileum consist chiefly in the absorption
and replacement of the muscular coat. The colon loses its characteristic larval appearance
and its walls degenerate, its epithelium being replaced according to Thompson by encroachment of cells growing backwards from the ileum and forwards from the rectum.
Following this general degeneration and absorption of larval elements reconstructive
changes take place which eventually result in formation of the imaginal structures. The
now much narrowed portion of canal anterior to the brain (pharynx and oral cavity)
develops a strong cuticular lining and becomes the ‘buccal cavity’ of many authors
(Fig. 45 (I), (2)). That part of the oesophaguslying in the head immediately behind the
cerebral commissure likewise develops a strong cuticular lining and forms the ‘sucking
pump’ as described later in the imago. The portion of canal behind this as far back as the
annular ring remains as the ‘ oesophagus’ of the imago.
These parts have been differently named by authors and their homologies may be
briefly considered. Sinton and Cove11(1927) and Barraud and Cove11(1928), following Nuttal
and Shipley’s nomenclature, have usedthe terms pharynx and buccal cavity for the two parts
in the imago. It will be clear, however, that the sucking pump of the imago is not homologous with the pharynx of the larva, whilst the ‘ buccal cavity’ is. Snodgrass(193Q p. 388,
defines the pharynx as that part between the mouth and the oesophagus usually not
extending beyond the nerve ring. The pharynx of the larva corresponds accurately to this
description and complies with other requirements and would appear therefore to be
correctly so named. The ‘ pump ’ of the imago lies behind the nerve ring and correspondsto
what in the larva is the anterior portion of the oesophagus. Snodgrass,however, notes that
in some insects there is a ‘posterior pharynx’ behind the brain, and to such the sucking
pump of the mosquito may be considered to conform. Morphologically, therefore, this
organ may conveniently be so termed. It consistsof that portion only of the oesophagus
of the larva that lies within the head extending back to about the position occupied by the
cervical diaphragm. The pharynx lies anterior to the cerebral commissure. Its posterior
angle is clearly defined by the insertions of the larval muscles 15, 16 and 17 as seen in the
early pupal stage (Fig. 45 (I), (2)). In the late pupa this becomes the roof of the anterior
end of the posterior pharynx of the imago. At this point, that is at the meeting point of
pharynxand posterior pharynx, there is a small strongly sclerotisedlateral bar which receives
the insertions of the larval head muscle 13 (adult head muscle 19) as also strong lateral
muscular bundles apparently corresponding to larval head muscle 14.* This appears to
represent the much contracted lateral angles of the larval pharynx just in front of which the
connective to the frontal ganglion passesin the imago as in the larva. It appears to be the
Zateral~ange of the pharyngeal armature of Sinton and Covell.
* For numbering of the head musclessee tabulations under muscular system for the larva and for the adult;
also crosshomologies given in Table 22.
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The anterior limit of the imaginal parts corresponding to the larval pharynx is shown by
the position in the early pupa of those structures which in the hypoderm have underlain
the epipharynx and other labral parts including the feeding brushes. These form a much
shrunken bilobed cellular mass lying above the roof of the oral passagea little posterior
to the entry of the salivary duct (salivary pump). At this time head muscle 4 (elevator of
the epipharynx) is still to be seen inserted at its posterior border (Fig. 45 (1)). In spite of
its conspicuousappearance this cellular mass is later wholly absorbed, the only trace left
in the imago of all the organs it representsbeing the ‘palatal papillae’ of Sinton and Cove11
(‘small conical setae’ of Thompson, p. 183). The roof of the larval pharynx forms the
anterior and posterior hard palate of Sinton and Covell.
That portion of the oesophagusbehind the posterior pharynx undergoes little change.
The inner epithelial coat remains intact. The muscular coat, however, in accordance with
what appears to be a general rule for all the viscera, undergoes lysis and in the imago the
walls of this portion, that is what is usually regarded as oesophagus,are thin and poorly
supplied with muscles. At the posterior end, just cephalad to the annular ring, there
develops at each lateral angle a small pouch with characteristic walls, the dorsal diverticula
of the imago. From its median ventral wall there develops the much larger rudiment of
the ventral diverticulum (Fig. 45 (7) vdl). This appears as a long rod-like growth of characteristic tissue which lies ventral to the now greatly narrowed mid-gut as far back as the
Figure 45. The pupa. Alimentary system.
Median sagittalsectionof head of early pupa.
The sameof a pupa approachingemergence.The two figuresshowthe homologiesas between
the imaginaland larval pharynx and related parts. The changesin musculatureare also indicatedby the musclenumbers. Larval muscles(Fig. 1) 4-23. SeeTable 22. Imaginal muscles
(Fig. 2) 4-24. SeeTable 22. Larval muscles4, 15, 18 are not carried through; nos. 13, 16, 17,
22, 23 become respectively imaginal muscles 19, 21, 22 (not shown in figure), 23, 24, of the
imaginal series. a, pupal cuticle now with a large space between it and the retracted hypoderm
forming the imaginal parts.
Transverse section through the mouth-parts of the pupa showing pupal sheaths and contained
developing imaginal parts.
Longitudinal section through the proventriculus and related parts in a larva approaching
pupation. a, epithelium of invaginated portion of oesophagus now withdrawn from the
proventricular invagination; b, muscle of muscular coat of oesophagus; c, cellular coat of
cardia.
Longitudinal section through portion of mid-gut of an early pupa showing: (a) cast-off and
disorganised epithelial coat and (b) formation of new coat of small cells with beginnings of the
imaginal muscular coat (c).
Longitudinal section through the region of the proventriculus and gastric caeca of the early
pupa. a, cast-off epithelial cells; b, disorganised epithelium of gastric caeca; c, cast-off midgut epithelium.
The same parts of an advanced pupa. Same magnification.
Lettering: arm, antenna1 nerve; ar, annular ring; Cc, cerebral commissure; ca, corpus allatum;
cd, cervical diaphragm; cg, cingulum muscle; Dd’, level at which the dorsal diverticula develop ;
epr, developing epipharynx ; fg, frontal ganglion; hp, hypopharynx ; L, labium ; Zr’, pupal cuticle
of labral sheath; Zr”, developing imaginal labrum; Mg, mid-gut; md, mandible ; mx, maxilla;
mxp, maxillary palp; Oe, oesophagus; P, pharynx; P’, posterior pharynx; sg, salivary gland;
slm, dilator muscle of salivary pump; sip, salivary pump; sip’, developing salivary pump; vdl,
developing ventral diverticulum; vtr, ventral transverse muscle.
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first abdominal segment. The annular ring becomes the so-called proventriculus of the
imago, a structure clearly not wholly homologous with the more complex organ of the
larva and better termed the oesophagealvalve.
As already noted, the cellular lining of the larval cardia and of the gastric caeca is cast off
and absorbed. With this the organs become merged into and form part of the new mid-gut,
now an extremely long and narrow empty tube (Fig. 45 (7)). Apart from the disappearance
of the colon as a distinct organ the most notable happening in the hinder part of the canal
is the appearance of the rectal glands of the imago.
Of accessory structures the single salivary gland on each side of the larva early shows
degeneration and vacuolisation of its cells and is eventually lysed and absorbed. The acini
of the imaginal glands develop as new growths from the distal end of the salivary glands.
These lie in the pupa as a number of dark-staining tubules on each side of and ventral to that
portion of the gut corresponding to the cardia (Fig. 45 (7)). The Malpighian tubules remain
intact from larva to imago.

THE

MUSCULAR

SYSTEM

(Fig.46)

During the pupal period an almost complete change occurs from the larval to the imaginal
musculature. With a few exceptions the larval muscles undergo histolysis and disappear,
whilst the majority of the imaginal musclesare formed independently of those of the larva.
In certain casesmusclesare carried through from the larva to the imago, but even in such
casesthe appearance and character of the muscles and even its anatomical relations and
functions are usually more or less changed.
The change from one musculature to the other takes place almost entirely in the pupal
stage, the musculature in the early pupa being that of the larva, whilst in the late pupa it is
that of the adult. Differing as the two systemdo it becomes scarcely practicable to use the
same numbered list of musclesfor the two seriesand it has been thought preferable to give
separate numbered lists of larval and imaginal musclesas has been done under the muscular
system of the larva in chapter XIII and of the imago in chapter XXVI. Questions of homology can, however, be discussedin the present chapter under the pupa, in which stage the
change from one to the other system takes place.
Disappearance of the larval muscles,as noted by Thompson (1905), does not appear to
be associatedwith marked phagocytosis,though accumulationsof small cellswith dark nuclei
do occur. Most of the imaginalmuscles,however, appear first as collections of suchsmall cells
(myoblasts), sometimes associatedwith the histolysing larval musclesbut often seemingly
independent of such. Some difference in the degree of change and the period at which such
change takes place depends upon the part of the body concerned, that is whether it is the
musculature of the head, the thorax or abdomen that is being considered.
The head muscles are almost entirely new, not only in respect to separate origin, but,
with the great changesin the head, even the same muscle where it has been carried through
from larva to adult has changed relations to the general structure of the parts (seeFig. 45 (1)
and (2), where the parts in an early and a late stage of the pupa are shown). The changes
in the head musculature have been very fully dealt with by Thompson in Culex, the changes
in AL;desaegypti being not noticeably different. Thompson notes that all the muscles of
the head continue intact as in the larva up to the eighth or tenth hour when histolysis
occurs. This brings about the final disappearanceof the majority of the larval muscles,but
certain musclesare reformed into imaginal muscles. In this case the large reticular nuclei
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Figure 46. The pupa. Muscular system.
Larval muscle type. A, longitudinal view of a muscle band. B, transverse section of a group
of larval muscles.
Transverse section of a tubular muscle showing peripheral ring of muscle substance and
centrally situated nuclei.
Three fibres of same more highly magnified, showing arrangement of fibrillae in radiating lines.

7
8
9

10
11

Longitudinal section of three muscle fibres of tubular type.
Three fibres of another type of imaginal limb muscle with peripherally placed nuclei.
Sagittal section of dorsal area of thorax of early pupa showing developing masses of indirect
wing muscle. The masses have not yet directly attached themselves to the hypoderm but are
indirectly attached to this by areas of tonofibrillae.
Portion of same more highly magnified, showing ending of muscle fibres in tonofibrillae.
Attachment area of portion of a fully matured bundle of wing muscle type.
A small portion of same, more highly magnified. This is the same magnification as no. 3,
showing fibres of tubular muscle. Appearance shown at the surface of the muscle band
suggestssarcolemma, but care has to be taken to avoid confusing tracheal nuclei, for those
of the sarcolemma.
Transverse section of muscular bundles of indirect wing muscle. A tubular leg muscle type
band is shown lying in juxtaposition.
A portion of 10 more highly magnified.
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of the larval muscle fibres become smaller, stain more darkly and lose their reticulated
character, some becoming histolysed. Large numbers of small, darkly staining nuclei then
appear, the two setsremaining side by side until the twentieth hour when new contractile
substancestaining with haematoxylin appears and the nuclei take on the imaginal condition. Finally the amount of contractile substance increases and the imaginal staining
reactions are shortly reached.
The musclesso carried over, as also the larval musclesdisappearing and the new imaginal
musclesformed, are given in Table 22, the numbers and names being those given in the lists
respectively of larval and adult head muscles.Those numbers in the table given in brackets
and without accompanying name are larval musclesthat are finally histolysed or imaginal
muscles formed independent of larval muscles. Numbers not in brackets and with the
name of the muscle are, under the conditions noted above, larval musclesthat are carried
over as imaginal muscles.
Table 22. Relation of larval to imaginal musculatureof the head
Imaginal
(1-17)
18 Salivary muscle

Larval
(l-10)
11 Dilators of the salivary opening
(12)
13 Posterior elevators of the roof of the pharynx
14 Lateral pharyngeal
(15)
16 Dorsal retractors of the pharynx
17 Accessorydorsal retractors of the pharynx
(18-21)
22 Dorsal dilators of the oesophagus
23 Lateral dilators of the oesophagus
(24)
25 vl I’ (thoracic)?

19 Valvular muscles
20 Lateral retractors of the buccal cavity
21 Dorsal retractors of the buccal cavity
22 Accessorydorsal retractors of the buccal cavity
23 Dorsal dilators of the oesophaguspump
24 Lateral dilators of the oesophagealpump
25 Depressor muscle of the head

In the thorax the great bulk of the imaginal musculature is wholly new consistingof the
large indirect wing musclesand those connected with the limbs that have largely formed in
the imaginal buds. The original larval muscles, however, are still represented in the less
conspicuousvisceral system as described under the imago.
In the abdomen the relatively massive muscles are retained throughout the pupal stage
and are only finally replaced by the true imaginal muscles in the imago after emergence.
Besidesreplacement of the larval musclesby those of the adult there is also a great change
in the character of the musclesin the two systems. Further remarks on these systemswill be
found later when the adult musculature is being described. Since, however, it is in the pupal
stage that the change in character takes place, it will be appropriate to give in the present
connection some account of the types of muscle fibres. Good accounts of insect muscle
describing the different types are given by Snodgrass(1925) in his Anatomy and Physiology
of the Honey Bee; see also Hiirthle (1909) ; Kielich (1918); Jordan (1919, 1920); Weber
(1933); Studnitz (1935); Tiegs (1955). In the pupa the following types are distinguishable
in the somatic musculature.
The larval type (Fig. 46 (1)). All somatic musclesof the larva are of this type. Each muscle
is commonly a single fibre, often long, thin and even thread-like, rarely massive. Such
muscle fibres consist of a centrally situated very faintly fibrillated and striated strand of
muscle substance surrounded by a distinct sarcolemma and between this and the strand
a clear, often quite voluminous, zone of transparent sarcoplasm in which are spaced at
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intervals large nuclei. The muscle fibre substancestains lightly with eosin and most other
stains.
[maginal limb type (Fig. 46 (2)-(5), (10)). This type is seenmost characteristically in the leg
muscles,including those of the coxa and sternal parts. It is also seen in the direct wing
muscles. It occurs as musclesformed of massive bundles of moderate-sized discrete fibres
ranging from 10 to 20~ in diameter. Each fibre consistsof an outer zone of muscle substancewith a central sarcoplasmic core in which is embedded a close series of moderatesized nuclei. The fibres in cross-sectionappear very characteristically as rings with clear
centre, or, if the section passesthrough this, with a central nucleus. From this appearance
they have been termed ‘ tubular muscles’ (Morison after Rohrenmuskeln of Briinnich). They
are usually distinctly or even conspicuously striated and show no sarcolemma. The component fibrillae of the muscle substanceare very minute, forming radially arranged lamellae.
Along with this form of muscle are others with fibres of about the same diameter but with
peripherally situated nuclei. These are often very strongly striated (Fig. 46 (5)).
Imaginal indirect wing type (Fig. 46 (6)-( 11)). This form of muscle is entirely different from
those so far described. It appears early in the prepupal stage as sausage-shapedmassesof
very dark-staining substance, so much so that they appear almost as foreign bodies. In
this early stagethey are crowded with lines of very dark-staining bodies resemblingflattened
nuclei. Later thesemassesincreasegreatly in size and become dark-staining bands stretching
acrossthe thorax and attached to the hypoderm by broad zones of fine fibrils (tonofibrillae).
Eventually the dark bands become the imaginal indirect wing muscles.These are massive
muscles formed of hundreds of fibrillae in the region of 2,~ in diameter and markedly
striated embedded in sarcoplasm. Among the fibrillae are rows of nuclei and granular
material. When fully developed such muscle fibres are inserted directly into the cuticle.
In cross-sectionthey show large polygonal areas formed from cross-sectionof numerous
fibrillae, contrasting with the bundles of larger single fibres such as form the leg muscles
(Fig. 46 (10)). They have been termed fibrous muscles(Morison, 1927) and are considered
to be each a giant muscle fibre as described in CaZZi$zora(Lowne, 1895; Tiegs, 1955).
The imaginal musclesof the head are mostly of tubular type, but some, for example those
of the pharynx and post-pharynx, consistof fine fibrillae and seem to approach in character
the indirect wing muscle type. The main mass of indirect wing muscle type occurs in, and
largely occupies, the dorsum of the large mesothoracic segment, but a much smaller mass
passesbetween phragmata in the metathorax.
The musclesin the thorax connected with the legs, as also those in the leg segments,are of
tubular type. The musclesof the imaginal abdomen still remain of the larval type, that iswith
sarcolemma and large peripheral nuclei, though a few musclesof tubular type are developed
in the pupal stage.
THE NERVOUS

SYSTEM

(Fig.47)

Changes in the nervous system taking place in the pupa and leading to the imaginal
condition are chiefly those in the brain. Even so the main lines in structure are largely
followed and the brain of the imago, as will be seen from the figures, is not very markedly
different to that of the larva. The chief changes are:
(1) Increase in size in proportion to the head capsule and especially in the volume of
white medullary substance.
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(2) Great increase in size of the optic lobes and chiasmata as the compound eyes grow
to their full maturity. Actually the total increase in size of the brain is largely due to this
development of the optic lobes.
(3) Increased size of the antenna1 nerves arising from the deutocerebrum. At the
beginning of the pupal period these nerves are relatively small, but later they become
massively developed as large trunks passing to Johnston’s organ in the basal lobe of the
antenna.

PC

PC

,@

arm

Figure 47. The pupa. Nervous system.
1
2

Dorsal view of brain of pre-ecdysis third instar larva.
The same of an immediate post-ecdysis fourth instar larva before the compound eyes have
shown any degree of development. Same magnification.
3 Anterior view of brain of advanced fourth instar larva. Same magnification. Reconstruction.
4 Anterior view of brain of early pupal stage. Same magnification. Reconstruction.
5 Anterior view of brain of pupa approaching emergence. Same magnification. Reconstruction.
Lettering : ann, antenna1 nerve ; Ch, optic chiasma ; cp, area of large cells probably representing
corpora pedunculata of many insects; DC, deutocerebral lobe; Zbn,labial nerve; Zrn, labral nerve;
mm, maxillary nerve ; 0, optic lobe ; on, optic nerve ; P, pharynx; P’, posterior pharynx ; PC, protocerebral lobe ; Sg, sub-oesophageal ganglion.
The shaded and pale areas in 3, 4 and 5 give a general representation of the distribution of
cortical neurocellular tissue and medullary white matter (neuropile).
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(4) Closing in of the foramen between the cerebral connectives owing to massive
thickening of the latter and to reduced size of the pharyngeal canal.
Disproportionate increase in size of the brain to that of the insect takes place only at the
beginning of the fourth instar when the first beginnings of the compound eyes occur. In
the pupal stage further increase takes place as the compound eyes grow, so that from
stretching as a narrow band acrossthe posterior region of the head the organ in the imago
largely fills this structure.
A peculiar point appears to be the small development of the corporapedunculata as these
are described in many insects. In AEdes aegypti up to the end of the pupal stage only a
small number of large cells in the protocerebral lobes appear to represent these bodies.
Changes in the ventral nerve chain are not very great. There is some increase in size of
the thoracic ganglia with enlargement of the nerves to the now greatly increased leg rudiments. The first abdominal ganglion which in the advanced larva has moved up somewhat
towards the thoracic ganglia becomes in the pupal stage more or less incorporated with
these. A similar change takes place terminally, the ganglion of the eighth segment, both
in the male and in the female, moving forwards during the pupal period to fuse with that
of the seventh, so forming a double ganglion.
The frontal ganglion remains present throughout the pupal period and still receives
nerves from the tritocerebrum, but these are now much shorter. A visceral nerve chain is
present much as in the larva. These and related structuresas finally present in the imago will
be described later.
OTHER STRUCTURES

The heart, except for its posterior terminal portion, is not essentially different in the pupal
stageto the description already given in the larva. The corpora allata are still present in the
late pupa, but are much lessconspicuousand appear to be undergoing some degeneration.
Oenocytes are present in the same situations in the pupa as in the larva. In the advanced
pupa, however, the small oenocytes are seemingly reduced in size and prior to emergence
even the large oenocytes appear reduced and many degenerated. According to Hosselet
(1925) oenocytes occur in the pupa of Culex annulatus in the wing roots.
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XVI
THE PUPA (cont.)
(a) PHYSICAL
DIMENSIONS

CHARACTERS
AND

WEIGHT

Measurements of the length of the cephalothorax of AZdes aegypti pupa are given by
Cantrell (1939). For the female these were from 1~80-3~00mm. and for the male 1.45
2.65 mm. with one exception which measured 2.95 mm.
Very similar figures were obtained from measurement of the cephalothorax of fifty
female and fifty male pupae of A. aegypti taken at random on a number of occasions.The
distance measured was that from the prominent anterior point of the head to the posterior
bulge of the cephalothorax taken with the pupa lying on its side. This gave for the female
from 2.32 to 2.75 mm. (mean 2.55 mm.) and for the male from 1.92 to 2.17 mm. (mean
2.10 mm.), the proportion of female to male being 1.21. The maximum transverse
diameter of the thorax in a well-nourished female pupa was about 1.8 mm., whilst that
for the male was about 1.4 nun.
The mean weight of some hundreds of pupae taken on different occasionswas 4*73 mg.
for the female and 2.65 mg. for the male, or a ratio of female to male of 1.78. This shows
the pupa to be about the same weight as the mature larva and considerably heavier than
the adult mosquito some time after emergence. Starvation pupae may be only about half
the weight or less of the well-nourished female pupa. Departure from the mean weight in
the male is not so great.
The toughnessof the outer pupal skin gave an opportunity to make an estimate of the
surface area of the pupa. For this a female and a male pupal skin were carefully broken up
to give fragments which when mounted in gum would lie flat. Camera lucida drawings of
the fragments were then made at a magnification of x 50 and tracings of these placed over
squared paper and the areas determined. The result gave an area of 17.29 mm.2 for the
female and of 12.36 mrn2 for the male, or a proportion of female to male of 1.40. For the
female therefore the proportion of area in mm. 2 to weght in mg. was 17.29 to 4.73 or
approximately 3.6 to 1, as against 6 to 1 for a cube or 3 to 1 for a sphere. For the male the
proportion was 4.5 to 1.
Some interest attached to the weight of the pupal cuticle, which in the female particularly
is of considerable thickness. The weight of 100 female pupal cast skins dried overnight at
room temperature after blotting off excessfluid was 27 mg. or a mean weight per pupa
of 0.27 mg. The cast pupal skin therefore weighs about 4 per cent of the pupal weight. The
weight is also about ten times that of the cast skin of the fourth instar larva.
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In contrast to the larva the pupa is hydrostatically lighter than water and can only maintain
itself below the surfaceby active diving movements. Observations on carefullychloroformed
pupae made at 14” C. with different mixtures of alcohol and water gave the following
values for specific gravity :
Female (dark)
Female (white pupa)
Male (dark)

0.982
O-982
o-977

The specific gravity as determined from weight and volume as determined by displacement (see ch. VI) was somewhat lower as shown below, the mean volume being 5.60 mrn3
and the mean weight of the pupae tested 4.96 mg., giving the mean sp.gr. as O-905.

Three white female pupae
Five grey female pupae
Four advancedfemale pupae
ORIENTATION

AND

Weight
(mg.1
15-l
23.3
21-l
HYDROSTATIC

Volume
(mm.3)
18.3
25.3
23-6

Specific
gravity
O-825
o-921
0,894

BALANCE

The respiratory trumpets of the pupa of A. aegypti are tubular in their basal portion and
rather broadly trough-shaped in their apical third. The edgesof the trough when in contact
with the surface film are expanded, leaving a considerable area open. The inner surface is
also markedly hydrophobic and has the power when submergedto retain a comparatively
large bubble of air. In addition to the trumpets the float hairs on the first abdominal
segment also contact the surface tim. Thus the film is broken by the comparatively large
hydrophobic surface of the trumpet openings and behind this by the two small contacts
by the float hairs.
As already noted it is the air cavity beneath the cephalothorax which is mainly responsible
for the pupa’s buoyancy and this also plays a part in giving a correct fore and aft orientation to the pupa by which when at the surface its trumpets are suitably disposed. It
would appear, however, that with this flotation centre placed low down an unstable condition must exist and according to Manzelli (1941) it is the tips of the trumpets held by surface
tension which enablesthe pupa to keep its balance. If the surface tension is reduced, the
pupae turn on their side, the top of the pupa being the heavier part. Manzelli also notes
that the trumpets normally hold a bubble of air and that they are folded back by muscular
action to prevent this being displaced. As already noted, the trumpets are much constricted
at their base and have a kink in this position that may in certain positions act as a valve
cutting off connection between their cavities and the general tracheal system.
The effect of lowered surface tension is the reason why certain substanceshave a lethal
effect on pupae. It is due also to the attachment of their respiratory trumpets to the surface
film that pupae in a vessel tend to collect and lie up at the edge of the water against the
sidesof the receptacle. The reason for such a position is that when a pupa comes within a
certain distance of the edge its trumpets are drawn up the slope of the meniscusby flotation until the pupa touches the glass. Pupae rising in the body of the fluid are not so
affected. But as pupae are constantly liable to dive sooner or later, most get drawn to the
edge where they tend to rest more quietly.
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In contra-distinction to the thin and delicate cuticle of the larva, other than that of the
head and the siphon, the hardened pupal cuticle is thick and strong and highly resistant to
loss of water by desiccation and to the action of chemicals. That this is due to some cause
over and above that dependent on a thick and strongly tanned cuticle is shown by the fact
that pupae, while extremely resistant to bleaching with chlorine, are readily bleached after
dipping for a few secondsin chloroform. This applies also to diaphanol. Untreated pupae
will remain for long periods in diaphanol without bleaching, but are bleached at once
after dipping in chloroform, thus differing from most insectcuticle which is rapidly bleached
in this reagent.
That this property of resistance is due to a waxy substance within or on the cuticle
receives confirmation from the fact that pupal skins washed in distilled water, dried and
allowed to remain in chloroform yield on evaporation of this a fatty or waxy substancethe
melting point of which is approximately 52-53” C. This substanceforms 2.67 per cent of
the weight of the dried cast pupal skin. In a thin layer after evaporation from chloroform
it shows clumps of material which give bifringence with polarised light.
The newly emerged pupa is a pure dead white, the only dark parts being the float hairs
on the first abdominal segment,which on the white pupa show up to the naked eye as two
minute black puncta towards the base of the abdomen. The following are changes of
colour which take place by the times noted :
30 minutes
45 minutes
60 minutes
90 minutes
120 minutes

No longer pure dead white
Distinctly a greyishtinge
Grey
Dark grey with pale abdominalbands
The usualdark appearanceof the pupa

A more precise determination on twenty-three pupae observed at 28” C. from time of
emerging from the larval skin is as follows:
Colour change
A

I

Time in
minutes
5
15
30
45
60
120

\

Dead
white
22
20
12
-

Not quite
white
1
3
9
19
-

Light
grey
2
4
-

Dark
grey
23
-

Dorsum
black
23

At 28” C. any pure white pupa may safely therefore be taken as on the average not more
than 15 minutes from casting of the larval skin, a fact which may often be useful in making
observations on pupae at stated times from emergence.
The colour of the darkening pupa cannot, like that of the egg, be described as blue,
though the grey is of a character rather suggestiveof that colour and has no element of
yellow or red in it. The respiratory trumpets are, however, in conspicuouscontrast, being
yellow turning brown. The large compound eyes are red, but the ocelli are from the beginning black. The parts first showing darkening are the scutum, postnotum and halteres
with an ornamental pattern on the first abdominal segment(Fig. 42 (7)), the basal portions
of the abdominal segmentsII-VI and fainter effects on the wings and some leg segments.
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White pupae broken up in water with a few crystals of pyrocatechol show the characteristic tomato red, indicating presenceof polyphenase. Under such treatment the paddles
soon show up pink and also the pupal wings. Later the same tint is seen in various parts
of the pupal cuticle, head, thorax, antenna1 bases,etc. This colour reaction indicates that
polyphenase is the enzyme concerned in the reaction leading to the darkening of the pupal
cuticle, the ferment present in the insect’s haemolymph acting as shown by Pryor (1940)
through the liberation of polyphenols, which acting upon the protein in the cuticle give
rise to darkening and tanning characteristic of the sclerotisation (so-called chitinisation)
of insect cuticle. The darkening in this caseis independent of light as it takes place in much
the same time whether the pupa is exposed to light or kept in the dark.
As the time of emergenceapproaches the pupa becomes of a dull sooty black in contrast
to the younger pupae, which retain throughout a certain amount of light coloration in the
abdominal banding and under-surface of the body. This final darkening is not due to
change in the pupal cuticle, but to the black scaling of the contained imago showing
through. Such pupae within a short time will undergo emergence, the colour change
being a useful guide to the choice of specimensfor observing emergence.

(c) BEHAVIOUR

AND

VIABILITY

BEHAVIOUR

When disturbed the pupa, like the larva, dives. But owing to their great buoyancy they can
normally only maintain themselvesbelow the surface by a successionof dives produced by
strokes of the abdomen with its terminal paddles. The result of a stroke by the paddles is
to tilt the cephalothorax forwards and downwards and progression consistslargely of a
seriesof U-shaped dives which carry the insect some distancehorizontally as well as downwards. Whether the power of the stroke is obtained by extension or flexion of the abdomen
is not easy to ascertain by observation. The former, however, would seemmost likely since
movement is forwards. Rising is mainly passive.
Owing to the great buoyancy of the pupae it is only by swimming in this fashion that
they can keep beneath the surface. Nevertheless, by a successionof small strokes they can
remain down for some minutes and often more or less in a stationary position. Very
occasionally the pupa becomesanchored by its paddles or trumpets to some particle on the
bottom or inequality on the side of the vessel. This, however, is unusual in A. aegypti in
captivity though common in nature with the pupae of some species.
Very noticeable features in the behaviour of the pupa are, as with the larva, negative
phototropism and sensitivenessto vibrations. The pupa is, however, less responsive to all
these forms of stimulus than the larva, and it is possible by regulating the intensity of the
tap given to the vessel in which they are contained to cause the larvae to dive whilst the
pupae remain at the surface, a fact often made use of when collecting pupae free from larvae
for experiment.
RESISTANCE

TO

SUBMERSION

AND

DESICCATION

Da Costa Lima (1914) found that pupae showed little resistanceto prolonged submersion.
Owing to the relatively thick and impervious cuticle the pupa is unlikely to be able to make
any use of dissolvedoxygen. Further, pupae when submergedtend to lose buoyancy owing
25
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to the usingup of oxygen by their tissues,and when submergedbeyond a certain time they
may become too heavy to rise to the surface, efforts to do so only driving them further
downwards. Carter (1923) notes that larvae of A. aegypti will live 2 or 3 days under a film
of petroleum, but not the pupae. Kalandadse (1933) found pupae began to die under a
glasssheet excluding air from the water in 2 hours, whereas fourth instar larvae began to
die only after 7 hours. As previously noted first instar larvae under such circumstances
may live for days. Macfie (1923 a) found that, in a tube, larvae will descendon tapping the
tube to a distance of as much as 8 feet. Pupae, on the other hand, showed anxiety to return
at beyond 3-34 feet, and one at 7 feet sank to the bottom.
Pupae, however, have considerablepowers of resistanceto desiccationand when removed
from water may remain alive and active for some hours. Larvae, on the contrary, unless
kept moist, quickly begin to dry and die. Howard (1913) notes that pupae of A. aegypti
can live and eventually emerge on moist blotting paper. Young (1922) found that pupae
still hatched when dry twenty-four hours from pupation. Gillett (1955) utilises this property in isolating adults for experiment.
LETHAL

EFFECT

OF

HIGH

AND

LOW

TEMPERATURE

Bacot (1916) notes that at 40” F. (4-4” C.) pupae of A. aegypti become dormant at the
surface of the water. They resume activity at 60” F. (156” C.).
My own observations on the lethal effect of low temperature on the pupa are but few.
At 7” C. pupae are immobilised or capable of very feeble movement. Emergence does not
take place. At 17” C. pupae are active, but time of emergenceis greatly prolonged or does
not take place. At 18” C. emergence takes place with a pupal period of from 116 to
120 hours.
For the lethal effect of high temperature Macfie (1920) gives the following :
Immediate effect
44” C. or higher
42-43” C.
41” c.

Final effect
50” c.
45” c.
44” c.

Pupae inert and lying at surface
Similar effect but slighter.
No deleterious effect.

No recoveries.
Seldom survived above this temperature.
Seldom showed permanent ill effects.

Table 23 gives the results of exposing female and male pupae of A. aegypti to different
temperatures for various periods and observing the immediate effect and eventual mortality
as shown after 24 hours.
It will be seen from the table that the temporary immobilising effect from which many
pupae may recover, as also the completely lethal effect, is practically identical for the two
sexes. Another interesting feature is that, for immobilising effect, time of exposure is not
very important, the effect for different periods of exposure beginning to be pronounced
always at a temperature of 43” C. Time of exposure is more important with higher temperatures. The critical lethal temperature for 3 minutes exposure is 48” C., that for 15 minutes
45” C. and that for 30 minutes 44” C., though from the data obtained there would seem to
be little difference for exposures over this. 43” C. was still not completely lethal, even at
60 minutes exposure. For a short exposure, therefore, that is for periods from a few minutes
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to an hour, lethal temperaturefor the pupa, taking this as producing 100 per cent mortality, is from 44 to 48” C. Lethal temperaturefor the pupa is thereforewithin a few
degreesof that for the larva. In thiscasepupaefrom a culturewereaddeddirectlyto water
at the temperaturenoted. For periodsmuch over thosenoted a lower temperaturewould
probably be lethal. Accordingto Davis (1932) a temperatureof 36”C. greatly shortens
life.
Table 23. Lethal eflect of high temperature on pupae of
A&desaegypti

Exposure
(min.)
3
3
3
3
3
3
3
3
15
15
15
15
15
15
15
15
30
30
30
60
60
60
60

Temperature
(” C.)
42
43
44
45
46
47
48
49
40
41
42
43
44
45
46
47
40
43
44
39
40
41
43

Males

Females
*

<
No.
exposed

Immobile
at end of
exposure

16
7
17*
12*
11*
13*
14t
12t
11
11
12
8*
24*
13t
7t
11t
4
:;
11
10
5
41*

\
Dead at
24 hours

-

-

13
12
11
13
14
12
-

4
1
3
7
14
12
-

1
1
8
14
13
7
11
-

1
1
3
11
13
7
11
-

30
48
-

2
48

-

-

38

30

2

* Indicates over 50 per cent immobilised.

EFFECT

OF

SALT

AND

*

r
No.
exposed

Immobile
at end of
exposure

11
14
20*
12*
25”
18*
117
19t
13
15
11
10*
34*
8t
16t
1st
14

2
3
15
12
23
18
11
19
1
1
4
10
34
8
16
18
-

zz;
27
21
9
36*

50
22
2
2
2
33

\
Dead at
24 hours
2
4
2
9
10
11
19
1
2
2
1
11
8
16
18
2
48
4
19

t 100 per cent killed.

CHEMICALS

The pupa,unlike the larva, is almostentirelyclosedin an imperviouscuticleand is remarkably resistantto chemicalsother than vapours and gases. Nevertheless,as previously
noted,this resistance
is not entirelya matter of thicknessand hardnessof cuticleand seems
to be due to a considerablecomponentof waxy substanceon or within the cuticle.
Macfie (1914)notesthat in 2 per cent salt (that is, about two-thirdsthe concentrationof
seawater)pupaeof A. aegypti continueto hatch out for the first 2 days,after which all are
dead.The sameauthor (1916)noted that pupaeof the sameagealwayshatchedout earlier
in salinesolutionsthan in tap water and that developmentis hastenedby a low concentration of salt, for example0.49 per cent. Woodhill (1942) notesthat pupae of A. aegypti
werenot affectedby salinityof 3-5 or 7 per cent. Curiouslyenough,Macfie (1923b) notes
that l-2 per cent lithium chloridenot only killed larvaebut alsopupaewithin 4 hours.
Pupaemay remain alive for many hoursin 70 per centalcohol, 10 per cent formalin or
otherusualfixatives. Chopra, Roy and Ghosh(1940)found that pupaeof A. aegypti were
lessreadilykilled by pyrethrumscatteredin powderon the waterthan werelarvae.Hoskins
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(1932) found pupae of Culex tarsalis much lesssusceptiblethan the larvae to acid and basic
solutions of sodium arsenite. 50 per cent of pupae died in an exposure of 26.5 minutes
to 0.03 molar solution of arsenite at pH 5, but continuous exposure for 402 minutes was
necessaryfor full effect.
In contra-distinction to chemicals which act, if at all, by penetration of the cuticle are
those lethal through their effect in lowering the surface tension of the fluid and so, as
already noted, causing the pupae to lose attachment of their respiratory trumpets to the
surface film. Conspicuous among such substancesis soap. Senior White (1943), working
with saturated bar soap solution, found a dilution of l-50 in tap-water lethal to pupae in
45 minutes. l-100 dilution took over 2 hours and at l-400 pupae progressedto emergence.
In distilled water l-500 killed in 135 minutes, emergence taking place at l-750 or over.
Manzelli found soap, l-100, killed in 3 minutes. l-400 did not kill in 4 hours. A patent
wetting substance, sanlomerse, at l-4000 reduced surface tension to half. Other effects
of the lowered surface tension were that adults alighting on the water sank, as also did
egg-rafts. Russell and Rao (1941), working with the pupae of Anopheles, also found soap
lethal to pupae.
There would seem no reason why pupae should be especially resistant to gases and
vapours. Williamson (1924) found that chlorine in high but undetermined amount maintained for 3 minutes killed all larvae and pupae. See also Macfie (1916).
(d) EMERGENCE
DURATION

OF

THE

PUPAL

PERIOD

For the duration of the pupal stage of Agdes aegypti Marchoux, Salimbeni and Simond
(1903) give 30-50 hours ordinarily and 3-4 days at 22” C., Mitchell (1907) l-5 days,
Newstead and Thomas (19 10) 2-3 days at 23” C., Howlett (1913) 2-3 days, Bonne-Wepster
and Brug (1932) 2-3 days in a tropical climate. De Meillon, Golberg and Lavoipierre
(1945) found the mean time for emergence of 1000 pupae was 2.4 days (57 hours), 97 per
cent emerging within a range of 47-69 hours. Shannon and Putnam (1934) give for the time
between pupation and emergence at 23-27” C. 45 hours for males and 60 hours for females.
The data given in the accompanying table (Table 24) were obtained for pupae which
had been either timed from observed pupation (39 pupae) or used as pure white pupae
(241 pupae). As already noted, pupae remain pure white only for an average period of
Table 24. Time from pupation to emergence at d@erent temperatures
Number emerging at different hours
Temperature
(” c.>
29
28
26
23
18
7
29
28
26
23
18
7

A

I
Sex
F.
F.
F.
F.
F.
F.
M.
M.
M.
M.
M.
M.

Number
observed

43

44

43
55
31
12
6

40
-

3

38
32
9
31
7

37
-

1
-

45
-

,

46
-

47
-

48
-

49
-

14
-

30
1

11
5

12

-

-

-

Failed to emerge
-

13

15
8

-

-

4
-

-

Failed to emerge
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50
10
-

-

51
3
-

5269
-

116120
-

12
-

-

-

-

31
-

-

Mean
in
hours

6

43
47
49
60
118

7

43
47
47
60
118
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15 minutes, a period which may be neglected without much error when giving time to
emergence in hours.
The curious point is that though the period of larval development in the male is about
one day shorter than in the female the much smaller male pupa takes almost exactly the
same time to reach emergenceas the female. It has already been observedthat males emerge
in cultures before the females. This, however, appears to be the result of a shorter period of
larval development; the pupal period is not shorter. At 17” C. pupae do not develop
further; or if emergence takes place at all it is greatly delayed. At temperatures below
17” C. it does not occur. At some temperature between 17” C. and 7” C. pupae are
immobilised and in time killed.
THE ACT OF EMERGENCE (Fig.48)

The emergenceof the imaginal mosquito from the pupal skin has been a subject of interest
as far back as the time of Reaumur (1738) who describesthe act. See also Meinert (1886) ;
Causard (1898), whose reference to the part played by air in emergence of aquatic nymphs
has already been noted ; Hurst (1890), whose classicalpapers on pupal structure have also
been noted; Eysell(l905,191 l), who appears to have been the first to record that air enters
under the pupal cuticle at separation of the pupal trumpets and a translation of whose
account is given by Howard, Dyar and Knab (19 12) ; Brother (19 13), who describesthe act
in Culex as one of the object lessonsof the small aquarium; Seguy (1923), who gives three
pages of description of the act; Sen (1924), who describesthe swallowing of air and movements of the pharyngeal pump during the act; MacGregor (1927), who gives a detailed
account of emergenceof A. aegypti; and lastly the important papers by Marshall and Staley
(1932) and Brumpt (1941) on which detailed knowledge of the mechanics of the processes
concerned largely rests.
The general features of the act of emergence are well described in the following translation of a description of emergence of A. aegypti by Eysell(l911) given by Howard, Dyar
and Knab.
The abdomenstraightens steadily and is completed in 10 to 15 minutes. Air meanwhile appears
between the imago and the pupal skin. The anterior parts of the cephalo-thorax are then raised
by a powerful jerk so that the pupa is now touching the surface of the water in front with the
dorsal part of the pro- and meso-thorax, in the middle with the trumpets and behind with the
end of the body. A split now occurs in the middle line of the cephalo-thorax exposing the dry
surface of the imaginal dorsum. By jerks the split is widened and two transverse slits are added
on each side and after the pupal skin has receded about ten times the thorax in its entire width is
exposed. The scutellum, the stretched neck and vertex of the strongly bent down head next appear.
Jerks now cease and the insect emerges with steady ghost-like motion. When the head is born the
antennae first become free from their sheaths, then the palpi and proboscis are drawn from their
sheaths. The last segment of the pupal skin is now filled with air. The head is raised, the antennae,
palpi and proboscis extended and the first legs withdrawn by bending the knee-joints and later
the joints of the feet in a plane with the body axis. After the first legs the middle legs are similarly
extracted. The front and mid legs are now extended and the tarsal joints laid gently on the water.
The body is now firmly supported and the hind legs are withdrawn. The legs are disengaged
independently of movements of the body, being extracted from their sheaths in pairs by repeated
very short movements. Finally the wing tips and abdomen become free. The entire process is
completed within a few minutes.
The following are some further observations on emergence in A. aegypti as seen under
the low-power microscope. The first indication that emergenceis approaching is change in
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the colour of the pupa from a greyish black to a deep sooty black, the result of the black
scalesof the adult showing through the pupal cuticle and adding to the already dark colour
of the pupa. Light patches on the abdomen also become visible from the pale scaleson the
abdomen of the imago showing through, and also the dark-scaled veins on the wings are
very noticeable. The bubble at the angles behind the bases of the wings becomes more
conspicuous and air is seen collected about the base of the breathing trumpets. At this
time there are often seensome small, but definite, jerky movements of the body, apparently
unconnected with movements of the abdomen, the nature of which is uncertain.
The exact sequenceof the events that follow at this time seemsto vary somewhat, but an
early first indication that emergenceis imminent is that the abdomen from being bent under
the cephalothorax gradually becomes extended so that the paddles become visible from
above. Air may be seen at this stage not only at the basesof the trumpets but below this.
It may even sometimesbe seenat the sidesof the abdomen before further happeningsoccur.
Usually, however, before air under the cuticle is at all extensive a white line suddenly
appears along the top of the crest on the scutum. This is caused by air apparently entering
into small fissureseither within the substanceof, or under, the cuticle of the ridge. The line
at this time is not an actual split. Without further warning a sudden movement of violent
Figure 48. The pupa. Pupation and emergence.
Fourth instar larva of Culexpipiens killed during pupation at time of withdrawal of tracheal
trunk sections. Camera lucida drawing. a, median flap of head capsulepushedforwards by
the head of the emergingpupa. Behind the head are indications of membranouscuticle
slippingbackwardsand just about to exposethe respiratorytrumpets;b, portion of tracheal
trunk draggedfrom metathorax; c, portions of tracheal trunks respectivelyfrom the first,
secondand third abdominal segments,that is the sectionanterior to their presentposition;
d, wrinkled cuticle and sectionsof tracheal trunks from segmentsfour, five and six collected
at terminal portion of abdomen; e, tracheal trunks drawn out from seventh and eighth
abdominal segmentsattachedto siphon.
Head and thorax of fourth instar larva of Aedes aegypti at commencementof pupation
showingair collectedabout the respiratorytrumpets. Dorsal view. Lettering as for 3.
The sameat a later stageshowingair collectionsunderthe cuticleat variousplaces. a, ventrally
at front of thorax; b, in spaceleft betweenlimb loops on ventral aspectof thorax; c, air
collectionsunder pupal wings.Ventral air space;d, ventrally at front of abdominal segments.
Horizontal sectionof pupa at level of first abdominal spiraclesshowingrelation of pupal
sheathsof mouth-parts, legs, wings and halteres.The dotted lines indicate imaginal parts
lying within the sheaths.The lateral extensionsof the ventral air spaceup to the region of the
halteres,etc. are shownin black.
The sameat a more ventral level and passingthroughthe main portion of the ventral air space.
Showingthe way in which the sheathsof the mouth-partsand legsterminateto form the floor
of the ventral air space.
Lateral view of pupal skin with emergingimago, showingthe boat-like characterof the pupal
cuticleand position of the imagojust prior to withdrawingthe proboscisand legs.The water
line is arbitrarily indicated. Camera lucida drawing.
Lettering: an, antenna; cx’, cx”, cx”‘, coxaeof first, secondand third legs;fe’, fe”, fe’“, femora
of first, secondand third legs;ha, imaginalhalterein pupal sheath;I, cut-acrossbaseof abdomen;
L, labium and other mouth-partsin their pupal sheaths;sp, spiracleof first abdominal segment
openinginto the ventral air space;tb’, tb”, tb”, tibiae of first, secondand third legs;ts’, ts”, ts’“,
tarsi of the same; va, ventral air space; va’, lateral extensionsof same; W, pupal wing sheath
with developingimaginal wing.
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extension of the pupal body now occurs bringing the abdomen completely level with, or
even concave to, the surface, the cephalothorax at the same time being tilted backwards so
that the antennae now become conspicuousat the front of the pupa as this is viewed from
above. This almost convulsive movement of extension would appear to be an important
stage in emergence, but its exact significance or implications are not clear. It is usually
almost immediately after this that a median crack appears along the white line on the
crest. Once this happens emergence is usually quickly completed.
The crack rapidly widens, exposing the dry surface of the striped imaginal thorax. Then
the stretched back of the neck and finally the occipital surface of the bent-down head are
exposed. Over the lateral regions of the now exposedocciput curious twitching movements
occur, evidently due to contraction of musclestaking origin in this situation. These may be
lateral or dorsal dilators of the sucking pump or, as is thought possible, musclesconnected
with the mouth-parts and engagedin liberating thesefrom their sheaths. Or both may be in
action.
Meanwhile air has appeared at the sides of the eighth segment and subsequently other
segments,and the imaginal abdomen is seento be exhibiting vermicular movements and to
be retreating from the pupal cuticle, leaving this distendedwith air which has rapidly spread
over the whole abdomen and allowed the scales of the imaginal abdomen to show up
clearly. At the same time the widening longitudinal split is further supplementedby short
transverse splits behind the vertical plates and also by the opening up of folds in the pupal
skin behind the head as previously described when discussingthe cast skin of the pupa.
As the pupal skin more and more retracts, the thorax, scutellum, head and prothoracic
lobes all emerge to view.
Now the head is suddenly raised, the antennae, palps and proboscis lifted out and the
first legswithdrawn as describedby Eysell. At this stagethe front and mid-legs are more or
lesssimultaneously extended and the tarsal joints laid gently on the water. In A. aegypti,
according to Brumpt, the liberation of the three pairs of legs is almost simultaneous, though
in some other speciesthe legs are withdrawn successively.The wings, as the insect emerges,
are drawn out of their sheaths and come to lie folded on the swollen abdomen as this
leaves the now rigid air-filled pupal skin of the abdomen.
The pupal skin has now become a rigid floating base on which the insect continues its
emergence very much as if making use of a small boat. Its body directed upwards like a
spectre rising higher and higher without apparently any struggle or motive force has been
a familiar subject for illustration and its slow emergence is certainly one of the curious
sights in nature. At one stage, that is just before the mosquito places its fore-legs on the
water, its body projects so far forwards that it appears at any moment to be in danger of
toppling over (Fig. 48 (7)). But the critical moment passesonce the legs are withdrawn and
placed on the water. The insect, now stably supported, requires only to draw out the hind
tarsi to be free.
That the simile of the pupal skin as a small boat, a simile noted by Reaumur, is not after
all so fanciful is shown by the following observations giving the volume of displacement
during the act of emergence.
Volume
Volume
Volume
Volume

occupied by the intact pupa
shortly after emergence began
during emergence
when emergence completed
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5.48
5.21
4.95
3-00

mm.3
mm.3
mm.3
mm.3
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Since 2.48 mm.3 of water (the difference when the insect moved away) would represent
about 2-48 mg. weight, this should be about the weight of the emerging adult. The mean
weight found for the newly emerged adult has been given in another section as 2.91 mg.
The time taken over emergence varies as does that of the different stages.Timed for a
number of pupae on a warm stage at 30” C. emergence up to the appearance of the wing
tips was most commonly completed in from 10 to 12 minutes, but in some casesas soon as
5 minutes. From the time of the sharp extension of the body to emergence as above was
rarely more than 2 minutes. These times relate to the female pupa.
The newly emerged mosquito is at first pale with strongly inflated abdomen. It is at
first somewhat incoordinate in its movements and weak. But after about 10 minutes it
can make short flights. Normally, however, it remains on the water. After about an hour it
is able to fly more or less normally and usually then leaves the water and settles on the
wool plug or netting at the top of the container or on the sides of this.
The question has been raised whether mosquitoes following upon emergence drink
water. Experiments in which the mosquitoes had emerged from pupae in water coloured
with fuchsin and had been left undisturbed until they left the water voluntarily appeared
to show that this was not a normal procedure following upon emergence, since in no case
were traces of colour ever found in any part of the alimentary canal. It is usual for mosquitoes that have died, or become moribund, on the water surface to distend the diverticula
with fluid. This, however, occurs at any age as an ante-mortem condition and has no special
relation to emergence.
Owing to its swollen abdomen the mosquito has much the appearance of one that has
fed or become gravid. But after a short time the abdomen takes on its usual appearance
in the unfed insect. A small quantity of faecal matter may be passedat this time and has
been termed meconium. It representssuch remains as there may be of the cast off and undigested gut epithelium of the larval stage.
As with the discardedskin of the larva at pupation that of the pupa after emergenceforms
important material for the systematist owing to the clearness with which the hairs and
other cuticular structures are displayed. Methods of preparing the pupal skin for examination have been given in chapter xv.
THE

MECHANISMS

INVOLVED

IN

EMERGENCE

Briefly the mechanisms employed in emergence are as follows. In the first place before
emergence begins the usual steps leading to ecdysis as already described have been in
operation, that is ecdysial fluid has been excreted, has dissolvedthe endocuticle of the pupal
cuticle and has been absorbed. In some insects, including some aquatic Nematocera,
absorption of the ecdysial fluid may in itself be a cause of entry of air under the cuticle
(Wigglesworth, 1942, p. 27). Brumpt does not consider that this is so in the mosquito since
the imago within the pupal cuticle is already dry before entry of air begins. It is still
possible that some degree of negative pressuredue to absorption of fluid might persist and
assistentry of air when an opening for this occurs. The fact remains that early in the act
air can be seenin some situations under the cuticle. Various views of the source of such air
have been held. Brumpt, who has given special attention to the question, points out that
the air of the large bubble held between the wings and legs of the pupa (that is the ventral
air space) lies outside the pupal cuticle and hence cannot be the source of air observed
under the cuticle. (This may require a little modification as will be seen later.) The swal393
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lowed air according to this author must come from that which enters under the pupal skin,
as suggestedby Eysell, at the time when the connections of the pupal trumpets are broken.
It will be remembered that leading from the basesof the respiratory trumpets on each side
is a length of dilated tracheal trunk leading to the position of the future mesothoracic
spiracle of the imago, and that this portion of trunk seemsto be entirely a pupal structure
and is cast off with the pupal skin. Consideration will show that at this time the connections
where these trunks are attached at the imaginal spiraclesmust be the only points at which
the included imago is still attached to the pupal skin, and there would seem to be no difficulty in these connections being torn through at the commencement of emergence as
appears to be the case. If they are so torn, air would certainly be able to enter under the
pupal cuticle, whether from the air in the tracheal trunks as considered by Eysell, or from
the external air via the respiratory trumpets as maintained by Brumpt. What does not
follow is that such air is necessarily at once available for swallowing. Air entering at the
bases of the respiratory trumpets would, to reach the mouth, require to pass through the
relatively narrow pupal neck, and though this passage-wayis not obvious externally it nonethe-less exists, even if only represented in membrane. The structure of the parts in such
questions requires to be borne in mind. Air, for example, could not be swallowed, as it
would be in the emerged mosquito, through the proboscis, since the mouth-parts that will
eventually constitute the channel for blood or air are at this stagein separate pupal sheaths
and could not unite to form a channel. The mouth, however, situated high up in the region
of the clypeus, is so available and if air were present in this region it could conceivably be
swallowed. Its entry might be facilitated by the tearing of the ventral head membrane by
dragging of the tentorial bars from their posterior attachments as previously described. It
cannot even be said with certainty that air could not be obtained from the ventral air space.
Though the presence of air in this space may appear as rounded bubbles, the space itself
has many ramifications (Fig. 48 (4), (5)) among the cemented parts, and if membranes are
torn air might well be made available in unlimited amount from this space. This spacetoo
is in direct communication with the outer air via the open first abdominal spiraclesand the
tracheal trunks. Even air in the abdomen is not necessarily derived from rupture at the
baseof the respiratory trumpets, sinceit might well escapefrom the tracheal trunks through
the open imaginal spiracles when these are freed from pupal tracheal lining. This might
explain the early appearance of air in the abdominal segments. That air is eventually
swallowed and is largely responsible for emergence of the imago is undoubted. There
remains the issue, however, whether at this early stage it is the swallowing of air which is
responsiblefor the split on the thorax and if so what exactly is the source of the swallowed
air. Marshall and Staley found no air in the diverticula or mid-gut at the time when the
pupa straightens out, that is a very short time before the split occurs.
Clearly the crest carries a special line of weakness in the cuticle as is evidenced by the
admission of air into cracks within or beneath the cuticle at the time the white streak
appears and often some time before the split follows. According to Brumpt the splitting
is initiated by a cluster of erect hairs, which at the first appearance of the split appear to
be in the median line of the imaginal notum, but which in reality, as is seen when the
imaginal thorax is fully expanded, are situated to the side of this, there being before the
thorax expands a sulcusbetween the hairs of the two sides. In Theobaldia and Culex the
hairs form a tuft. In Aedes aegypti they lie well back on the notum arranged in the sagittal
plane.
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Once the split on the thorax has appeared emergenceis rapidly completed, now mainly
the result of swallowing air which by causing the abdomen to swell gradually forces the
imago from the pupal skin. As pointed out by Brumpt it is the dorsal concavity of the
swollen imaginal abdomen pressed against the resistance offered by the back of the slit
(incidentally strengthened by the strong metathoracic bar) that causes the emerging
mosquito to adopt the vertical attitude characteristic of the later stages of emergence.
In the liberation of the mouth-parts and legs muscular action seemsto be the chief motive
force, the wings being passively lifted out of their sheaths, though they also lengthen,
presumably from blood pressure.
The distribution of the swallowed air has been especially investigated by Marshall and
Staley. In describing the swallowing of air during emergence Howard, Dyar and Knab
state that this air passesinto the diverticula. This, however, is not immediately the case.
In the freshly emerged insect what was found by Marshall and Staley was a large bubble in
the mid-gut and no air in the diverticula, as has also been confirmed by me on many
occasions. Only later is the air passed as small bubbles into the diverticula. Pupae dissected in the act of straightening out and with air beneath the pupal cuticle had no air
either in the diverticula or mid-gut. At a somewhat later stage small bubbles were present
in the oesophagusand mid-gut. Later still the mid-gut was swollen with a large elongate
bubble extending to the third and fourth and later to the fifth and sixth abdominal segments, but there was still no air in the diverticula. During the time following emergence,
however, air is gradually passedfrom the gut into the diverticula, which take on the characteristic appearance of these organs distended with numerous small air bubbles.
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(a) GENERAL

DESCRIPTION

SYSTEMATIC

Descriptions of the imago of Ai;des aegypti from the systematicpoint of view are numerous
(see ch. II). One of the most detailed of these, including all early published descriptions of
the speciesunder its different synonyms, is that by Howard, Dyar and Knab (19 12, 1917).
A more general account with much information is that by Howard (1913) under the title
‘The yellow fever mosquito ‘, republished in a later bulletin of the same series (1923). *
Illustrations are also numerous, but many, though accurate as regards markings, do not
well show the general aspect of the species. One of the most realistic and accurate in every
respectis the large-sizedlateral view of the female given by Soper, Wilson, Lima and Antunes
(1943). Other good figures are by Martini (1920), who gives lateral and dorsal views; by
Goeldi (1905) and by Edwards (1932, 1941), both authors giving figures in colour ; and by
Barraud (1934), who givesphotographs of the speciesand of related forms. Good figures
are also given by Neumann and Mayer (1914) in their Atlas of human parasites and their
vectors.
Recent synoptic tables giving identification characters are given by : Edwards (1941) and
Mattingly (1952) for African species;Barraud (1934) for Indian species; Bonne-Wepster
and Brug (1932) for Indonesian species;and Dyar (1928) for American species.
EXTERNAL

CHARACTERS

(Fig. 49 (I), (2))

In general appearance and body structure the imago of A. aegypti closely resemblesmany
other Culicine species,differing from these chiefly in ornamentation and scale structure.
Along with most other members of the genusACdes it differs from mosquitoes of the large
genus Culex in having the abdomen somewhat pointed and the eighth segment reduced in
size and largely retracted within the seventh, no pulvilli in connection with the tarsal claws
and the fore- and mid-claws in the female toothed.
The head is rather small, globular and largely occupied by the compound eyes, which
almost meet in both sexesabove and below. Springing in front from between these are the
antennae (an) moderately hairy in the female, plumose in the male. Below these are the
maxillary palps (mxp) long in the male, short in the female, usually referred to in systematic
works merely as the palps. Below the palps springing from the snout-like rostrum (ro) is
the characteristic proboscis (pb) containing the highly modified mouth-parts. The neck is
largely membranous but with strong lateral scleritesgiving it ample support and allowing
the head to be extended or retracted into the hollow of the prothorax. The thorax is
relatively very large, accommodating the enormously massivewing musclesand consistsof
* Seealsodescriptions
by Theobald(1901),Blanchard(1905),Martini (1920),Bonne-Wepsterand Brug (1932)
Barraud(1934),Edwards(1941).
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pro-, meso-andmetathoraxwith theirappendages.
Thesecomprisethe fore-,mid- andhindlegs, the wings and the halteres. The abdomen is composedof the largely unmodified
abdominalsegmentsI-VIII and the modified terminal segmentsforming the hypopygium
(HP) accordingto sex. All thesepartswill be describedin detail later. But beforeundertaking this considerabletask thereare certaincharactersof the specieswhichmay suitably
be first considered.
As is usual in mosquitoesthe male is distinguishedfrom the female by the plumose
antennaeand the longer and more developedpalps,which in the male are about as long
as the proboscis,whilst in the femalethey are only about one-quarteraslong. Though to
someextenthairy, the male palpsin AZdes aegypti are much lessconspicuously
so than in
the malesof most speciesof Culex, wherethey are commonlylonger than the proboscis
and heavily clothedwith hairs apically. Contrastedalso with the narrow pointed termination of the abdomenin the female carryingthe small lobosecerci is the conspicuous
male hypopygiumwith the large claw-like gonocoxites (claspers).The male also differs
from the female in having only rudimentarymandibles,no distinct and separatehypopharynx, narrower wings in proportion to their length and a more developedfringe
apically,larger tarsalclawsand a differentungualformula as noted later.
Of interestfrom the biologicalpoint of view is the markedand constantdifferencein the
sizeof the sexes,the femalebeingnearlytwicethe weightof the maleand muchmore bulky
and robust.The sexesdiffer alsoin many pointsof behaviour,in the absencein the male of
the blood-suckinghabit, in the speedof flight, in the note emittedin the hum and notably
in the normal lengthof life. In all data regardingthe imagoit is necessary
thereforeto give
separatevaluationsfor the sexes.The female being so much more important, however,
as a vector of diseaseand as an insectsuitablefor experimentalwork in the laboratory,
more attentionhasnaturallybeengivento its study. Usually,therefore,whereno reference
is made to the sex, an observationmay be taken to apply to the female,unlessfrom its
nature it may be assumedto apply to both sexes.
ORNAMENTATION

(Fig. 49 (1); 55 (1); 59 (4))

The generalcoloureffectof the normal form of A. aegypti, aswith many relatedspeciesof
AZdes, especially
in the subgenus
Stegomyia, isto the nakedeyedark, amounting,especially
in the darker varieties,almostto black ornamentedwith white. A good deal of variation
in this respectoccurs,though not usually so conspicuouslyin the ordinary laboratory
strains,and darker and paler forms are described(seeunder varieties,strainsand hybrids
in chapterII).
The dark colorationis due mainly to the scaling,but the cuticleof both the headand
thorax and to a large extent that of the legs and wings is dark (fuscous),that of the
abdomen in the female being, however,light-coloured,though in the male the last few
segmentsof the abdomenwith the claspershave the cuticledark-coloured.The cuticleof
the legsis dark wherethe scalesare dark and light at the white bands.Vividnessof the
markings,both dark and pale, is, however,due mainly to the scaling. Certain of the pale
markingsare silvery,gleamingwhite in somelights,duller and lessconspicuous
in others.
Thesesilverymarkingsoccupyfairly fixed positionsand are not usuallymuch subjectto
variation.They are characterised
in many casesby a peculiarform of scaledescribedlater.
Other areasof pale scaling,and especiallythe extentof yellow scaling,are more subjectto
variation and are not usuallyso vivid.
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Figure 49, Female and male imago of AL;des
aegypti.
1 Female to show ornamentation. See also Fig. 55 (I) (thorax) and Fig. 59 (4) (abdomen).
The female has fed some time previously and showspartially developedovaries @ale area
towardsterminal segments).Note also pale area basallydue to diverticulum.
2 Male to showmale charactersand generalimaginalparts.
Note the plumoseantennae,long palps, normal-sizedeighth abdominal segmentand male
hypopygium.
Lettering: Abd, abdomen;an, antenna;cx, coxae; femora; Hp, hypopygium; mxp, maxillary
palps;pb, proboscis;PI, pleura; ro, rostrum,* tb, tibia; ts, tarsus; W, wing.
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Silvery white patches are present on the tips and dorsal surface of the apical half of the
palps in the female. In the male there is a patch of white on the dorsal surface near the
base of the palps, a broad white band in the region of the pseudo-joint and patches of white
scalesat the basesof the two apical segmentsbeneath (Fig. 54 (4)). There are white scales
on the basal lobes of the antennae in both sexes,but especially marked in the female. In
the female two small patches of white scalesare present on the clypeus, a feature present
in only one other speciesof Stegomyia (A. vittatus). Sometimes a few white scalesare also
seen in the male. The proboscis is all dark.
The head is clothed with flat scalesforming a white median band on the dorsum extending
forwards between the eyes. On each side of this is an area of dark scalescovering most of
the dorsal surface of the head, but white scalesextend round the margin of the eyes to the
ventral surface and cover the lateral aspectsof the head except for a lateral dark band.
Brilliant silvery broad scales form conspicuous patches on the prothoracic lobes and
below these on each side are white markings forming a double V, one above the other,
formed by white scaleson the propleurae and on the front of the anterior coxae. On the
dorsal surface of the thorax are the characteristic ‘lyre-shaped’ markings (Fig. 55 (1)).
The most conspicuousparts of these are the two semilunar white areas on the ‘shoulders’
extending back for about half the length of the thorax where each ends in a thin line of
white or yellow scales passing back to the region of the lateral lobes of the scutellum.
Between these markings and close to the middle line are two fine lines starting at a small
white spot on the front of the scutum and passing back nearly to the scutellum where,
after fusing, they continue along each side of the small triangular bare space which lies
in front of the scutellum. Laterally on the scutum are patches of diffuse pale scaling
external to the crescenticmarks and a prominent white area further back above the wing
root. In addition an area’of flat white scaling on the paratergite is visible from the dorsal
aspect. The general surface of the scutum, especially in the lighter varieties, is covered with
diffusely scattered light yellowish scales. But the dark cuticle showing through may still
give a general dark effect. On each lobe of the scutellum are particularly striking patches of
silvery white scales,* which with those on the pleurae and sidesof the abdomen are largely
responsible for the striking silvery ornamentation of the species. The location of the
patches on the pleurae will be describedlater when the pleural scleriteshave been indicated.
Other similar patches are on the coxae. Besidesthe conspicuouspatches on the anterior
coxae already mentioned, there are two on the outer surface of the mid-coxa and one
larger area covers much of the outer surface of the hind-coxa (Fig. 49 (1)).
All the femora are dark on their upper surface, especially towards their apices, and have
pale knee spots. All are dully pale towards their base and for most of their anterior and
posterior surfaces. On the anterior surface of the middle femur there is a narrow brighter
white-scaledline not present on the other legs. The tibiae of all the legs are dark throughout.
On the fore- and mid-legs there are pale spots at the bases of the first and second tarsal
segments,usually on the upper aspect only. The hind tarsi have broad basal pale bands on
all the segments,the pale areas on the last two segmentsincluding most of the segment,
whilst some pale scaling may extend from the pale area at the base of the third segmentfor
some distance along the outer aspectof the segment. Sometimes the fifth segmentis almost
or entirely white (Fig. 49 (1)).
* As in nearly all Stegomyiuthere is a small dark spot at the apex of the mid-lobe of the scutellum(Mattingly
in lit.).
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With the exception of a minute pale spot near the base of the costa the wing veins are
entirely dark-scaled. The halteres are entirely pale.
The markings on the abdominal tergites and sternitesare liable to some variation, giving
rise to the different named varieties when such variation is very marked. The markings are
formed by white, pale or yellow scaling shown up on a black background of black scaling,
the cuticle being pale and entirely covered by the scaling. The white scaling gives rise to
basal bands on the tergites of segmentsII-VI and to silvery spotson the sidesof the tergites.
A small pale spot is present in the same situation on tergite VII which is otherwise usually
all black-scaled, though a small spot may be present in addition on the sternite. The
sternites are largely pale-scaled with dark scales laterally from segment III onwards,
increasing in extent to the ventral aspect of segment VII, which is usually all dark. Within
these lateral areas of dark scaling are silvery spots matching those on the tergites. Basal
banding is pale but not silvery and is rather diffuse. On each side of tergite I is a particularly
prominent white-scale patch. The sternite is pale throughout as is also usually sternite II.
These appearancesare best seen in the distended abdomen, that is in a gorged or gravid
specimen, the sternal lateral spots often being hidden in the unexpanded abdomen by
curling in of the tergites, so much so that in the dried specimeneven the lateral silvery spots
on the tergites may not be visible in dorsal view. The pleurae are not scaled and in the distended abdomen, being transparent, allow the organs and underlying silvery tracheal vessels
to be seen.
Ornamentation in the male is very similar to that of the female, except for the palps and
the termination of the abdomen. The eighth segmentis dark, the sternite (in dorsal position
due to rotation) having some conspicuouswhite scales,while the claspersare black.
SCALE

CHARACTERS

(Fig.50)

The scalesof mosquitoes are figured as a microscopic curiosity by Hogg as early as 1854
and more fully describedby this author in a later paper (Hogg, 1871). Hogg refers to Muller
and Delpino as previously describing them in a German periodical, but I have been unable
to trace this reference. Scale characters have been extensively used by Theobald in his
early classification of mosquitoes, and the genus Stegomyia was first separated on such
characters and it is still distinguishedas a subgenusof AL;desby the flat scaling of the head
and scutellum.
Scales arise from more or less regularly arranged pit-like depressionson the cuticle,
rather similar to, but smaller than, those from which hairs and spines arise. Each scale
consists of a stalk, pedicel, and an expanded flattened apical portion, squame, which is
invariably marked with striations. Those occurring in mosquitoes are for the most part to
be classifiedas (1) flat scales,(2) narrow curved scales,and (3) upright forked scales.Those
of A. aegypti can be mainly included under these heads.
Flat scales(Fig. 50 (l), (4)) are most commonly bat-shaped, but may be oval, orbicular or
triangular. Except in the special silvery flat scalesdescribedlater the striations are strongly
marked and parallel, following a straight course independently of the shape of the scale.
The striations are mostly spacedat about the same interval, usually about 2,~~whatever the
width of the scale. In the vestiture scaling of the legs and some other parts up to about
9 striations may be present, about 5 or 6 being common. In the broader flat scalesof the
head, abdomen, scutellum and pleurae up to 12-15 striations are usual. For the most part
26
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flat scalesare abruptly truncated, the cut acrossthe striations giving the terminal margin
a serrated appearance. Especially where the vestiture scalesare small they may be more
elongate-oval in shape (Fig. 50 (1) A). The pedicel of vestiture flat scalesis usually curved or
bent to allow the squame to lie parallel to the surface from which the scale arises. Such
scalesare spaced at such intervals as to overlap somewhat, the squamesforming a sheetlike layer with a space between it and the underlying cuticle. Flat scales may be dark,
giving rise to black ornamentation, or white. Dark scalesmounted in balsam retain their
colour ; white scalesbecome colourlessand transparent, and seenin situ in balsam preparations of parts are almost invisible except for the pedicels which then have the appearance
of microtrichae.
Many of the flat scalesgiving rise to the more brilliant white spots such as those on the
pleurae and scutellum and the lateral white spots on the abdomen are peculiar. These
scales are very broad and when mounted are even more transparent than usual. Their
striations are finer and branched, and when examined dry under a high power they show
characteristic dark interference banding (Fig. 50 (4)). Not only do they differ from the
ordinary white scalesin showing branching of the striations, but appear to have striations
on both surfacesas lines are seenobliquely crossingothers. It seemsto be clustersof these
scalesthat are responsible for the brilliancy of some of the silvery markings that give so
characteristic an ornamentation to the species.
Narrow curvedscales(Fig. 50 (2)) are crescenticin shape with longitudinal striations which
conform to the shape of the scale. The number of striations is usually five or six, but some
broader scalesoccur in some of the white markings. The scalesterminate in a sharp point,
and the pedicel is not bent but merges gradually into the squame so that an even crescent
is formed (Fig. 50 (2)). Narrow curved scales may be dark or light, but are commonly
cream or yellowish.
Upright forked scales(Fig. 50 (3)) are usually narrow and rather solid in appearance. They
expand gradually towards the tip and usually show a deep median cleft giving them a forked
appearance. They are practically restricted in distribution to the dorsum of the head.
Figure 50. Integumentarystructures.
Flat scales. A, ordinary vestiture scales. B, broader type from head, abdomen or other

situationsspeciallyornamented.
Narrow curved scales.
Upright forked scales.
Silvery ornamental scales. A, very large scales from pleural silvery patch, showing fine
striationswith branchingand crossing;B, the same showingbanding due to interference.
Transversesectionsof scales.A, ordinary flat scales;B, different types of ornamental scales;
c, upright forked scales.
Pleural and other membranes.A, sectionof pleural membraneof abdominalsegmentshowing
small plates of exocuticle bearing microtrichae. a, plates of exocuticle; b, endocuticle;
c, epidermis;B, platesas above showingstellate arrangementof microtrichae : abdominal
pleura; c, portion of abdominalpleura with platesas above usuallycarrying 4 microtrichae;
D, neck membraneshowingsinglestout microtrichaearisingfrom the membrane.
Portion of abdominal sclerite showing usual structures. a, hair-like microtrichae arising
direct from exocuticle;b, scales; c, spine-likehairs.
Nos. l-4 are on samescaleas shown.
For text regardingnos. 6 and 7 seesectionon the integumentin ch. XXXI(d).
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In A. aegypti the scalesof the proboscis, legs, head, pleurae, wings and abdomen are for
the most part flat scales,those forming the more conspicuouswhite spots such as those on
the thoracic pleurae and sidesof the abdomen and on the head and scutellum being usually
broader than the usual vestiture scales.The more vividly white and silvery spotsare largely
composed of very broad scalesof the peculiar type referred to which would appear to have
the effect of giving extra brilliance. Unlike other parts scaling on the mesonotum consists
mainly of narrow curved scales.The crescentsof the lyre are formed of broader scalesthan
usual of this type. The groundwork scalesof the mesonotum are not dark but yellow. As,
however, they are narrow and do not overlap, a good deal of the dark-coloured cuticle
shows through and gives a general darkish effect to the scutum as a whole. The only
situation where forked scalesoccur is forming a row some five or six deep on the occiput
behind the flat scaling covering most of the head. They show longitudinal striations in their
upper portion (Fig. 50 (3)). The scaling of the wings is in some degree special and will be
described later when dealing with these organs. Scaling of the male is not significantly
different to that of the female.
In structure the scales show considerable variation as seen in transverse section. The
ordinary flat scalesshow a thick lower layer from which even ridges extend. Sometimes a
delicate upper membrane can be made out, but usually the ridges are free (Fig. 50 (5) A).
Ridges are sometimes present on both surfaces and various other effects are seen (Fig. 50
(5) B). Scales from the white areas may show oval bodies embedded in the ridges giving
them a beaded appearance. Upright forked scales differ considerably from the other
scales.They show a hollow central cavity surrounded by thick walls with ridges (Fig. 50
(5) c). Many hairs on the head and in other situations are ridged very like the upright
forked scales.
There is a large literature on scales mostly relating to the wing scales of Lepidoptera
and concerned with colour effects. Short descriptions of scale structure in mosquitoes are
given by Imms (1938) and by Wigglesworth (1942). A paper by Onslow (1921) gives
sections of many kinds of butterfly scales,some of them resembling those depicted from
A. aegypti. Mayer (1897), referring to silvery-white scales, says that these must have
polished surfaces directed towards the observer, as by reflected light they appear merely
milk-white. This author also gives four or five pages of bibliography.
CHAETOTAXY

Little systematicimportance attachesto the chaetotaxy of the imaginal head. Such chaetae
as are present will be described later when dealing with the head capsule and mouth-parts.
The chaetotaxy of the thorax and especially of the pleural sclerites is, on the contrary,
important and has been made use of by Edwards (1932) in classification. But since their
description requires reference to the thoracic parts these also will be dealt with later when
these parts are being described. Little importance attaches to the chaetae of the limbs
or abdomen and these also will be given later.
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(b) ATTITUDE
ATTITUDE

AT REST (Figs.49, 51)

The resting attitude of the living insect varies somewhat with its condition, especially in
the female where gorging completely alters its whole appearance and stance. To a large
extent attitude is dependent on the body shape. It is this which gives to the insect the
h
‘ unch-back ’ appearance often ascribed to it. Any change in the stanceis, however, chiefly
due to varying positions taken by the joints of the legs. In the normal resting position the
three femora of each side are directed upwards and outwards at a slope of about 45” to the
vertical, the fore- and hind-femora each at about this angle to the longitudinal axis of the
body respectively forwards and backwards, the femur of the mid-leg being approximately
at right anglesto the body axis, though usually directed a little backward of this. In the foreand hind-legs the tibiae are held at an angle of about 60” to the femora and the tarsi at
about an angle of 120” to the tibiae so that they lie almost parallel to the surface rested
upon, though sloping slightly to the clawed tips, which on a vertical surface appear to be
the only parts in actual contact with the surface.
Support is normally given mainly, if not entirely, by the fore- and mid-legs, the hind-legs
being either held in the air, or if held touching the surface make little or no change in the
attitude when they are lifted. The tips of the fore-legs reach forward to points slightly in
front of the level of the tip of the proboscis and at some distance lateral to this, whilst the
tips of the mid-legs complete with these the points of a quadrilateral area somewhat wider
behind than in front. By this arrangement, and the fact that the legs at their basesarise
close together, what amounts to an adjustable tripod (or more correctly quadrupod) is
formed on which the body is slung. In such a position the fore-femora passup close to the
antero-lateral margin of the thorax and the tibiae viewed from the side crossthe line of the
proboscis (Fig. 49). The mid-femora in side view cross the line of the wing edge a short
distancefrom the base. The hind-femora with the legs raised are brought far forwards and
commonly near their origins cross the line of the mid-femora to lie internal and anterior
to these, the tibiae being raised above and held roughly parallel to the wing margins, whilst
the tarsi are directed upwards with a sweep and often waved about or moved up and down
by movement of the femora as though from a senseof well-being.
The body of the insect meanwhile is poised so that the tips of the coxae lie at a distance
of only about half the depth of the thorax from the supporting surface. The tip of the
abdomen, as likewise the tip of the proboscis, almost touch the supporting surface when
this is vertical or horizontal. When hanging from a horizontal surface the hinder end of the
body is usually further away. By narrowing the femoro-tibia1 angles, thus drawing the
tibia1 apices and tarsi inwards and so lowering the body, or widening the angle by
straightening the legs and raising the body, or tilting the body by changing position of the
legs, a considerable latitude in stancecan be brought about. Nevertheless, when resting on
an even surface the attitude of the unfed insect is nearly always that described. Change is
associated only with some form of activity, such as feeding or probing, ovipositing, etc.
Almost invariably on a vertical surface the insect restswith the head directed accurately
upwards, and if such surface be rotated so as to alter the line of the insect’s body, it will at
first make small adjustments to counteract this and, if the displacement continues, will
re-establish its correct orientation.
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In the normal insectthe wingswhenrestingare closedand lockedin positionin relation
to the thorax and more or lessin line with the abdomen,lying over but not touchingit.
When gorgedthe whole appearanceof the insectis changedby the relativelyenormous
distensionof the abdomenby the blood meal, the dark blood showingthroughthe transparent pleuralmembrane.The abdomenis alsoswollenwhen the insectis gravid, though
not to the sameextent.
Variousaspectsof theinsectasdepictedby sketches
from life areshownin figure51. Some
of thesehave beendrawn under the cameralucida, but others,for examplethe femalein
the act of ovipositing,have beensketchedas accuratelyas possiblewhilst observingthe
insect.
The male is muchmore slenderand lessrobust-lookingthan the female. But exceptthat
it tendsto restwith the abdomenmore raisedand the hypopygiumturned up, its position
at restis much as in the female.
MOVEMENT

Though both sexesare usually either flying or in one position at rest, they do at times
traversesmall distanceswith a rather awkward crab-like walk. The manner of walking
appears to be as describedfor most insects(see Imms, 1938; Wigglesworth,1942),
namelythat the middlelegof onesideis movedforwardssimultaneouslywith the fore- and
hind-leg of the oppositeside,the other legsmeanwhilesupportingthe body. A sideways
movementis alsocommonlyseen,the mid-legsbeingadvancedand a grip taken with the
claws,the other legsthen following.When proddingin searchfor a placeto puncture,the
insect’s attitude is alert, with the body well raised and movementsquick and nervous
(Fig. 51 (5)).
(c) BODY

SHAPE AND

PROPORTIONS

Curiouslyenoughvery few authors,exceptoccasionallyas a rough measurementin the
systematicdescription,have given any indicationasto measurements
of the specimensof
A. aegypti with whichthey havebeendealing. Peryassu(1908)giveslengthas3*5-5-Omm.
for the femaleand 30-4*5 for themale. BonneandBonne-Wepster(1925)giveabout4 mm.
for the male and female. The last-mentionedauthors also give as wing measurements
3.5 mm. for the femaleand 3-Ofor the male. Suchapproximationsare, however,of little
valuein comparingfor examplethe effectof variousconditionson sizeof the adult, and
somemore criticalform of measurementfor recordingsizeis very desirable.
It is not easyin an insectshapedlike a culicinemosquitoto find a good measurement
for body length,and beforediscussing
what is the mostdesirablecriterionfor sizeand what
Figure51. Attitude.
Female resting. Dorsal view.
The same.Viewed from in front.
Unfed female, resting. Lateral view.
Recently gorgedfemale. Note the distendedabdomenwith white lines of stretchedtracheae
over the dark area of ingestedblood and the pushingof the pale viscera(Malpighian tubules
and hind-gut) into the sixth and seventhabdominal segments.
Alert female intent on feeding.
Female ovipositingon upright filter paper slip. Note the curiouslymobile abdomen. An egg
will shortly appear extrudedat the tip and will be depositedon the paper.
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linear measurements are satisfactory and significant, consideration must be given to the
shapeand bodily proportions of the insect as a whole. In Table 25 certain measurementsof
body parts are given. A word may be said on the method adopted in taking those measurements relating to the proportions of the whole body. One very noticeable feature of the
insect is that, apart from the moveable legs, the body as a whole including the head and
proboscis has a certain rigidity. Nor are the parts liable to change greatly except the
abdomen, which is of different dimensions at emergence, in the gorged and gravid female
and to a less extent with age and starvation. Advantage has been taken of these facts in
making certain measurements.
Table 25. Measurementsin mm. of body parts of normal-sized
Jifth-day unfedfemale Aedes aegypti
Mean

Approximate
range

Body proportions
Base line (tip of proboscisto tip of abdomen)
Perpendicular(top of thorax to base line)
Tip of coxae to base line
Tip of proboscisto scalepatch
Scale patch to tip of abdomen

6.57
2.59
0.79
3.48
3.71

6.45-6.67
2.32-2.75
0.54-0.94
3.33-3.55
3.48-4.06

Head and proboscis
Tip of proboscisto clypeus
Tip of proboscisto occiput
Width of head

2.13
2.78
O-78

2*10-2.17
2.68-2.90
o-75-0.80

Thorax
Anterior promontory to posterior border of scutellum
Base of neck to base of abdomen
Dorsum to coxae (on perpendicularline)
Breadth at scutal angles
Breadth at prealar prominence
Breadth at wing roots
Width of scutellum

1.49
1.09
1.81
1.02
1.18
1.14
0.74

1.46-1.52
1.78-1.81
1X@-1.04
1~12-1.20
1.10-1.16
0*70-0+30

Abdomen
Base to tip
Greatest width

3.26
0.78

3.12-3.48
-

Wings
Length (excludingfringe)
Greatest breadth (excludingfringe)

3.41
0.86

3.26-3.77
0.82-0.90

2.07
2.15
2.18
2.05
2.25
2.33
6.54
7.03
8.56

l-88-2.17
1.96-2.25
2.03-2.25
1.81-2.17
2.10-2.32
2.06-2.46
5.94-6.88
660-7.32
8.00-8.77

Measurement

J-egs
Femur.

Fore
Mid
Hind
Tibia.
Fore
Mid
Hind
Tarsus. Fore (l-12; 0.57; O-33; O-21; O-22)
Mid (l-21; O-65; 040; 0.22; O-22)
Hind (l-39; l-04; O-85;0.51; O-36)

In a carefully chloroformed insect all three legs of one side are snipped off near the base
with a sharp scissorsand the insect allowed to lie on that side on a slide. A tiny strip of
paper slipped under the remaining legs and made to touch the tip of the proboscis and the
tip of the abdomen then gives a convenient base line which can be measured, along with
other proportions, by means of an ocular micrometer scale or camera lucida. Measurements have in all cases been made on females taken at random from routine standard
cultures on the fifth day from emergencewith accessto water but no food.
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If, with the insect viewed in profile as described above, a perpendicular be dropped from
the highest point of the dorsum of the thorax on to the above-mentioned base line, it will
pass through a particularly prominent patch of white scales on the sternopleuron and
continuing on will passthrough or near to the tip of the anterior coxa enabling the distance
from the base of the legs to the base line to be measured. Using the scalepatch referred
to, a measurement can also be made from the tip of the proboscis to this spot and from the
spot to the tip of the abdomen. The second measurement divided by the first will give an
index or ratio indicating degree of abdominal lengthening. Thus in the unfed insect the
two measurementsare approximately equal, giving an index near 1. Immediately after
gorging, the index is 156. Also the angle formed by the two lines to fix the bodily configuration of the insect can be determined. The angle is about 120”. The following are
remarks on the measurementsof the different proportions and parts.

BODY

LENGTH

measurement given is that along a baseline as describedabove. It is the samemeasurement as would be made between the same two points looking down on the insect. It is not
a satisfactory measurementfor general use in recording size owing to the hunch-back shape
of the insect, its liability to change as the insect dries and it is very dependent on the condition of the abdomen. It is useful, however, for working out the body shapeand proportions.
The

HEAD

AND

PROBOSCIS

The proboscis measured from the tip of the labella to the sulcus separating it from the
clypeus dorsally is about 2-Omm., which is therefore about the maximum possible thickness of woven fabric which the insect could penetrate (Christophers, 1947). The head and
proboscis taken together measure about 3-Omm.

THE

THORAX

The thorax is in general shape an inverted pyramid with the base (mesonotum) rounded off,
the closely approximated coxae forming the apex. The two pleurae with the anterior and
posterior surfaces of the thorax, all of which are roughly flat, form the four sides. The
wings spring from points about one-sixth of the length of the thorax from its posterior end.
The legs all rise close together round a point midway between the two mid-coxae, the site
of selection for the pin point when mounting a mosquito. Some measurements of the
thorax are given in the table.
THE

WINGS

The length of the wing has been taken from the base of the costa where this has a pale spot
and makes a sharp bend or knuckle at the wing root, to the tip of the wing at the wing
margin, that is excluding the fringe, for which 4-5 per cent of the wing length can be
allowed if desired. The mean length of the female wing is 35 mm. and for the male 25 mm.
The male wing is also narrower in proportion than that of the female, the ratio of length to
width being about 4 to 1 in the female and 4.3 to 1 in the male.
The wing length appearsto be the simplestand most reliable measurefor size of mosquito
in experimental work. As shown later it is roughly correlated with weight, but unlike weight
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is not liable to vary with the condition of the insect. It does not alter appreciably with
drying or mounting in balsam in which statesit can be kept very conveniently for record.
The wing is most readily detached using a dry specimen. If to be mounted in balsam it
should be dropped in the first place into xylol and pipetted on to the slide, as otherwise a
troublesome air bubble is apt to form. It will also prevent detachment of scales.
The area of the wing has some importance in relation to studies on flight. It has been
given by Sotavalta (1947) and others for some species of mosquito, and by Sotavalta
(1952) for A. aegypti, the area for two wings male and female being 2.4 and 5-O mm,2
Data obtained by the present author for dimensions of the wing are given in Table 26.
Table 26. Length, breadth and area of the wing*

Sex
Female
Female
Female
Male
Male
Male

Normal forms
Largeforms?
7
m
Mean
Measurement
No. obs.
No. obs.
Mean
Lengthmm.
42
3.50
14
3.85
Breadthmm.
19
0.88
2.28
Area mm.2
6
Lengthmm.
34
2.55
Breadthmm.
33
0.59
2
Area mm.2
0.98
* Exclusiveof fringe.
t Bredat 17”C.

Starvationforms
A
I
,
No. obs.
Mean
10
2.52
10
0.58
10
0.90
6
2.22
6
0.42
6
0.71

THE LEGS

The femora are all almost equal in length, increasingonly very slightly in length from before
backwards, but especially so for the hind-legs. The same applies to the tibiae, which are
about the same length as the femora. The tarsi of the mid-legs are only slightly longer than
those of the fore-legs, but in the hind-legs the tarsi are about half as long again, the increase
being chiefly in the third and fourth segments.
THE ABDOMEN

The abdomen in the unfed female some days from emergence is about the same length as
the wings which just reach to about the level of the cerci. At emergence the abdomen is
to some extent distended owing to the large air bubble in the mid-gut, and probably also
to the presence of more fluid and reservesthan later. The abdomen is also distended and
lengthened after feeding and as a result of enlargement of the ovaries, under which conditions it extends to a greater or lesserdegree beyond the tips of the wings when these are in
the folded position.
(d) WEIGHT
WEIGHT

OF IMAGO

UNDER

DIFFERENT

CONDITIONS

(Tables 27, 28 and 29)

The only author giving data regarding the weight of A. aegypti imago under different
conditions appears to be Roy (1936) in connection with the role of blood in ovulation in
this species. He gives the following results for the weight of the 3-day-old female mosquito
based on a total of 137 mosquitoes weighed. Maximum 2.32 mg., average 1.32 mg.,
minimum 0.86 mg. As noted by Roy, the weight of the unfed female undergoes considerable diminution in the course of the first 2 days.

WEIGHT

Table 27. Reductionin weightof adultAides aegyptifollowinguponemergence
Culture of 15. viii. 46
Culture of 7. v. 48
(females)
(females)
_P_
Mean
Mean
weight
No. of
weight
No. of
mosquitoes (mg.)
mosquitoes (mg.)
24
3.04
12
8
2.91
3.16
57
2.31
53
2.98
108
2.52
31
2.29
104
190
2.14
2.34

Time from
emergence
o-4 hours
O-24 hours
19-24 hours
Second day
Fourth day
Fifth day

Culture of 7. v. 48
(males)
Mean
No. of
weight
mosquitoes (mg.)
28
1.67
24
1.65
28
1.41
60
1.27
79
1.18
91
1.14

Table 28. Weightand winglengthfrequency
Weight
(mg.)

Wing
length
(mm.)

Culture A*
1.67
1.74
1.76
1.84
1.86
1.89 (2)
1.90
1.90
1.92
1.93 (2)
1.95
1.97
1.97
1.98

3.19
3.15
3.08
3.12
3.26
3.19 (2)
3.19
3.26
3.19
-

E(2)
2.01
2.02
2.02
2.03
2.03
2.04
2.05
2.06
2.06 (2)
2.07 .
2.08
2.08
2.09
2.09
2.10
2.12
2.13
2.13
2.13
2.15
2.15
2.15
2.16
2.16
2.16 (2)
2.16
2.17
2.17
2.18
2*19(2)
2.20
2.21

3.41
3;6
3.33
3.26
3;7
3.33
3.26
3.26
3;9
3%
3.22
3.41
3.26
3.33
3.26
3.36
3.41 (2)
3.37
-

Weight
(mg.)
2.23
2.24
2.26
2.26 (2)
2.28
2.29
2.31
2.32
2.32
2.33
2.34

Wing
length
(mm.)
3.48
3.48
3.29
3.44
3.29
3.48
-

Culture B*
1.99
2.12
2.20
2.24
2.25
2.25
2.29
2.30
2.30
2.31
2.31
2.33
2.34
2.36
2.46
2.47
2.48
2.50
2.51
2.52
2.54
2.56
2.57
2.59
2.60

(2)
(4)
(2)

(2)
(2)

3.33
3.33
3.36
3.41
3.19
3.36
3.36
3.33
3 *22
-

Wing
length
(mm.)
3.33
3.48
3.41
3.41
3.48
3.41
3.41
3.36
3.48
3.48
3.41
3.51 (2)
3.41
3.51
3 -44
3.48
3.44
3.33
3.41
3.48
3.51
3.41
3.55 (2)
3.58
3.51
344
3.48
3.48
3.48
3.51
3.55
3.48
3.55
3.48
3.58
3.77
3.66

Culture D*

Culture C*
2.14
2.20
2.24
2.32
2.32
2.32
2.36
2.39
2.40

Weight
(mg.)
2.41
2.42
244
2.45
2.46
2.49
2.50
2.50
2.51
2.52
2.53
2.54 (2)
2.55
2.60
2.61
2.61
2.63
2.65
2.65
2.65
2.66
2.67
2.67 (2)
2.68
2.70
2.71
2.72
2.73
2.75
2.75
2.75
2.78
2.79
2.85
2.90
2.91
2.95

3.36
3.33
3.36
3.33
3.36
3.41
3.44
3.29
3.41

1.13
1.22
1.29
1.59
1.65
1.68
1.75
1.76
1.82
1.97

* For particulars

2.90
2.75
2.93
3.19
3.04
3.15
3.12
3.12
3.26
3.33

Weight
(mg.)
1.98
2.05
2.07
2.09
2.14
2.15
2.15
2.17
2.19
2.20
2.20
2.22
2.23
2.24
2.25
2.29
2.29
2.31
2.32
2.35
2-37
2.39
2.41
2.41
2.43
2.46
2.48
2.48
2.50
2.57
2.60
2.60
2.60
2.63
2.77
2.78
2.81
2.85
2.89
-

of cultures see Table 29.
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Wing
length
(mm.)
3.26
3.33
3.33
3.33
3.26
3.22
3.33
3.26
3.33
3.33
3.48
3.29
344
3.26
3.29
3.41
3.41
3.33
3.29
3.37
3.37
3.33
3.37
3.33
3.48
3.44
3.55
3.62
3.51
3.33
344
3.51
3.48
3.48
3.26
3.55
3.55
3.58
3.19
3.22
3.26
3.29
3.33
3.37
3.41
3 -44
3.48
3.51

Weight
(mg.)

Wing
length
(mm.)

Culture G*
2.26
2.41
2.49
2.49
2.63
2.75
2.87
2.88
2.91
2.93
2.97
3.14
3.40
3.44

3.70
3.77
3.62
3.70
3.84
3.84
3.91
3.84
3.99
3.84
3.88
4.13
3.99
3.91

Culture F*
(Males)
0.91
1.09
1.13 (2)
1.14
1.17
1.18
1.25
1.26
1.26
1.27
1.28
1.30
1.40
1.53

2.46
2.54
2.54 (2)
2.57
2.68
2.57
2.50
2.54
2.64
2.68
2.54
2.54
2.75
2.68

Culture H.
Starvation
forms*
(Females)

(5)
(2)

0.97
1.06
1.43
1.49
1.59
1.61

2.75
2.68
2.86
2.86
2.83

(5)
(Males)
(2)
(2)

0.74
1.11

2.12
2.35
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In Table 27 is given the weight of female and male A. aegypti mosquitoes kept at 70 per
cent relative humidity without food but with accessto water. It will be seenthat the mean
weight of the female in these series has become reduced by the third day from about
3-Omg., shortly after emergence, to 2.5 mg., and by the fourth day to about 2.3 mg. The
male weight has also decreased, there being a steady reduction from 1.6 mg. to under
1.2 mg. Hereafter there appears to be little further loss of weight up to, in the female, the
tenth day when as a rule considerable mortality has occurred.
Table 29. Index to cultures

Culture
A
B
C
D
G
F
H

Date
10. v. 48
12. v. 48
2. vi. 48
10. vi. 48
23. i. 48
16. vi. 48
-

Temperature
(” C.)
28
28
28
28
17
28
25

Description
A rather poor culture (females)
A good normal culture (females)
A good normal culture (females)
Some overcrowding (females)
Fine specimens(females)
A good normal culture (males)
Starvation forms
Females
Males

Mean
weight
(mg.)
2.08
2.40
2.57
2.22
2.83
1.22

Mean
wing
length
(mm.)
3.30
3.32
3.46
3.33
3.85
2.58

Index
0.63
0.72
0.74
O-67
0.74
0.47

1.36
0.92

2.80
2.23

0.49
0.41

Apart from variation in weight due to difference in age there is considerable difference
in weight depending upon the cultural conditions under which the adults have been reared
(Fig. 52 (2)). In Table 28 are given the results of weighing adult A. aegypti reared under
different conditions, including some routine standard cultures. The mean weight for the
four routine cultures (195 females weighing 446.77 mg.) is 2.29 mg. The heaviest female in
the serieswas 2.95 mg. and the smallest starvation form weighed 0.97 mg. In the culture
of 10. vi. 48, a somewhat overcrowded and rather poor culture, the smallestfemale weighed
l-13 mg. Otherwise the smallest form in normal culture weighed 1.67 mg. The usual run
of females under normal cultural conditions (for which culture of 2. vi. 48 is a fair example)
range between 2-Oand 2.6 mm. All the figures relate to 5-day-old mosquitoes given access
to water but without food. The weight of the male is only about half that of the female. In
starvation forms, though the difference in size of the two sexesis much less, the female is
still recognisedly slightly heavier than the male.

(e) CORRELATION

OF WING

LENGTH

AND

WEIGHT

For recording the size of mosquitoes experience would suggestsome linear measurement
or weight. Whilst weight might be regarded as the final arbiter of size, it has to be remembered that it will differ greatly following upon feeding or in the gravid condition, and
that it is liable to smaller changesas a result of age or other possiblecircumstancessuch as
the taking in of water where this is provided in the cage. Nevertheless,weight, if taken under
suitably specifiedconditions, is clearly a most desirable index, and if there is a close correlation with weight under given conditions and some easily taken linear measurement it
would be useful to know this. Body length, as already noted, is unsatisfactory. If, therefore,
a linear measurement is to be used that of the wing length would appear to be the most
suitable for the purpose, since it is a relatively large part of the mosquito, is subject to little
or no change and is easily measured.
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AND

WEIGHT

In Fig. 52 (1) is shown the result of plotting wing measurementsagainst weight, as great
a variety as possible in size of mosquito being made use of from the largest forms available to the smallest starvation forms. To obtain the necessarymaterial, cagesof adults on
the fifth day from emergence were selected and the mosquitoes removed and weighed
individually until all, or nearly all, in the cage had been dealt with. After weighing, each
mosquito was put away in a numbered small tube until it was convenient to take the wing
measurement. The results are given in detail in Tables 28 and 29, the latter table giving a
brief description of the cultures.
It is evident from the plottings (Fig. 52 (1)) that a fairly high correlation exists and that
a curve can be drawn about which the plottings are fairly evenly distributed. On general
principles it was thought that the most likely relation of wing length to weight would be
that between the linear measurement of the wing and the cube root of the weight, weight
being largely equivalent to the third dimensional character of volume. Trial was therefore
made on the basis of the formula :
L=kvW+a,
where L is the wing length in mm., W weight in mg. and k and a constants.The curve given
in the graph is one using this formula with k = 2.54. It appeared unnecessaryto consider
the constant a which for all practical purposes could be written off as equal to 0. It is
reasonable,therefore, to believe that the wing measurementand weight under the conditions
noted are related in a simple manner and that as a gauge of size wing measurement is a
very suitable and practical index.
Marked by crosses,plottings for a small number of males are included in the graph.
These lie a little off the female curve, as is to be expected, since the male wing does not in
its characters entirely conform to that of the female.
The graph gives some evidence, however, that relations of size and weight may be more
complex than at first sight might appear. The plottings for Culture G (low temperature
rearing) appear to suggesta curve more to the right than that relating to the speciesbred
at 28” C. These very large specimensin fact require a curve with a higher value of k, for
example k= 267. Similarly, males should be best represented by a lower value.
Apart from weight, volume or other measurement is the somewhat indeterminate conception of size. But though lacking any preciseform by which it can be expressedsize often
lies at the back of what it is desired to expressby giving weight, length or other measurement. A. aegypti is being used in various experimental investigations and especially in the
testing of aerosols and other products where precise results are required. For this purpose
standardisation is essential, not only of the conditions of tests employed, but of the
mosquitoes used in the tests. If the technique of rearing is faulty, that is does not provide
conditions to produce the speciesin a satisfactory and standardisedstate, the most obvious
evidence of this is reduced size of the mosquitoes reared. Of the criteria of size two have
here been considered, namely weight and wing length. In Table 29 the ratios of weight to
wing length for a number of cultures are set out in the column headed ‘Index’. This has
varied from about 0.63 to 0.74 for females, low if the culture is poor, higher if the culture is
good. Such a relation does not appear to be accidental. It is evident that if the relation of
wing length to weight is as assumedin the equation, namely that of a linear to a threedimensional value, then such relation will ensure, as a physical necessity,other things being
equal, that the lower the index the smaller the mosquito. Hence the ‘index’ given above
may also be an indicator of size that might be useful on occasion.
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Figure 52. Graphs of size and weight.
Graph showingplottingsof weightagainstwing length.The unbrokenline is drawn at k = 254.
The broken line curvesare for k= l-89 and k= 2.67 respectivelyand relate to starvationforms
(crosses)and specimensbred at low temperature(circles). For nature of k see text.
Frequencydistributioncurvesfor weight,The unbrokenline is for the weightsof 195 females
from the four culturesA-D. The broken lines are for the culturesA, c, and D separately. For
detailsof the culturesseeTables 28 and 29 and text.
Frequencydistribution curve for wing lengthsof 161 femalesof the four culturesA-D. For
measurementsseeTable 28.
Note. All observationsrelate to females,exceptwhere malesare indicated.
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The frequency curve for weight of females from a single culture is usually fairly symmetrical as shown in Fig. 52 (2). With massed cultures, where the means for the different
cultures may vary, the resulting curve is liable to be more drawn out and irregular. With
wing length the frequency curve is asymmetrical, there being a more abrupt fall in size with
the larger forms than at the small end of the curve (Fig. 52 (3)).

(f)

OTHER

PHYSICAL

DATA

RELATING

TO THE

IMAGO

Whilst volume and specific gravity do not suggestthemselves as of much importance in
relation to the adult mosquito, there are some points not without interest.

VOLUME

Volume was ascertainedby observing the rise of the meniscusin a small test-tube by means
of the binocular microscope arranged horizontally as for determining the volume of the
larva and pupa, but using butyl alcohol to ensurewetting and to minimise effect of evaporation. Five 5-day females with a mean weight of 2.30 mg. gave a mean value of 2.50 rnrn3,
which would indicate a specific gravity of 2*30/2*50 or 0.920.

SPECIFIC

GRAVITY

The specific gravity was also ascertained directly by submerging carefully chloroformed
adults in different strengthsof alcohol of which the specificgravity was determined. It was
found necessary to dip the insect momentarily into 80 per cent alcohol first to ensure
wetting and freedom from bubbles. By moving the mosquito up and down several times
while held in a forceps and leaving it in the middle of the tube to rise or sink as the case
might be, reasonably reliable readings were possible. Newly emerged females rose in all
dilutions, even slightly in absolute alcohol (sp. gr. 0.780). This was evidently due to the
presenceof the large air bubble in the mid-gut as describedunder emergence. Seven-day-old
females showed considerable variation, being in equilibrium (that is neither rising nor
sinking) in the case of different individuals in dilutions ranging from 10 to 60 per cent
(sp. gr. 0.985-0*900). Seven-day-old males were much lighter and gave more uniform
results. The following gives the number of mosquitoes just sinking at the specific gravity
given, a mosquito rising in 10 per cent and sinking in 20, for example, being given under
sp. gr. 20.
Percentage
of alcohol

Specific
gravity

Females

Males

20
30
40
50
60
70

0.960
0.955
0.940
0.920
0.900
0.870

2
2
4
5
1
-

5

When rising in the fluid females tended to rise evenly right away up (as in flying position).
Even if disturbed they regained this position. When in fluid of such specific gravity that
they sank, they sank upside down. This rather suggeststhat in flight it is important, as in
the larva, that the body should balance correctly.
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DRY WEIGHT
A number of authors (notably Buxton, 1932, 1935; Theodor, 1936; Hochrainer, 1942)
have dealt with the percentage of weight due to water in insects. Buxton found that this
might range from under 50 to over 90. Hochrainer gives the range as from 55 to 85. The
amount is to a considerable extent related to the fat present, water content being greater
as that of fat is less. Buxton (1935), in hibernating Culex pipiens females, found that from
October to March as during hibernation fat decreased from 27.9 to 6-3 per cent, water
increased from 54 to 64.9 per cent. The following results show the percentage of water as
shown by dry weight of A. aegypti adults on the fifth and sixth days from emergence kept
at 25” C. and 70 per cent relative humidity with accessto water but no food.
Original
weight
(g-1

Dry
weight
(g.)

Percentage of
water

Fifth day
40 females
21 males

0.0922
0.0235

0.0278
0*0066

69.8
71.9

Sixth day
136 females
150 males

0.2930
O-1546

O-0981
O-0458

66.5
70.4

Hibernation has not been described in A. aegypti. The susceptibility of the speciesto
mortality where kept at higher temperatures without accessto water has already been noted.
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(a) THE
GENERAL

IMAGO:

HEAD

DESCRIPTION

CAPSULE
(Figs.53,54)

For accounts of the head capsule in insects in general see Comstock (1920) ; Crampton
(1921);Snodgrass(l935,1943,1953). Foraverycompletestudyoftheheadcapsuleinalarge
number of Dipteran types, including the mosquito Psorophora and a standardisednomenclature of parts seePetersen (19 16). A very complete account of the head capsule and its
appendages in the mosquito is that by Robinson (1939) on these parts in Anopheles.
Another recent helpful paper is that by Jobling (1928) on the head capsule of Cukoides,
which has many resemblancesto that of the mosquito; see also Christophers, Shortt and
Barraud (1926) on the head and mouth-parts of Phlebotomus.
The homologies of the mosquito head capsule have been studied mainly from the
comparative point of view; but consideration may also be given to ontological evidence,
namely to the changesin passagefrom the larva, where in many respectsthe nature of the
parts is more evident, to the imago. These changeslargely take place in the prepupa and
are made further evident in the pupa. Besidesextrusion of the antenna1 and mouth-part
rudiments there are changes in the head capsule itself. These are largely accounted for by
Figure 53. The head capsule.
Dorsal view of head.
Ventral view of head.
Lateral view of head. a, extensionfrom region of the anterior openingof the tentorium to
mandible.
Lateral view of clypeal apodemeand furcal plate. a, clypeal fossa; b, point of attachment
of clypeo-labral muscles;c, joint-like break in wall of clypeus; d, dorsal labral sclerite;
e, ventral wall of labrum and roof of blood channel;f, blood channel.
Enlargedview of left half of frontal area showingthe pediceldisplacedto display the scape
and its attachments.a, articulatingpointsof scapewith pedicel;b, articulatingpointsof scape
with the head capsule.
Showingapical portion of clypeuseverted and relation to the clypeal apodemes.
Tentorial bar of male imago. a, posteriormore tubular portion; b, anterior balloonedportion.
Lettering: apn, anteriorpronotal lobe; BP, bucco-pharynx; CL, clypeus; CLa, clypealapodeme;
CLa’, everted CLa; csc, cervical sclerite;E, compound eye; E’, ocular sclerite; eps, epicranial
suture;fp, furcal plate;fsc, socketsof forked scales;hp, hypopharynx; is, inter-antenna1suture;
L, labium ; L’, labial area; Lr, labrum; md, mandible; mxa, maxillary apodeme; mxp’, base of
maxillary palp; Oc, occiput; Oc’, paraocciput; oc’, paired ocellus; of, occipital foramen; oh,
orbital hairs; P’, post-pharynx;pas, pre-antenna1suture;pd, pedicel; pfs, post-frontal suture;
pge, postgena ; sea, scape; sd, salivaryduct; sd, salivarypump; slh, sublabialhairs; soh, suborbital
hairs; T, tentorium; T’, anterior openingof tentorium (position of); V, vertex.
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the great reduction, almost amounting to collapse and disappearance, of those portions of
the larval head that have been adapted to meet the method of feeding in the larval stage,
namely the great expanse of the labral and clypeal regions necessaryto accommodate the
relatively enormous pharynx and the elaborate feeding brush mechanism. By this collapse
the whole of the front portion of the larval head, amounting to perhaps two-thirds of the
head, is reduced in the imago to the relatively insignificant clypeus. Further the reduction of the median parts of the head capsule has brought inwards, nearly to the median
line, the antenna1prominences with their contained antenna1baserudiments and with these
the genal areas of the head bearing the large compound eyes. Also through the shift of the
parts due to these changes the anterior openings of the tentorium are brought from the
ventral position as in the larva to the dorsal aspect,that is in the natural position of the head,
to the anterior aspectof the head. Also the shrinkage of the median parts and the increase
in the area of the compound eyes at the expenseof the genal areas results in the genal areas
in the imago being restricted to the relatively small tracts named by Petersenthe postgenae.
With these general considerations a brief description of the head capsule in Agdes
aegypti may be given. In both sexes the head is noticeably globular, the anterior half
being largely occupied by the large convex kidney-shaped compound eyes (E), whilst the
posterior half is formed mainly of the rounded occiput (0~) and, ventrally, of the postgenae
(pge). Between the compound eyes, one on each side of the middle line, are the antennae
(Fig. 54 A, B), plumose in the male, less conspicuouslyhairy in the female, with their large
conspicuous globular basal second segments(pd). Below these in the middle line there
projects a snout-like prolongation of the head sometimes termed the rostrum (Fig. 49
(2) ro), its dorsal portion formed by the characteristic convexfronto-clypeus, or as it will
here be designated clypeus (CL). Extending forwards from below the clypeus is the
cylindrical proboscis (Fig. 54 (2)), with on each side the maxillary palps, usually referred
to in systematic works on the mosquito as the palps, short in the female, as long as the
proboscis in the male (Fig. 54 (3), (4)).
Posterior to the occiput is the large occipital foramen (of) and passingforwards from the
upper margin of this in the median line is a deep median suture, partly apodematous but
becoming shallower anteriorly, which is considered by Petersen to be the epicranial suture
(eps), also termed the coronal suture (Robinson). Anteriorly the occiput extends forwards
between the eyes as a narrow strip-like area, the vertex (V), which ends anteriorly at a
short V-shaped line of thickening called by Robinson the prefrontal suture (pfi), and which
at this point links together the marginal framework of the two compound eyes. Still
further forwards is an area lying between the hollowed-out anterior margins of the two
compound eyes and from which the antennae take origin. This is traversed in the median
line by a strong suture, the nature of which is discussedlater, but which Robinson very
suitably terms the interantennal suture (is). Just distal to the postfrontal suture are two
small circular areas, one on each side of the median suture, that are strongly suggestiveof,
and have all the appearance of, degenerate ocelli, including a lens-like thickening of the
cuticle (Fig. 53 (1) oc’; 56 (10)). Whether these are, as they appear to be, the dorsal ocelli
commonly present in this situation or not is still a matter of discussion: seeunder ‘ Special
senseorgans’, p. 648 and under ‘ Propulsatory organs’, p. 619.
After extending to a level a little anterior to the basesof the antennae the interantennal
suture bifurcates, the branches (pas) passingto the anterior openings of the tentorial bars
(Fig. 53 T’), that is to the lateral anglesof the area now being considered,which, for reasons
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given later, will be termed the frontal area. According to Petersen these branches as seen
in Psorophora are the arms of the epicranial suture (frontal suture of Snodgrass).This view
is that accepted by most recent authors, but, for reasons given later, it is open to some
doubt and the name pre-antennal sutures (pas) will provisionally be used for them, being
less committal as to their nature*
There still remain to be considered the posterior and ventral aspectsof the head and the
intra-capsular structures. Posteriorly and ventrally a considerable extent of the head
capsule is occupied by the large occipital foramen. On its upper margin on each side of
the middle line is a thickening carrying a projection (0~‘) which articulates with the
anterior arm of the neck sclerite and which Petersen terms paraocciput. Ventrally on the
margins of the occipital foramen are thickenings where the posterior arms of the tentorium
are attached and internal to these the attachment of the maxillary apodemes, as described
later. Lateral to the foramen the occiput mergeswithout break on each sideinto the smooth
cheek-like areas termed by Petersen the postgenae (pge), again a term that will be open to
some discussionlater. The postgenaeare continued without break on to the ventral aspect
of the head and may be regarded as extending forwards between the lower margins of the
compound eyesto the under surfaceof the rostrum. In Psorophora Petersennotesthe presence
of a median depressionpassingfrom the ventral margin of the occipital foramen in the median
line to the base of the proboscis where this takes origin from the rostrum. An indication
of such a line as shown by a clear interval in the stained cuticle is present in ALidesaegypti.
Passing through the head on each side are the imaginal tentorial bars (Fig. 53 (3) T).
In the imago these are large open tubes, patent throughout and much greater in diameter
than in the larva. Anteriorly they open by a wide funnel-shaped opening in the position
already indicated. Posteriorly they are attached to thickenings on the ventral margin of
the occipital foramen. A little behind the middle point of each tube is a line of junction, or
slight membranous gap, between the posterior portion, which is narrower and of more
even diameter, and the anterior portion, which is wider and more uneven in shape. In the
male the anterior portion is ballooned (Fig. 53 (7) b) possibly as a balancing device during
flight. Towards the anterior end of the tube in Anopheles Robinson describes a spur
representing the dorsal arm of the tentorium. This is not usually present in the female
ACdes aegypti, but in the male a somewhat plate-like expansion takes off towards the
posterior end of the ballooned portion. Near the posterior end of the bar in the female is
a short spur very similar to that present in the larva, inconspicuous or absent in the male.
Internal and ventral to the tentorial bars are two conspicuousrods, thicker and denserin
the female, narrower and less dense in the male, which represent the basal portions of the
maxillae. Posteriorly these are attached to membrane at the ventral edge of the occipital
foramen a little internal to the posterior arms of the tentorium (Fig. 53 (2) mxa). Anteriorly
they articulate with the free portion of the maxilla (galea) and give support to the maxillary
palps. They are consideredby Petersen in Psorophora to be the stipes. The basal segmentor
cardo is not distinguishable.
THE COMPOUND

EYES (Fig. 53(1),(2)E)

These are approximately of equal size in the two sexes,nearly meeting on the dorsum of the
head and ventrally. In some cases,both in the male and in the female, they may actually
meet below. Each eye is surrounded by a rim of thickened cuticle, ocular sclerite (E’),
united on the vertex as already described by the postfrontal suture (pfs).
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The eyesare roughly oval in shapewith a hollowed-outanterior border, deeperin the
male than in the female,causedby the presenceof the largebasalantenna1segments.They
arecomposedof ommatidia (see‘ Specialsenseorgans‘, p. 652)therebeingfrom 400to 500in
eacheye.The facetsof the ommatidiaasseenin preparationsof the eyecuticleare circular,
not hexagonalas describedin someinsects,often with a smalltriangularspaceleft where
the circlesare not in contact.They measurefrom 21-24,~in diameterand in AL;desaegypti
are about equalin sizein all partsof the eyeand in both sexes,though on carefuldetermination of the sizethereis somevariationin differentpartsof the eyeand thoseof the male
are somewhatsmaller,though not fully in proportionto the smallersizeof this sex. For
further information seeunder specialsenseorgans.
About the middle of the posteriorborder of the compoundeye there are still present
tracesof the larval ocellusas describedby Constantineanu(1930) in Culexpipiens. The
extentto which suchtracesare presentvaries. In someindividualsthey arelargeand well
separatedfrom the margin of the compoundeye. In othersthey are chieflyevidentas a
thickeningor deformationof the border of the eye. They leave no distinctfacetson the
cuticleafter treatmentwith potashas do the ommatidia of the compoundeye.
THE ANTENNAE

(Fig. 54(l)

A,B

an)

The antennain both sexesconsistsof a ring-like basal segment,scape (sea), a globular
secondsegment,pedicel (pd), and a long, thirteen-segmented$ageZZum
(fi2).The two basal

segmentsdiffer but little in generalstructurein the two sexes,thoughthe scapeis possibly
more distinctlyseparatedfrom the headcapsuleand the pedicelis largerand more strictly
globularin the male. On the inner aspectof the scapeis a short projectionwhich articulateswith the baseof the pedicel. A lessmarkedthickeningis presenton the outerportion
of the ring. Thesetwo attachmentstend to restrictmovementto a hinge-likeup and down
and somewhatobliquedirectionof movementof the antennae.The scapeis further surroundedby a ring-like thickeningof the head capsuleseparatedfrom it by a narrow area
of membrane.This thickeninghastwo smallprojectionsbetweenthoseby which the scape
articulateswith the pedicelso that there is altogethera more or lessdevelopeddouble
hingejoint with the axesapproximatelyat right angles.The pedicelin both sexescontains
the specialsenseorganknown asJohnston’sorgan,but rathermore developedin the male.
In the typical insectantennathe scapeis usuallylong, and, in addition, there is a ringlike thickeningon the head capsulewhich carriesa process,antennifer, on its lower part.
In the presentcasethe basalring is the scape.The fact that the globularsegmentcontains
Johnston’sorgan leavesno doubt as to its beingthe pedicel.
The flagellumin the femaleconsistsof thirteendistinctsegments,the secondof whichis
the shortest,after whichthe segmentsincreasein lengthgraduallyto the thirteenth,which
is about one-tenthof the lengthof the whole flagellum(Fig. 54 (1) A b). Each segmentof
the flagellum,exceptthe first, is formed of a narrow basalring followedby a clearmembranousarea on which is borne a whorl of five or six hairs arrangedround the segment.
This is followed by a long apicalcylindricalsclerotisedportion forming the main lengthof
the segment.This apical portion is somewhattuberculatedand carriessmall hairs with
someratherlargeronesapically,makinga subsidiaryseriesto the main hairsborneon the
membranousarea.This subsidiaryseriesis mostdevelopedtowardsthe baseof the antenna
and becomeslessconspicuoustowardsthe apex. The first segmentof the flagellum,like
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the other segments,has a basal ring where it joins the pedicel and a clear membranous
area following this, but with no hairs. The long hairs in this case spring from the body of
the segment.
The flagellum in the male (Fig. 54 (1) B; 7) also consistsof thirteen segments. Of these
the two terminal ones are of about equal length, but disproportionately long as compared
with the remaining segments,the two together forming about half the length of the whole
flagellum. The terminal segment, like that in the female, has a basal clear area from which
springs a circlet of about 8 hairs. Each of the remaining segmentsis peculiarly modified
and of quite complex structure. Each carries towards its apex conspicuous crescentic
outgrowths situated opposite one another on the segment and carrying whorls of about
up to 20 long hairs which spring in a curious manner from the lower outside edge of the
projecting outgrowths (Fig. 54 (7)). Apical to the crescentsis a short length of the segment
carrying small hairs. What appears at first sight to be a narrow length of segment basal to
the hair-bearing crescentsis seen on closer examination to be a dark cylindrical core surrounded by a thin transparent membrane bearing small hairs and widely separated from
the core by a clear space (Fig. 54 (7)). The segmentsare separated by narrow, clear bands.
The long penultimate segment,unlike the long apical segment,carries crescenticoutgrowths
and whorls of hairs like the more basal segments.

THE

CLYPEUS

(Fig. 53 (1) CL)

The reasonsfor terming this structure clypeus, rather than fronto-clypeus, is partly that it
has long been so designatedin a very large systematic literature dealing with the mosquito
and partly for reasons of homology based on the present studies. The clypeus forms a
rounded snout-like projection constituting the dorsal portion of the rostrum and largely
forming the part of the head from which the mouth-parts appear to spring. Anteriorly in
the middle line its wall is sharply bent in over the base of the labrum, forming a small
invagination termed by Robinson the clypealfossa. At its apex in the middle line is a
thickening to which the base of the labrum is attached and into which is inserted the fanshaped clypeo-labral muscle (Fig. 53 (4) b). Dorsal to this thickening laterally there
project backwards into the cavity of the clypeus a pair of hook-shaped apodemes which
receive the insertion of the musclestermed by Robinson the elevators of the labrum and by
Thompson the epipharyngeal muscles,and which arise from the lateral portions of the roof
of the so-called buccal cavity (bucco-pharyngeal cavity). These are the clypeal apodemesof
Robinson, the alae clypealesand Zaminaefrontales of other authors (Fig. 53 (3), (4) CLa).
The real nature of these parts does not seemto have been fully appreciated. The clypeus
is not so wholly a rigid structure as its appearance might suggestand considerable areas on
its surface are membranous. Further, just above the clypeal apodemes is a break in the
thick anterior wall very suggestiveof a partial joint. Very often in a preparation of the parts
the front portion of clypeuswith the apodemesis seeneverted, forming a plate of which the
lateral angles are the clypeal apodemes (Fig. 53 (6) CLa’). Muscles pulling the apodemes
downwards would tend to project the apical portion of the clypeus with the labrum forwards, that is the apodemes appear to be levers which would tend to project the labrum.
Elevators of the labrum would be retractors of this structure to return it to position, should
it have been projected forwards.
External to the clypeal apodemes and occupying the middle portion of the sides of the
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clypeus are two apodematous sheets termed by Robinson the fulcral plates (fp). These
pass upwards from the sides of the bucco-pharynx to blend with the walls of the clypeus.
Their posterior borders form a conspicuousfeature when the parts are viewed laterally as
transparent mounted preparations (Fig. 53 (3), (4) fp; 61 (2) ap).
Where the sidesof the clypeus merge ventrally into the postgenaethere are on each side
rod-like extensionscontinued forwards from the floor of the tentorial openings which are
referred to later when discussingthe basal connections of the mandibles (Fig. 53 (3) a).

THE FRONTAL

AREA

(Fig. 53(l),(5))

This is the portion of head capsule situated caudad to the clypeus and which lies between
the compound eyes and anterior to the post-frontal suture. It has very generally been
accepted as a portion of the vertex, largely because of the interpretation placed on the
median suture as the epicranial suture, and its branches as the branches of this suture.
Such a view requires either that the frons is missing or incorporated without any revealing
suture in a fronto-clypeus. It also hypothecates that the epistomal suture which normally
passesbetween the two tentorial openings is absent, the suture taking this position being
already ear-marked as the branches of the epicranial suture. A view based on what has
been said regarding the crowding out of the median areas of the head would, on the other
hand, allow of a much more natural explanation of the homologies. Thus the antennae of
insects normally arise from the parietal plates of the head capsule, never, according to
Snodgrass,from the frons. The paired ocelli are also borne on theseplates. In the standard
insect head the single ocellus is commonly borne on the frons. If now it be supposedthat
the two genae bearing the large compound eyes have overridden the central parts, carrying
in the antennae and forming by their contact the deep central suture (in which the frons is
engulfed) and by their anterior edges,where they pressup against the clypeus, forming the
branches of this suture, that is no longer regarding these as branches of the epicranial
suture, but secondary structures, there are few difficulties in giving a natural explanation to
all the parts. Thus the antennae and paired ocelli are as they should be. The frons and the
single median ocellus are eliminated. The single ocellus, instead of having to be given a
position well down on the fronto-clypeus away from the paired ocelli, can be regarded as
merely buried in its natural place near the paired ocelli. The epistomal suture is not eliminated but merely backed up against by the overriding parts and still passes,as it should do,
behind the clypeus and in front of the frons from one tentorial opening to the other.
It might be held that even in the larva the dorsum of the head shows only a combined
fronto-clypeus and no separate frons. But this is by no means certain, for something could
be said for regarding the greatly swollen dorsum of the head between the sutures passing
from the neck to the neighbourhood of the antenna not as fronto-clypeus, but as frons, and
it is not impossiblethat the so-called pre-clypeus is the rightful clypeus (see under ‘Embryology’, p. 191). There clearly remains here an interesting point for determination by careful
ontological investigation. Meanwhile, in the undue development of the median parts of the
dorsum of the head in the larva to allow for the special mode of feeding, there is clearly a
tendency for these parts, following upon such development, to become much reduced or
even to be eliminated, much as the eighth spiracle of the larva has disappeared, in the
imago.
It has been suggested earlier in this chapter that the term postgena requires some
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consideration. The gena in the larva has been accepted as the side of the head bearing the
developing compound eyes and lying between the frontal suture dorsally and the hypostoma1 suture ventrally. Within these limits there are no appearances to suggest any
separate postgenal area, sinceposteriorly the gena mergesgradually into the occipital area.
Occupying the very middle of this area in the fourth instar larva are the rapidly developing
compound eyes. In the imago these have still further progressed,leaving merely remnants
of the original gena about their periphery. If the shrinkage of the median parts and the
overriding dorsally (and probably ventrally) of the lateral portions of the head be accepted,
there would seemno reason to introduce a new term, postgena, for these parts. On such a
view, therefore, the genae in the imago extend dorsally to the so-called epicranial suture.
Seeing that the maxillary region, which in the larva lies between the hypostomal sutures,
has in the imago become deeply buried and apodematous the genae also have met ventrally
and the small area on the ventral aspect of the head not occupied by the compound eyes is
again merely a vestige of the gena.
CHAETAE OF THE HEAD CAPSULE (Fig. 53(l),(2))

The most conspicuous,indeed almost the only, chaetae of any size on the head consist of
a row of stout bristles arising behind the margins of the compound eyes, orbital chaetaeof
Edwards (ocular of Christophers, 1933). In Ak;desaegypti these form a continuous or
almost continuous line, there being about eight to twelve large bristles on each side dorsally
and about six or more smaller hairs ventrally (oh, soh). The dorsal series do not extend
forwards onto the small vertex. There may be somewhat of a gap between the series
laterally. The seriesis present in both sexes.Ventrally in the female there may be a further
line or staggered row of small hairs behind the ventral orbital row, postgenal hairs. This
series is doubtfully present in the male where the ventral postgenal area is much less
extensive than in the female.
The only other hairs that might be considered as relating to the head, other than to the
mouth-parts, are those on the antenna1 segmentsdescribed under that organ and the six
hairs at the base of the labium.

(b) THE

MOUTH-PARTS

The mouth-parts of the mosquito have been described by many authors. See Thompson
(1905) and later accounts by Robinson (1939) of the parts in Anophelesand the description
by Gordon and Lumsden (1939) of the parts and their function in AFdes aegypti. These
last two papers leave little more to be done in description of the parts and the mechanism
by which they function. The mouth-parts in the male in a number of specieshave been
described by Marshall and Staley (1935).
All the structures, except the maxillary palps, lie in what is commonly referred to as the
proboscis (Fig. 54 (2)). As seenexternally this is constituted by the Zabium(L), which forms
a sheath-like trough in which the other parts are contained except during the act of puncturing the skin and sucking blood, when they are in part exposed as described later. These
inner parts consist of six stylets, namely a median dorsally situated Zabrum(Lr), a part
lying ventral to this, the hypopharynx(hp), a pair of mandibles(md) and a pair of maxillae
(mx). All these parts, as shown by Robinson, are held together by surface tension of the
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oily secretion with which they are bathed. As such they form a single perforating organ,
the fascicle. The extreme tenuity of these styletsis one of the outstanding marvels of natural
history, so much so that, until their method of usein the form of the fasciclehad been shown
by Gordon and Lumsden, it was difficult to understand how such delicate and filamentous
organs could perform the function of piercing the human skin. The general appearance of
the parts as they are seen in a low-power preparation under the microscope is shown in
Fig. 54 (2) and in section in Fig. 62.
THE

LABIUM

(Fig. 54 (2) L)

The labium externally is covered with vestitural scaleslike other external parts. The main
portion of the organ is a long even cylindrical structure corresponding to what in some
other diptera is termed the theta. Its walls, especially when stained, show fine irregular
transverse striations formed by darker and lighter alternating bands. This appearance has
been remarked upon by Dimmock as early as 1881,1883 in Culex. It has been attributed by
Vogel to the ability of the labium to adjust itself after feeding and by Patton and Cragg to
its property of acutely bending during feeding, both actions probably indicating considerable elasticity in its walls. In Anopheles, as noted by Robinson, this appearance is present
only on the proximal and distal portions. In AFdes aegypti the striae are present throughout the length of the organ.
Though often spoken of as forming a gutter for the other mouth-parts, the margins of
the slit along the upper surface of the labium very nearly approach one another except in
about the basal third where the dorsally situated labrum is somewhat exposed. Towards
the apex the borders of the slit close in and entirely enclose the stylets. During the act of
feeding, as described later, the fascicle may be thrust out by bending of the labium except at
the extreme end. Even if forcibly removed from this terminal portion of the groove the
insect with some little trouble is able to return the parts to their sheath.
At its base ventrally the labium forms a slight bulge from which in the female arise six
Figure 54. Appendagesof the head.
Antenna. A, male; B, female.
General view of mouth-partsof female as they appear in a mounted preparation.
3 Maxilla of female showinggalea,maxillary palp and stipes.
4 Maxillary palp of male. Ventral sideis to the right.
5 Tip of galeaof female. A, as seenfully on the flat; B, as commonlyseenpartly on edge. Half
scaleof A.
6 Two segmentsof female antenna. a, main hair seriesarising from clear area at base of
segment;b, subsidiaryseriesat apex of segment;c, intersegmentalmembrane.
7 Third antenna1segmentof male. a, intersegmentalmembrane;b, one of pair of hair-bearing
crescents;c, dark core of segment;d, outer thin membranebearing microtrichae; e, basal
sclerotisationof d, giving appearanceof an additional dark band.
8 A, tip of labrum of female; B, tip of male labrum; c, tip of hypopharynx.
9 Dorsal view of tip of labium, showinglabella and median organ. a, plateson inner aspectof
labella.
10 Ventral view of same.
Lettering: $I, flagellum; ga, galea; hp, hypopharynx; L, labium; Lr, labrum; Zb, labellum;
Zg,ligula; md, mandible; mx, maxilla; mxp, maxillary palp; pd, pedicel; sea, scape; sti, stipes.
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regularly placed hairs (Fig. 53 (2) slh). Hairs are also present in the male in this
situation, but are not so constantly regular in number and arrangement. The junction of the
base with the rostrum ventrally is not specially thickened or articulated and is separated
from the ventral head capsule only by a thin membranous line. Laterally, however, the
edgesof the groove are thickened and closely bound to the maxillary baseswhere the galea
and the apodematous rods meet and where the maxillary palps take origin.
Terminally the labium carries two small lobes, the labella (Fig. 54 (9), (10) Zb), between
which in the middle line is a sharp-pointed median structure, the Zigula (Zg). In A. aegypti
each labellum consistsof two segments,a proximal and a distal, as indicated by cuticular
plates. The ligula terminates in a hairy point (particularly hairy in the male) and has a
median raphe which articulates at its base with the body of the labium. Between the
labella and the labium is a membranous area in which are some small very dense sclerites
apparently forming basal articulations to the labella and on the inner aspect of each
labellum is a thickening which articulates basally with the inner of the small sclerites
(Fig. 54 (9)). On their inner aspects the labella are largely membranous and hollowed,
forming a space in which the tips of the stylets normally lie.
The labella are generally considered to represent the labial palps. The body of the labium
has been very variously interpreted. It is considered by Crampton to consist of the fused
palpifers of the labial appendages. According to Snodgrassthe labium of the mosquito
is probably the prementum, other more basal parts being unrepresented.
very

THE LABRUM

(Fig. 54(8) A,B)

The labrum is the stoutest of the stylets. It resemblesa long straight sword with a bevelled
pointed end. It consistsof a median dorsal plate and two lateral thickenings all linked by
membrane except apically where they become for a short distance continuous. The dorsal
plate (Fig. 53 Lr’) is attached basally by a narrow point to the median processof the turnedin tip of the clypeus. The lateral thickenings with the membrane linking them are continued
from the roof of the bucco-pharyngeal cavity. The organ as a whole forms an inverted
gutter, the thickened edges of which with their flanges by meeting ventrally form a tube,
the food canal, through which blood or other fluids are conveyed to the mouth and
pharynx. For sections see Fig. 62.
Apically the labrum ends in a sharp bevelled point resembling very much that of a
hypodermic needle, except that it is slightly curved at the tip when seen in lateral view.
A little way back from the point on each side at the termination of the lateral thickenings
is a small papilla believed to be a gustatory senseorgan. There seem to be no other organs
which could be concerned in taste, at least in A. aegypti. But in Anopheles there are other
structures in this situation which may have that function. According to Robinson the
labrum is the only one of the stylets provided with sensory organs. In the female the
labrum has a long tapering point. In the male the open part is shorter and the end is cut
off at a more abrupt angle. The sensory pegs in this sex are quite conspicuous.
It was formerly believed that the food canal was completed below by apposition of the
hypopharynx. It has been shown, however, by Vogel and others that the sides of the
labrum themselves complete the canal except for a short distance towards the base.
Formerly also the labrum was generally referred to as the labrum-epipharynx. As noted,
however, by Snodgrass,there seems no reason for regarding the ventral surface of the
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labrum in insects where this is elongated as being epipharynx. The complicated larval
epipharynx in the mosquito is absorbed in the pupal stage and even if a relic of it still
remains in the imago it plays no part in the building up of the labrum in this stage. At the
base of the lateral rods of the labrum in the midge Culicoides Jobling (1928) describes
small sclerites noted by Petersen as present in certain Diptera and referred to as tormae.
Such are not mentioned by Robinson in Anopheles and I have not been able to identify
such in Aedes aegypti.
THE

(Fig. 53(4); 54(2); 62)

HYPOPHARYNX

Ventral to the labrum is the next stoutest of the stylets, the hypopharynx (hp). The hypopharynx is a thin flat stylet with a midrib along its full length within which lies the terminal
portion of the salivary duct (sd). At its base is the salivary pump (sd’). Its termination is
shapedrather like a long pen-nib (Fig. 54 (8) c). At or near the point is the opening of the
salivary duct. In Anopheles (Macloskie, 1887, 1888; Robinson, 1939) the opening is a trace
proximal to the actual point. In AL;desaegypti the opening so far as could be ascertained
is terminal. Basally the hypopharynx is continuous with the floor of the buccopharynx.
In the male it is represented only by a ridge on the labium, the salivary duct or groove
passingalong the floor of the labial gutter to the tip of the ligula.
THE MANDIBLES

(Fig. 54(2) md)

The mandibles are much the least conspicuous of the stylets and in AL;des aegypti may
require a little trouble to display. They lie close along the labrum and are apt to remain so
in a dissection.The basal half or so is fairly stout and readily seen, but the terminal half is
extremely thin and transparent. The mandibles of the mosquito are commonly depicted as
they are seenin Anopheles, that is as having a triangular expansion at the tip furnished with
fine teeth. In Acdes aegypti they appear to terminate in a smooth lancet-like tip with no teeth.
Gordon and Lumsden, who worked with A. aegypti, do not describe the mandibles which
they say were never observed when watching penetration by the fascicle. Dimmock (1881)
figures the mandibles in his ‘ Culex rufus’ much as described above, that is lancet-shaped
with no teeth. There are two speciesgiven by Dyar (1928) under the synonym of C. rufus,
namely Ai;des cinereus and Culex pipiens. Since Dimmock gives C. pipiens as another of the
specieshe was working with it seemsprobable that the Culex rufus referred to was an AL;des.
It is possible, therefore, that in this genusthe mandibles of the female are of this character.
According to Robinson the mandibles cover the opening of the labrum when this organ
is not in use, which would appear to be their main, if not only, function.
Marshall and Staley (1935), also Marshall (1938), note that in British mosquitoes
mandibles are present in the male, though usually reduced, in a number of genera, but are
absent in Ai;des. They are absent in A. aegypti.
The mandibles are articulated at the sides of the rostrum with a small sclerite linking
them to an extension passing forwards from the floor of the anterior opening of the tentorium. This small sclerite is evidently the ‘mandibular condyle’ first described by Jobling
in Culicoides. Robinson describesa similar condition in Anopheles when he describesthe
mandibles as articulating at their base with a thickening on the genal wall termed by the
author the ‘genal shelf’. In A. aegypti the parts referred to can be correlated with structures
in the larva the nature of which is more evident. The mandible in the larva, as already
described, takes origin from the edgesof a large fenestra on the ventral aspect of the head,
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but hasa definitearticulationat onepoint only on the ventraledgeof the fenestra,the rest
of its connectionsbeingmembranous.Externalto this articulationthe ventral rim of the
fenestra,it may be remembered,is formed by the edgeof the gena, which edgeis continued without a break outwardsto the region of the anterior openingof the tentorium,
whereit links up with the outer end of the suspensorium.In the imago the portion of the
ventral rim of the fenestralinking up the point of articulationof the mandiblewith the
suspensoriumhas remained as the now isolatedsmall suspensorysclerite,other parts,
exceptwhat remainsof the suspensorium,
havingceasedto be represented.A smallouter
portion of the suspensorium,
sufficientto give attachmentto the suspensory
sclerite,has
remainedas the genal shelf (Fig. 53 (5) md). It is again a matter of the changesin the
imaginalparts broughtabout by the great recessionin the whole clypealregionwith the
great reductionin the diameterof the basesof the mouth appendages.
THE

MAXILLAE

(Fig. 54 (2), (3), (5))

The maxillaeof the imago,like thoseof the larva, are presentasfree structuresonly asthe
portionsdistalto the origin of the maxillarypalps,the basalportionsbeingin the form of
the apodematousrods alreadydescribed.The free portion consistsof an inner stylet,the
maxilla of authors, more correctlythe gaka of the generalisedinsectmaxilla, and an
outerfive-jointedmaxillary palp. The galea(ga) is a long, rather stiff ribbon-likestylet,the
inner edgeof whichis formed by a rod-like thickeningand its outerportion by a thin even
flangemarkedby transversestriations.At its basethe galeais thickenedand liesalongthe
lateral edgeof the labium after articulatingwith the maxillaryapodemeof its side. In the
proboscisthe galeaelie alongthe ventral sideof the hypopharynx,one on eachsideof the
midrib. Apicallythe galeaendsin a characteristic
curvedpoint carryingteeth. The teethare
borne on the externaledge,that is on the sideof the flange.The striationsof the flange,
however, ceaseat the level of the most basal tooth and from this point to the termination the styletis rigid (Fig. 54 (5)). In A. aegypti the teeth are very regularlytwelvein
number. The more proximal sevenor eight are large and blunt and only very slightlyrecurvedat the point. They rather call to mind someform of mammalianmolar teeth and
are implantedin the substance
of the maxillarytip. The terminalfour teethor so are more
sharp pointed and increasinglyrecurvedso that the last tooth or two are very fine and
stronglycurvedwith sharppoints.
The five-jointedfemalemaxillary palp consistsof two small segmentsat the base,then
two longer segmentsforming the greaterpart of the length of the organ and a minute
globularapical segment.
In the male the maxillaeare short,only abouta third of the lengthof the proboscis,very
slightlysclerotised
and devoidof teethand the characteristic
striationof the femaleorgan.
As will be seenfrom the sectiondealingwith the mechanismof feeding,the maxillary
styletsare extremelyimportant structuresas it is by their forward and backwardrapid
movementsthat penetrationby the fascicleis broughtabout.
THE FASCICLE

The fascicleis formed by all the six styletsheld togetherby surfacetensionacting as a
singleorgan. At restasdescribedby Gordon and Lumsdenthe labrum occupiesthe front
of the fascicle,the ends of the maxillary bladeslying side by side beneathit with their
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teeth projecting at its sides. In action the point of the fascicle advancesinto the tissuesin
a seriesof minute thrusts in the manner of a pneumatic drill, the maxillae in rapid movement of small magnitude cutting into the tissuesbut never advanced in front of the labrum.
For further information see the section on the mechanism of feeding, p. 486.
Some importance attaches to the measurements of the mouth-parts, since upon such
largely depends the ability of the insect to penetrate fabrics. The proboscis excluding the
labella measures in length in an average-sized female A. aegypti 2.32 mm. and with the
labella 2.5 mm. At the base it is 0.12 mm. in width and depth; at the apex 0.10 and
0.08 mm. respectively in width and depth. The fascicle measures in width 0.06 mm. at
the base and 0.04 at the apex. At the apex its depth is 0.03 mm. The blood channel is
approximately circular in outline and measures0.025 mm. (25,~) in diameter.

(c) THE

NECK

AND

THORAX

THE NECK (Figs. 53 (3); 55 (4))

The neck links the head with the thorax. Though it is to a considerable extent membranous
it receivesvery substantialrigid support from the cervical sclerite (csc). The cervical sclerite
is shaped something like the letter H, the cross piece of the H forming a bar across the
ventral aspect of the neck, the upper arms articulating with the margin of the occipital
foramen in its dorsal portion and the lower arms with the prothorax ventrally. This gives
a double-hinged strut on each side of the neck which, while allowing the head to be
extended or brought backwards, gives complete rigidity. In A. aegypti what may be
likened to the sidesof the H are expanded into substantial broad plates covering much of
the lateral aspectsof the neck. Seen from in front the sclerite has much the appearance of
a broad collar. Such parts of the neck as are not occupied by the cervical sclerites are
membranous, the membrane being evenly covered with regularly situated tiny spots
formed by circles of minute microtrichae-like elevations.*
THE THORAX

(Fig. 55; 56 (1))

The thorax of the mosquito is formed of numerous sclerites the nature and nomenclature
of which have been the subject of study by a number of authors. According to Crampton
(1909) the first to give nomenclature to the parts in insectswas Audouin in 1820. Certain
of the parts in the mosquito have been variously interpreted and named, see Snodgrass
(1912); Christophers (1915); Prashad (1918); Patton and Evans (1929); Edwards (1921,
1932) ; Christophers (1933) ; Barraud (1934) ; Komp (1937). The nomenclature now very
generally accepted is that given by Edwards (1941) in his treatise on Ethiopian mosquitoes;
see also Natvig (1948). For thoracic parts in insects see Crampton (1909, 1914, 1942) and
especially Snodgrass(1927, 1935).
The thorax in the mosquito is large and massive,with an extensiveconvex dorsal surface
and extensive flat pleurae which converge ventrally to the narrow coxal origins, giving to
the structure as a whole a wedge shape, or, since the coxae arise from a relatively small
area and both the anterior and posterior surfacesof the thorax are rather flat, the shape is
more correctly that of an inverted pyramid with the base broadly rounded and compressed
somewhat laterally.
* For informationon thecervicalsclerites
in insectsseeCrampton(1917,1926),Martin (1916),Snodgrass
(1935).
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It consistsof pro-, meso- and metathorax, the greater bulk being mesothorax. Dorsolaterally it carries the wings and halteres and ventrally the three pairs of legs. Laterally
on the pleurae are the large meso- and metathoracic spiracles. It is highly ornamented
with white and silvery white markings, giving on the dorsum the well-known lyre-shaped
effect (Fig. 55 (I)), which except for a few related specieswith rather similar markings is
characteristic.
THE

PROTHORAX

If the fore part of the thorax bearing the anterior pair of legs be detached and mounted
without undue pressure, an adequate picture of the prothoracic segment will be obtained
(Fig. 55 (4)). On each side of the neck space in its dorsal half are the conspicuous prothoracic lobes, or anterior pronotal lobes (apn), and between thesea median area where pronotal structure appears to be absent, the large overhanging anterior promontory of the
mesonotum (Fig. 55 (4)) occupying the gap. Dissection will show, however, that there is
in this situation an apodeme projecting inwards from the suture at the base of the mesonotum not so far noted by any author, but well displayed in stained potash preparations.
This would appear to be the first phragma by the notation of Snodgrass, and strictly
speaking belongs to the mesothoracic acrotergite, primitively part of the prothoracic
segment. It would seem in this case sufficiently correct to term it the pronotal apodeme
(Fig. 55 (4), (5) A pna). From this laterally there proceeds backwards on each side a long
apodematous rod referred to below. The anterior pronotal lobes in A. aegypti carry
conspicuouspatches of flat white scales.They also carry a line and apical clump of bristles,
the anterior prono tal chaetae.
Ventral to the anterior pronotal lobes the neck opening is encircled by the arms of a
large median shield-shapedsclerite which passup on each side to articulate with the lobes.
The shield-shapedsclerite is the prothoracic sternum, prosternum (S. I), and the arms are
part at least of the prothoracic pleura, propleura (PI. 1). The prosternum in most speciesof
Culicini, including A. aegypti, is bare of scales. It has a strong median suture. Lateral to it,
linked by membrane, lie the anterior coxae, with the lower inner border of which its
Figure 55. The thorax.
Dorsal view of head and thorax to showornamentation.
The sameto showstructureand chaetotaxy. a, scutalangle; b, bare area.
Lateral view of thorax to showpleural scleritesand chaetotaxy.
Anterior view of neck and thorax.
A, pronotal apodeme; B, sternopleuralbridge and furca 1. a, the sternopleuralbridge;
b, apodematousring behind prosternum; c, thickened anterior margin of sternopleuron;
d, branchesof furca extendingtowardsneck.
Anterior view of hind coxae and metasternum.
Posteriorview of hind coxae showingfurca 3. a, membranousarea at back of coxae.
Lettering: apn, anterior pronotal lobe; csc,cervical sclerite;cx. l-3, coxae l-3 ; fu. 3, furca 3 ;
ha, haltere ; k’, small clear space; me, mesepimeron ; mes, mesepimeral suture ; mr, meron ;mt, metanotum; mtr, metameron; iV, neck; PI. 1, propleuron; pa, prealar knob ; pna, pronotal apodeme;
ppn, posterior pronotal area; psp, postspiracular area; ptg, paratergite; ptn, postnotum; S. l-3,
sternites 1-3; Sp. l-2, spiracles of meso- and metathorax; SC,scutum; sc.p, anterior promontory;
set, scutellum; so, sensory pits ; ssp, subspiracular area; stp, sternopleuron; tr, trochanter;
W, wing.
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posterior border near the middle line articulates (Fig. 55 (3), (4) cx. 1). On each side
anteriorly it is prolonged into the propleurae. At the base of each propleura is a prominent
bosscarrying a conspicuouspatch of flat white scalesand dark chaetae(propleural chaetae).
From the region of the boss there projects ventrally a long spur-like processwhich articulates with the anterior coxa near its upper margin. Extending from the boss dorsally is the
arm that articulates with the anterior pronotal lobe of its side. With the inner margin of
this arm the ventral cornu of the cervical sclerite articulates.
Behind the anterior pronotal lobe on each side and forming part of the pleura is a flat
somewhat circular sclerite carrying on its posterior border a ridge and a line of chaetae
situated a little anterior to the mesothoracic spiracle. The dorsal border lies close along the
lateral border of the anterior promontory separated by a membranous suture. The sclerite
is considered by Edwards to be pronotal in origin and has been termed the posterior pronotal area (Fig. 55 (3) ppn). It is bare of scales,but readily picked out by its characteristic
shape. The line of chaetae at its posterior border are the posterior pronotal chaetae, not to
be confused with a line of chaetae present in some genera on a narrow area beyond the
ridge and nearer to the spiracle termed the spiracular chaetae. Passing internal to its
upper portion and attached at its end to the posterior border of the posterior pronotal area
is the thin rod-shaped apodeme coming from the pronotal apodeme referred to above
(Fig. 55 (3) apn). The presence of this extension from the phragma would seem to be in
favour of the view that the area now being described is correctly considered as pronotal in
origin.
Ventrally the posterior pronotal area is limited by two lines of thickening, but is continued beyond these without break into another smooth area of the pleura rather noncommittally named the subspiracular area (ssp) and a further extension backwards from this
to lie in front of the large sternopleuron of the mesothorax is the postspiracular area (psp).
Whether these are prothoracic or mesothoracic is perhaps doubtful. They are both given
by Edwards as parts of the mesothoracic pleura. They are, however, more connected with
the posterior pronotal area than with the sternopleuron from which they are separated by
a strong suture. Both areas, however, are intimately connected with the sternopleuron at a
sort of meeting place or knot in the region of the propleural bossand coxal junction, where
also the furcal system of the prothorax has connections. On the subspiracular area at this
point is a curious small clear spot (Fig. 55 (3) k’). The postspiracular area in A. aegypti
carries a small patch of white scalesand some chaetae (postspiracular chaetae).
The names given above are those now very generally accepted. But certain other terms
have been in use which it is desirable to mention. Thus the propleuron and the posterior
pronotal area were considered to represent the usual two pleural sclerites,namely, the episternum and epimeron of the prothorax, and were therefore termed respectively proepisternum and pro-epimeron. Other names, notably by Peus (1933) (see Natvig, 1948),
have also been used for some of the parts.

THE

MESOTHORAX

AND

METATHORAX

The scutumand related parts (Fig. 55 (2), (3)). Dorsally almost the whole of the thorax is
composed of the greatly developed mesonotum, consisting of scutum, scutellum and postnotum, the metathorax being here represented only by an insignificant narrow band behind
the postnotum. The greater portion is formed by the scutum (SC). This is a large domed
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structure providing space for the greatly developed indirect wing muscles. There is no
suture dividing it into prescutum and scutum as in some Diptera and in the mosquito it is
usual to apply the term scutum to the whole. Anteriorly the scutum projects forwards over
the neck as the anterior promontory (sc.p) and laterally, at about the junction of the anterior
and middle third, it is produced into somewhat pointed angles, the scutal angles (Fig. 55
(2) a). For some distance behind the scutal anglesthe lateral borders are continued downwards at an angle into the pleurae as small triangular pieces,theparatergites (Fig. 55 (3)ptg).
Some way further back the sidesare expanded above the wing roots where they are heavily
clothed with scales and chaetae. Posteriorly the scutum is separated from the bar-like
scutellum by a deep transverse groove and just anterior to this groove in the middle line
is a small triangular area free from scalesknown as the bare space (Fig. 55 (2) b). Apart
from the bare space the whole surface of the scutum is clothed with narrow curved scales
which produce the ornamentation already described. Patches of white flat scales are
present, however, on the paratergites and less markedly on the sides of the anterior promontory. The chaetae carried by the scutum will be described later in the section on
chaetotaxy.
Posterior to the scutum is the scutellum (set). As is general in the Culicini the scutellum
is three-lobed, as distinct from the more uniformly convex part in the Anophelini. Each
lobe bears a particularly conspicuouspatch of flat white scalesand its own cluster of black
chaetae. From the under aspect of each lateral lobe there rises a long thin ridge which is
continued into the wing as the posterior wing root (Fig. 58 (4) pwr).
Posterior to the scutellum is a characteristic smooth and bare area, the postnotum (ptn).
This is considered to be phragmal in nature and representsthe second phragma of Snodgrass. On its inner surface it receives the attachment of the longitudinal indirect wing
muscles, which pass the scutellum to be inserted into the postnotum.
Dorsally the metathorax forms on each side of the postnotum a somewhat triangular
area from the outer border of which the halteres take origin (Fig. 55 (2) mt). Linking these
behind the postnotum and separated by a suture from this structure, is a narrow uniform
band which representsthe metathorax dorsally in the middle line. It has no setae or other
special features. Behind it is membrane with, posterior to this, the anterior line of
thickening (acrotergite) of the first abdominal tergite.
The meso- and metathoracic pleurae (Fig. 55 (3)). The mesothorax forms the greater part
of the pleural areas of the thorax posterior to the parts already described as prothoracic.
In the upper anterior angle is the large mesothoracic spiracle (Sp. 1) and posterior to this is
a small depressedmembranous area lying ventral to the small triangular paratergite (ptg)
with its conspicuouswhite scalepatch. Still further back in front of the wing root is a very
prominent knob carrying a conspicuous tuft of hairs, the pre-alar knob (pa). Continued
obliquely downwards to between the mid and hind coxae from this knob is the large conspicuous sclerite, the sternopleuron (stp). Its upper part is narrow, ending at the pre-alar
knob, but below it forms a wide smooth area eventually passingbetween the coxae to the
ventral surface of the thorax. It carries conspicuouspatches of flat white scales,notably a
large patch about its middle already referred to as a useful landmark in ascertaining body
proportions. In addition, there is a smaller patch on its lower border above the coxa.
Besidesthe pre-alar chaetae on the pre-alar knob it carries a line of small chaetae along its
length near its posterior border, sternopleural chaetae. Posterior to the sternopleuron is
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the almost equally large quadrangular shaped mes-epimeron (me). Dorsally the mesepimeron extends up to below the wing root where it makes important connections with
certain of the wing root sclerites(see subsectionon the wings). At its lower border there is
a peculiar and unmistakable fold and suture separating it from a small convex area called
the meron (mr). The mes-epimeron carries two patches of flat white scales,one above the
other and on its upper part a number of chaetae, uppermes-epimeralchaetae. Lower mesepimeral chaetae are wanting in Ai;des aegypti. Between it and the sternopleuron is an
important suture, extending between the middle coxa and the wing, the two sclerites on
either side of it and the suture forming the usual arrangement of the parts in the standardised insect pleura of a wing segment. The suture in this case is the mes-epimeral(mes).
The meron in insect taxonomy is a sclerite originally forming part of the coxa which in
some forms, including the mosquito, has become attached to the thorax and become a part
of this structure (Snodgrass, 1935, p. 196). The meron is connected to the middle coxa.
A small sclerite at the base of the hind coxa has been variously interpreted, but has been
termed by Edwards the metameron (mtr).
Posterior to the mes-epimeron is a recessedtriangular area on the upper part of which is
the metathoracicspiracle(Sp. 2). This area on its more dorsal portion carries the haltere (ha).
At its lower end is the metameron, which appearsas a small, almost isolated structure above
the hind coxa apparently appended to the back of the metathorax on each side (Fig. 55 (7)).
The sternal area and coxae (Fig. 55 (4), (7); 56 (l), (5)). The coxae form so intimate a
part of the thorax that, though strictly speaking they are basal joints of the legs, it is most
convenient to consider them when dealing with the sternal areas of the thorax. The thorax
being wedge-shaped and very narrow ventrally, the lower borders of the coxae of the two
sides are articulated almost to the middle line leaving only the narrowest space for the
sternal parts between them. Each coxa may be considered as an elongate cylinder the
upper part of which has been sliced off at a low angle leaving a long inner surface by which
it is articulated to the thorax. The upper end of this surface is narrow and is applied to the
pleura. The lower end is broad and circular and applied to the sternal area. The edgesare
linked to the thorax largely by membrane, but, especially in the fore coxae, there is an
articular junction with the pleural scleritesdorsally and with the sternal elements ventrally.
Thus in order of first, second and third coxa they articulate dorsally respectively with the
propleura, with the lower ends of the sternopleuron and mes-epimeron and with the metapleuron. Ventrally all come in contact with their respective sternites near the middle line.
The middle coxa is peculiar in that it is hollowed out basally and below this hollow forms a
prominent bulge (Fig. 55 (6) cx. 2).
The sternal parts are difficult to examine as they are largely overlaid by the coxae and
being much reduced and modified are not easy to define. With the exception of the more
obvious prosternum they have not been described. Even if of no systematic importance,
however, it seemsdesirable that some description of them should be put on record. The
following method has been found useful in their study.
A spirit-hardened mosquito is placed on its side on a slab of paraffin under the dissecting microscope and rigidly fixed by thrusting a fine stainless steel pin through the
thorax into the wax. With a sharp razor or mounted fragment of a Gillette blade the
specimen is now cut down upon in such direction as it is thought will best display the
parts. The detached portion is then passed through any necessaryalcohols to 10 per cent
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potash where it is left, preferably at a warm temperature, for a day or more and removed to
distilled water for a like time. After deeply staining with fuchsin in 70 per cent alcohol it is
passed through alcohols, carbon xylol to a drop of canada balsam on a slide and after
examination and suitable arrangement mounted without pressure. Some remarkable
preparations can be made in this way.
Taken in order from before backwards the sternal structuresare as follows. Between the
anterior surfacesof the two fore coxae is the relatively broad prosternum already described
with its deep median suture and double pointed posterior end (Fig. 55 (4)). Lying internally
to the prosternum at its posterior end is a rather complex ring of apodeme from which there ’
projects forwards on each side what may be termed the first furca (Fig. 55 (5) B). Just
posterior to this point is the peculiar bar joining the lower ends of the sternopleura across
the middle line as noted by Nuttall and Shipley in Anopheles(Fig. 55 (5) B a). Behind the
bar is an area formed by two small plates separated by a median suture and largely folded
together in a V-shaped fashion. Laterally these plates send out extensions which pass
anterior to the bases of the middle coxae. They also largely encircle the coxae on their
inner side and appear to represent the mesothoracic sternite or some portion of this
(Fig. 55 (5) B). From the region of these plates there extends into the thorax a complex
apodematous extension which may be considered to be the secondfirca (Fig. 56 (1)). Still
more posteriorly there is a deep depressionlargely separating off the hind coxae and their
associatedbasal structuresfrom the parts anterior to this and in this depressionis a further
double plate from which lateral extensions pass to the region of the meron (Fig. 55 (6)).
From now on the sternal area is membranous, forming a V-shaped area between the hind
coxae anteriorly and a similar area posteriorly, as is well seen examining the thorax from
the posterior aspect (Fig. 55 (7)). On the more posterior of these membranous areas in the
middle line is a line of apodematous suture continued at its upper end into the thorax as
a characteristically shaped fork which may be termed the thirdfurca (fu. 3).
The furcae when suitably exhibited are striking structures.They may be briefly described
as follows.
Furca 1. Rises at the posterior end, of the prothoracic sternum as an angular rather
ring-like apodeme from which extensions pass out laterally, namely one continuous with
the greatly thickened anterior border of the sternopleuron and one, a free apodeme,
passingforwards towards the neck and bifurcating.
Furca 2. Rises from the region of the mesosternum as a median thickening from which
arise two arms forming a flattened U, each of which is expanded at the tip in a bell-shaped
manner (Fig. 56 (1)).
Furca 3. Enters the thorax posteriorly just anterior to the ventral wall of the abdomen
where this joins the thorax. It resemblesa two pronged hay-fork.
The furcae give attachment to muscles, most of which are massive and fully occupy all
available surface given by the furcal extensions.
Before concluding the description of the thoracic parts, mention may be made of the
relation of the meron and metameron to the sternal structures. The meron terminates after
passingfor a short distance onto the anterior wall of the depression between the basesof
the middle and hind coxae (Fig. 55 (6)). The metameron of each side,when seenin posterior
view, is perched above the baseof the hind coxa on the lateral parts of the posterior surface
of the thorax below the attachment of the abdomen. It has no particular attachments or
extensions on its inner side (Fig. 55 (7)).
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The chaetae of the thorax have already been largely indicated,and named in the foregoing
sections. The following is a seriatim list:
PROTHORACIC
1. Anterior pronotal. Usually an apical double row and a line around the baseof the lobe.
2. Posterior pronotal. A line of about eight hairs along the posterior margin of the posterior
pronotal sclerite(anterior to the marginal crest).
3. Propleural. A line of about eight hairs on the propleural process.
4. Posterior spiracular. Usually about four hairs on the postspiracularplate.
MESONOTAL

5. Lateral anterior mesonotal. A clusterof hairs on eachlateral angle of the anterior promon-

tory continuingposteriorly into 7.
6. Median anterior mesonotal. A small cluster anteriorly in the middle line on the anterior
promontory.
7. Dorso-central. A singleline of spacedstout chaetaepassingbackwardsfrom 5 to a short
distancein front of the lateral lobe of the scutellum.*
8. Postero-medial. A V-shapedline of small hairs in the middle line, a little in front of the
posterior bare space.
9. Antero-marginal. A few hairs on the edgeof the scutumabovethe posteriorpronotal area.
line and clusterof smalland mediumhairson the margin
10. Postero-marginal. A conspicuous
of the scutumabove and behind the paratergite.
11. Supra-alar. A denseclusterof large hairs above the wing roots. This is the largestcluster
of chaetaeon the body. It sendsforwardsa line of somelarge chaetaebetween10 and 7. A single
hair isolatedfrom the group lies alwaysabove the scutalflange (scutalflange hair).
12. Median scuteZZar. A circumscribedbunch of large chaetae on the middle lobe of the
scutellum.
13. Lateral scutellar. A similar circumscribedbunch on each lateral lobe.
MESOPLEURAL

14. Sternopleural. A line of about six hairs along the posterior border of the sternopleuron
about its middle. The most dorsal hair situatedmore anteriorly.
15. Pre-alar. A clusterof stout chaetae(usuallyabout twelve hairs) on the pre-alar knob.
16. Upper mes-epimeral. About six small hairs on the upper part of the mes-epimeronbelow
the subalarsclerite.The lower mesepimeralchaetaeare unrepresented.
Spiracular chaetae, and also the lower mesepimeral are absent. No chaetae are present
on the metathorax.
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The appendagesof the thorax are the three pairs of legs pertaining respectively to the pro-,
meso- and metathoracic segmentsand named respectively first, second and third, or fore,
mid and hind pairs, the wings pertaining to the mesothorax and the halteres, pertaining to
the metathorax.
THE

LEGS

(Fig.49)

Each leg consistsof a basal segment,the coxa, a small linking segment,the trochanter, with
tibia and five-jointed tarsus, the last tarsal segment carrying the tarsal claws or

femur,

ungues.

The coxae (Fig. 55 (3), (6), (7); 56 (1)). The relations of the coxae with the thorax have been
described in the previous section. At their distal ends they articulate with the small second
segment,the trochanter, the lower margin of each coxa being deeply excavated to allow for
the presence of the trochanter when the legs are drawn up, that is, anteriorly for the forelegs, externally for the mid-legs and posteriorly for the hind-legs. The three coxae carry a
spacedrow of setae respectively on their anterior, external and posterior aspects,and also
a close row or cluster on their inner apices. They also all carry conspicuouspatches of flat
white scales,a V-shaped patch on the fore-coxa, two small patches externally on the midcoxa and a large patch both externally and internally on the hind-coxa. Each of the coxae
also carries one or more groups of sensory pits (so). One such is present on the first coxa
anteriorly about the middle of its inner margin. On the middle coxa there is a double line
of about four sensorypits each on the edge of its anterior border just below its attachment
to the sternopleuron. On the hind-coxa there is a group of sensory pits on its anterior
border near its base and a tiny group on the edge of the membrane about two-thirds of the
way down posteriorly (Fig. 55 (6), (7); 56 (1) so). There is also a small group of sensorypits
on the membrane behind the mid-coxa near the termination of the meron.
The trochanters. These are short cylindrical segmentswhich articulate by a hinge joint
with the coxa and by a peculiar ball joint with the femur, the rounded end of which projects
into the trochanter. Each trochanter is more or lessbent so that the planes of its articular
surfaces are at an angle, thus assistingthe femur in making the acute angle which it does
with the coxa when in flexion by taking up some of the necessary arc. Near the upper
margin of each trochanter is a small ridge on each side of which is a group of sensory pits
(Fig. 56 (4), (9) A, a, b).
The femora. Each femur at its articulation with the trochanter has a somewhat contracted
neck with a smooth convex, almost hemispherical, projecting head composed of conspicuouslydark sclerotisedcuticle, the result of the articulation almost amounting to a ball
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and socket joint (Fig. 56 (4) e). Just distal to the neck on the ventral surface of all the
femora is a rounded swelling on which are two longitudinally arranged lines of sensorypits
of a larger size than those so far mentioned (Fig. 56 (5) b). At their distal ends the femora
articulate with the tibiae, a row of spinesdorsally projecting over the joint. They also have
sparsely spacedinconspicuousspinesalong their length projecting from among the scales,
most marked in the apical portion and in the hind femora.
The tibiae. The tibiae at their articulation with the femora are somewhat constricted with
two lateral convex darkly sclerotisedexpansionswhich are received into the hollow of the
femur end and constitute what might be termed a dicondylic ball and socket hinge joint
(Fig. 56 (6)). At their apices the tibiae, especially those of the fore- and hind-legs, are
expanded and on the inner aspect of the fore- and hind-tibiae there is a triangular area of
fine parallel hairs giving a comb-like effect and suggestingthe cleaning brushes of some
lemurs (Fig. 56 (8)). The tibiae also carry apical spinesand small spinesalong their length.
Since the above was written and the drawing given in the figure made, Mattingly (in lit.)
informs me that distal to the triangular area referred to there existsat the apex of the foretibia an extremely regular ‘ tibia1 rake’ consistingof a row of straight closely packed spines
strongly attached at their base. These are best seen after scraping away the triangular
patch of spines which to some extent overlies them. Mattingly and Hamon (1955) also
describe at the apex of the fore-tibia in many groups including some AL;des,but not so far
in Stegomyia, a small spine that may resemble (in some Ficalbia) a tarsal claw. A study of
the presenceof the claw in various genera has been made by Mattingly and Grjebine (1957).
The tarsal segments.These are five in number, decreasingin size from the first to the fifth,
except in the male where in the fore- and mid-legs the fourth segmentis unduly short, little
more than half the length of the fifth (Fig. 56 (2) D). The segmentsare for the most part
long, narrow and evenly cylindrical and, especially in the hind-legs, carry fairly numerous
spines along their length. The fifth segment carries the tarsal claws or ungues.The tarsal
joints are of the hinge type with a long anteriorly projecting spur on the proximal end of the
distal segment which extends some distance into the preceding segment and receives the
long tendon to the segment (Fig. 56 (7) A, B).
The tarsal claws (Fig. 56 (2), (3)). These differ in the male and female and on the different
legs. Their characters have considerable systematic importance as well as indicating the
sex. Thus the claws in the female on some of the legs at least are usually toothed in Acde,s,
but simple in Culex. The development of pulvilli into pubescent lobes characteristic of
Culex is also restricted to this genus. The following is the arrangement in the two sexesin
AZdes aegypti.
Male

Female

Fore-leg
One very large outer.
Uniserrate
One large inner.
Simple

Mid-leg
One very large outer.
Simple
One large inner.
Simple

Hind-leg
Two small simple

Two large.
Uniserrate

Two medium sized.
Uniserrate

Two small simple

-

The claws, one inner and one outer, are borne on membrane at the end of the terminal
tarsal segment, which is hollowed out to some extent with a thickened rim where the
membrane is attached. Between the claws in the middle line of the membrane ventrally is
a thickening marked with transverse ridges which forms a pad and continues as a tuft of
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hairs of considerable length in the fore- and mid-ungues of the male. This constitutes the
empodium(Fig. 56 (2) A b). There does not appear to be any structure that can be taken as
representing the pulvilli. At the base of the tarsal claws on the dorsal margin of the tarsal
segment is a thickening to which the claw is attached, the unguifer (Fig. 56 (2) A a). The
ventral margin of the segment is also more or less thickened forming, in the fore-tarsus of
the male what amounts to a blunt spur (Fig. 56 (2) A (6)).
Ornamentation of the legs(seeunder ‘ Ornamentation’ in ch. XVII, p. 400) is of importance
in identification of species,especially the presenceand character of tarsal banding and to a
less extent of markings on the femora and tibiae. The markings are due to scaling, but the
pale and dark colour of the underlying cuticle often accords with this. Figures of the leg
ornamentation of A. aegypti and some other speciesof Stegomyia are given by Edwards
(1941).*
THE WING (Fig. 57)
For good short general accounts of the wing and its attachments in insectssee Comstock
(1920) ; Snodgrass (1935); Imms (1938). For description of the mosquito wing and its
venation see Nuttall and Shipley (1901) ; Shipley and Wilson (1902) (base of wing) ;
Prashad (19 18) ; Christophers and Barraud (1924) (pupal wing tracheation) ; Christophers
(1933) ; Barraud (1934); Edwards (1941) ; Natvig (1948). For description of the basal
scleritesand attachments of the mosquito wing see Prashad (1918) who is the only author
who has made a detailed study of the mosquito wing in this respect.
As in other mosquitoes the wings in A. aegypti are rather narrow structures about four
times as long as their greatestbreadth and shaped not unlike an aeroplane propeller blade.
They consist of thin membrane, wing membrane, strengthened by lines of thickening,
nervures or veins, the arrangement of which constitutes the venation. The membrane is
free from scales, but is closely covered with minute hairs, microtrichae. The veins are
* For the structureof the insectleg in generalseeSnodgrass(1935), pp. 193-209; also Dahl(1884), Crampton and
Hasey (1915), Gillett and Wigglesworth (1932), lmms (1938). For the generalplan of the arthropod leg and nomenclature of the parts see Ewing (1928), Snodgrass(1935), pp. 83-99. A simple account of the parts in the crayfish
is given by Huxley (1906). On the tarsal claws in mosquitoessee Edwards (1912).

Figure 56. Thoracic appendages
: the legs.
1 Posteriorview of the mesosternalarea and mid-coxae. a, furca 2; b, mesosternum;c, transverseapodeme.
2 Male ungues. A, fore-leg; B, mid-leg; c, hind-leg; D, fore-tarsus(segments4-5). a, unguifer
process;b, empodium; c, spur.
3 Female ungues. Lettering as for 2.
4 Trochanter and head of femur of fore-leg. Anterior view. a-d, different groupsof sensory
pits; e, sclerotisedextensionof femur.
5 Head of femur of hind-leg.Ventral view. a, sclerotisedextensionof femur; b, sensoryorgan
shownat 4c more highly magnified.
Femoro-tibia1joint. Fore-leg.
Tarsal joint. A, lateral view; B, dorsal view.
Inner aspectof apex of fore-tibia showinghair organ.
Sensoryorgans. A, of trochanteras shownat 4a, b; B, of coxa as shownat 1so; C, of coxa
as shownat Fig. 55 (6).
10 Coronal sectionthrough paired ocelli of frontal area. Newly emergedfemale.
Lettering: cx.2, mid-coxa; oc’, cuticular thickeningresemblinglens; so, sensorypits.
442

C

b

3

2

I

@lmm.

I

,

@lmm.

I

C

5

,

0
0

+

8

7

9
B

-&
O-05mm.

002 mm.
,
1

Figure 56
443

10

~1n-m

,

6

IMAGO:

EXTERNAL

CHARACTERS

clothed with scalesforming the wing vestiture, which is often characteristic for particular
genera or species.The male wing is in general similar to that of the female, but besides
being smaller is somewhat narrower in proportion to its length and has a broader apical
fringe. It differs also in some other respectsas mentioned later.
The wing is attached to the thorax largely through the intervention of a complicated
system of small scleritesas described later. It has a straight thickened scaled anterior edge
formed by the costa (C), a rounded apex (apx) and a convex posterior border which carries
a broadfringe (fr>. Towards the base of the wing the convex posterior border terminates at
a notch, internal to which is a short, almost bare and only slightly convex portion of edge,
the alula (au), and internal to this a much more convex small lobe fringed with long hairs,
which in the flexed position of the wing is sharply folded, the squama (sq). The terms here
given to these two structures are as used by Edwards (1941) and as there has been in the
literature some uncertainty as to which term applies to which a few words may be said on
this point.
The term squama was first used by Sharp (1899) and first applied to the mosquito by
Nuttall and Shipley (1901). The latter authors state that in doing so they are following
Sharp and give a reference to this author as 1895 (Cambridge Natural History). In vol. VI of
this work Sharp (1899) givesa figure after Schneiderwhere the singlebasal lobe in the wing of
an acalypterate fly is named alula. Squama was a new name here given by Sharp to a lobe
internal to this which he figures in the wing of Calliphora. This, as in the wing of the mosquito, is characterised by a fringe of conspicuoushairs.
The fringe in A. aegypti consistsof a singlerow of long fusiform erect scales,fiinge scales,
set along the dorsal surface of the wing edge, and in the intervals between these smaller
shorter scales of the same type, secondary fringe scales, set along the ventral edge. In
addition in the female, set along the edge external to these, one line ventral and one dorsal,
-_
Figure 57. The wing.
Wing of female showing venation and scaling. Nomenclature as in systematic works.
a, humeral cross-vein; b, subcostal cross-vein; c, cross-vein l-2; d, supernumerary cross-vein;
e, mid cross-vein ; f, posterior cross-vein.
Wing of male on same scale. Nomenclature on generalised insect plan.
Portion of fringe of female wing. a, fringe scale; b, secondary fringe scale; c, ventral basal
scale; d, dorsal basal scale.
The same of male wing. Ventral.
Portion of subcosta showing broad scaling of both aspects.
Portion of vein 2 showing scaling of ventral aspect. a, median squame scale; b, lateral
squame scale; c, plume scale (showing through membrane).
Portion of vein 3. Ventral aspect. Lettering as in 6.
Base of wing showing remigium and other basal structures.
Base of remigium more highly magnified.
Lettering : An, anal vein; aa, alula; apx, apex of wing; art, articular sclerite ; C, costa; Cu,
cubitus vein; cn, conoid; MI’, ulnoid; CYC,coracoid; epu, epaulet; fk, anterior forked cell; fk’,
posterior forked cell; fr, wing fringe; inc, incrassation; M, media vein; MI, M,, MS, branches of
M; m-cu, median cubital cross-vein; pwr, posterior wing root; R, radial vein; RI, R2, R3, R,, R,,
branches of R ; Rg, remigium ; Rs, radial sector; r-m, radio-median cross-vein; SC, subcosta; SC’, lobe at base of subcosta; sab, sabroid; SC, scutum; sep, subepaulet; sq, squama;
tg, tegula.
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is a single line of obliquely set small flat truncated scales(Fig. 57 (3) c, 6). These last are
not present on the male wing (Fig. 57 (4)). The alula, like the posterior wing border, carries
some small and inconspicuous fringe scaleswith a few fine hairs. The squama, on the
contrary, has a line of conspicuous large hairs arising from small basal papillae. This
description of the squama, however, applies only to that portion of the basal fold which in
the flexed position of the wing forms an upwardly directed outer fold. Internal to this is
a long length of ventrally directed fold with a peculiarly marked edge resembling somewhat a coiled spring which may be distinguished as the axillary cord and will be referred
to again later (Fig. 58 (4)).
The wing venation (Fig. 57 (l), (2)). The venation of the wing in A. aegypti is of the usual
Culicid type and only in small details differs from that in the great majority of mosquitoes.
Compared with the venation in many Diptera the mosquito venation is of relatively simple
character and whilst a notation following that of Comstock and Needham for the
generalised insect wing was early put forward by Nuttall and Shipley and has with some
minor modifications been accepted by later authors, see Edwards (1941), and still more
recently by Natvig (1948), it is more usual in systematicworks on the mosquito to employ
a simpler notation in which the six main longitudinal veins are indicated by numbers in the
order of occurrence of the veins from before backwards. The method of numbering is
shown in Fig. 57 (1) and may be briefly indicated, leaving the question of the nomenclature
of the veins in accordance with the generalised scheme to follow.
The costa (C), forming the anterior edge of the wing, extends the whole length of the
wing to the apex where it is continued into a thickening along its posterior border. The
subcosta (SC) joins the costa a little external to its middle. Thefirst longitudinal vein (1) lies
parallel to the costa and extendswithout break to the wing apex. The second longitudinal (2)
begins about the middle of the wing where it is linked by a cross-vein to the first longitudinal. Towards the apex it branchesinto 2.1 and 2.2, forming what is commonly referred
to as the anterior forked cell, the relative length of which to its stem may be of diagnostic
importance in some groups. The stem is that portion of vein 2 which lies between its bifurcation and the cross-veinlinking it to vein 3 (cv. 2-3). In A. aegypti this ratio is about 2.5.
Vein 4, though it extends from the base of the wing, in some respects resembles vein 2.
At about the same level it bifurcates, forming the posterior forked cell. Between these two
forks lies the short straight vein 3, linked at its inner end by cross-veinsto veins 2 and 4,
the general picture of two simple forked cells with a short vein 3 lying between these being
almost diagnostic of the mosquito wing. Vein 5 also branches in a characteristic way,
forming 5.1 and 5.2, and behind this is the unbranched vein 6 joining the wing edge at
about its middle and marking off posteriorly and basally a portion of wing sometimes
referred to as the anal area.
Besidesthe true veins which are scaled there are certain thickenings which are not scaled
and have not the appearance of true veins. Three such are noted in the wing of Anopheles
by Prashad, namely a medialfold along the upper edge of vein 5, a cubitalfold between 5 and
6 and an anal foZd posterior to 6. The last two and traces of the first can usually be seenin
the wing of Agdes aegypti, especially if stained. The thickening behind 5 is the most conspicuous and runs close behind vein 5 and its posterior branch 5.2 (Fig. 57 (I), (8) inc).
Of some importance too are the cross-veins. These are best shown in the dry wing suitably
flattened or in the scale-denuded stained mounted wing. In the canada balsam mounted
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wing unstained they are only with difficulty made out. In the mosquito wing these are six
in number, namely the humeral (Fig. 57 (1) a) near the base of the wing and linking the
costa with the subcosta; the subcostal (b) linking the subcostaabout its middle to vein 1;
the cross-vein linking vein 2 at its base to vein 1; and cross-veins CL 2-3, cv. 3-4 and
cv. 4-5. The last three mentioned are much the most conspicuous of the cross-veinsand
their relative positions have been given some systematicimportance. They are respectively
the supernumerary, the mid and the posterior cross-veins.
The subcostal cross-vein is not easily visible since it is liable to be concealed by the
relative positions of the subcostaand vein 1 and is often not very conspicuouslymarked.
Yet, though holding no recognisedposition in the generalisedschemeas at present applied,
it is always present and in the developing wing is the largest of all the cross-veins (see
Christophers and Barraud, 1924).
Application of the generalised scheme of wing venation to that of the mosquito. In the
generalised plan of insect wing venation there is recognised, in addition to the costa and
subcostaand a variable number of anal veins, the following three veins and their branches,
namely the radius (R), the media (M) and the cubitus (Cu). The radius is regarded as having
one branch, RI, which takes off anterior to the main vein, and a branch, radial-sector, (R,),
which takes off posteriorly and terminates typically by dividing dichotomously into R2+3
and R,+, and finally into the four branches, R,, R,, R, and R, . The media similarly, after
giving off an anterior branch dividing into MA1 and MA,, divides into M1+2 and M3+4,
with A&-M, if there is further division. The cubitus divides into Cul and Cuz. There may
be anal veins, An,, An2, etc. This notation as it has been applied to the mosquito wing,
following Edwards (1941) and Natvig (1948), is shown in Fig. 57 (2).
It will be observed that only three of the six cross-veinsactually present appear in the
generalisedscheme,namely the humeral cross-vein, cv. R-M and cv. M-Cu. The others are
considered (except cv. SC-R which is not included) merely as cross-veinsdeveloped near
where the veins take origin, their original connection being lost.
The generalisedschemeis based on development, and especially early tracheation, of the
wing in primitive insects. Its application to the mosquito from such a point of view has
been dealt with by Christophers and Barraud (1924), who have studied developmental
changesand tracheation as seenin the wing in the larva and pupa. In the mature larva the
wing is a thick flap-shaped organ in which the course of the forming veins and the tracheation accompanying these is clearly traceable (Fig. 59 (1)). The whole wing at this stage is
surrounded by a cord-like thickening with a channel similar to those which will eventually
become veins and which links up the terminations of veins where these reach the wing
periphery. On the wing field are tracts indicating the formation of the future veins and
cross-veins.The arrangement differs from that in the imaginal wing in that in the place of
longitudinal veins linked by narrow cross-veins there is a broad arc from which the
terminal portions of the future veins passto the marginal channel. The anterior portion of
this arc clearly representsthe future radius and from it there passto the marginal channel
vein 1 (the portion beyond the cross-vein area), vein 2 (as represented by the fork) and
vein 3. The posterior portion of the arc forms a broad hand-shaped area occupying the
hinder basal half of the wing (Fig. 59 (3) b). From it strands of future vein tissue pass to
the marginal channel representing vein 4 (the fork), vein 5 with its bifurcation and vein 6,
also two shorter arms basal to this. The condition therefore represents very clearly the
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generalised plan and shows that the cross-veins are not secondary structures but the
shrunken remains of the original broad arc.
Evidence from the tracheation is lessstraightforward. The tracheal leashesin the wing in
the larva consist of an anterior bundle of fine tracheae in the subcostalarea (a.tr) and one
in the cubito-anal area (b.tr). The first of these gives a branch to the costa, but this fails to
reach even as far as the subcostaljunction. The branch to the subcosta,however, extendsto
the margin of the wing apex. Other branches passthrough the wide CL-SC cross-veinarea
to veins 1 and 2. The cubito-anal leash sendsbranchesto veins 4,5 and 6, but also may send
others, crossingbranchesfrom the subcostalleash, to veins 2 or 3. This last feature is not so
remarkable as might at first sight appear since the wing at this stage is bag-like with the
dorsal and ventral surfaceswidely separated. There is even some indication that tracheal
leashesmay be dorsal or ventral in nature. Thus the subcostal leash is rather ventral and
tends to supply the ventral surface, whilst the cubito-anal is dorsal. The most striking
feature in later development is the formation in the pupa of a new tracheal branch from
the thorax from which there develops an entirely new leash, the radial. Representation of
the media seemsdoubtful.
The wing scaling (Fig. 57 (5), (6), (7)). The wing scaling in A. aegypti shows few charac-

teristics other than those commonly present in many speciesof mosquito. All the longitudinal veins are scaled. In this respecttwo types of vein occur which have relation to some
degree of plication of the wing, namely convex or direct veins which run along the crestsof
folds directed dorsally and concave or reverse veins having an opposite relationship. On
the upper surface of direct veins and the lower surface of reverseveins the scalingconsistsof
flat, usually rather broad and abruptly truncated overlapping scales, squame scales. In
most mosquitoes these are typically of two kinds, namely those arranged longitudinally on
the vein, median squames, usually short and overlapping, and those projecting laterally over
the membrane, lateral squames, which are longer but still lie relatively flat. On the lower
surface of direct veins and upper surface of reverseveins the scalesare longer, narrower and
more pointed and project away from the vein, plume scales. The direct veins in mosquitoes
are: the costa (up to the subcostaljunction) and veins 1, 3, 5 and 6. Veins 2 and 4 are
reverse veins. The subcosta in position appears as a reverse vein, but the scaling, in
A. aegypti more resembles that of a direct vein. Usually the scaling tends to become
narrower and longer and the distinction of forms less marked towards the apex.
The scalingin A. aegypti is rather narrow and without any outstanding specificcharacters.
The median squame scalesover most of the wing have about 6-9 striations, reaching about
10 towards the front of the wing. Plume scaleshave about 3-6 striations. Squame scales
measure in the female 80-100,~ in length and the plume scales 150,~~
or more. Some of the
veins tend to show particular characters. Thus the subcostahas broad short scaleson both
aspects(Fig. 57 (5)) and vein 1 has the lateral squameswell developed (Fig. 57 (6) b) which
are not very marked on many veins in the species. The scalesare uniformly dark showing no wing ornamentation except for a minute white spot at the extreme base of the
costa.
Scaling in the male is on the sameplan, but much lessprofuse and the scalesare smaller,
the squame cells having at most about eight striations and measuring about 60~ in length,
whilst plume scales do not much exceed three striations and measure only up to about
100,~~The pale spot at the base of the costa is also present in the male.
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The wing base (Figs. 57 (8) ; 58). Apart from the neuration of the wing as seen in the
distal portions of this organ and already described, there are important structures at the
base of the wing still requiring notice. Structurally the wing consists of two somewhat
independent parts, an anterior more rigid costo-radial portion and a posterior more labile
cubito-anal region. Movements of the former are largely controlled by those basal parts
forming what may be termed the anterior wing root. The latter is intimately connected with
a complex line of membranous wing and thickenings forming the posterior wing root. The
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Figure 58. The wing root.
Showingpleuralattachmentof thewing.The thickerlinesshowthe line of ventral attachmentin
a planenearerto the observerthan the thinnerline of dorsalattachment. a, hamuloidprocess;
b, unguoidprocess;c, point at which the axillary cord becomesthe free wing edge.
Showingbasalsclerites. Lettering as in 1.
The samepreparationas 2 drawn apart.
Membranousposteriorwing root as drawn out on the flat.
The samein natural position.
Lettering; aa, alula; axe, axillary cord; bas, basalare;ch, thickeningtowardsedgeof axillary
cord portion; ch’, thickening at extreme base of fold; Cn, conoid; Cn’, ulnoid; UC, coracoid;
dn, dens; epu, epaulet; ~7, flange of scutum ; me, mesepimeron
; pa, prealar knob; pwr, posterior
wing root ; sa, subalar; SC,scutum; set, scutellum; sq, squama; tg, tegula; un, unguiculus; W, area
occupiedby wing attachment.
latter term is applied by Prashad to the line of thickening formed by the basal junction of
veins 4, 5 and 6, but is here used also in a wider senseto include other structures in this
region.
Although the costa is seeminglythe most rigid vein in the wing it plays little part in giving
basal support to this organ, since at the base of the wing it is neither continued into, nor
29
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articulates with, any further basal structure, but ends in membrane close to, though not in
contact with, the small sclerite named by Prashad the subepaulet and which appears to be
the humeral plate of Snodgrass(Fig. 57 (8) sep). Nevertheless, though there is no actual
articulation in this position, the subepaulet is hollowed where it faces the end of the costa
and may act as a check to this structure during extreme extension of the wing. Thus the
costa is largely free basally so far as rotation or movements within certain limits are concerned. The anterior wing root, which forms as it were a handle by which the movements of
the fore part of the wing are brought about, is constituted by a conspicuousthickening of
the wing lying posterior to the costa and termed the remigium (Fig. 57 (8) Rg).
The remigium is essentially a strengthenedportion of wing. It appears in dorsal view as
a double structure consisting of two bar-like thickenings, an anterior and a posterior, the
general effect being not unlike a long brooch, the posterior thickening forming the pin.
Actually it is a bent-up area of wing convex dorsally and deeply hollowed ventrally. It has,
therefore, an upper and under surface. The two bar-like thickenings are the thickened edges
of this hollow. The spacebetween the thickeningsis the roof of the hollow. Along the dorsal
surface of the anterior bar, besidesscales,which on its basal portion form a marked cluster,
there are a number of circular sensory pits. These form a cluster basally and a line of pits
more distally (Fig. 57 (8), (9)). The posterior bar is chiefly noticeable as having on its inner
aspect, that is facing the hollow, about its middle third, a row of rounded ridges, which,
depending how they are viewed, appear as rounded teeth or parallel grooves. It was the
peculiar appearance of these regular ridges that led Shipley and Wilson, who very thoroughly investigated these parts in Anopheles, to consider that they might form a stridulating organ. In Agdes aegypti there are some fifteen or so of these rounded ridges confined
to the posterior bar. Sometimes in viewing the parts it may appear that there are ridges on
the anterior bar. But critical examination has always negatived this and there appear to be
no ridges in opposition. It is doubtful what their function is, but Prashad considersthat
they prevent sliding of the parts upon each other in a longitudinal direction during rotation
of the wing.
The appearance of the remigium suggeststhat its bars represent two wing veins, possibly
the subcostaand first longitudinal. At its distal end the remigium is joined by both these
veins, but the subcosta,after passingclose alongside the anterior bar, leaves this to end in
a small thickening on the ventral aspect of the wing just below the inner end of the costa
(Fig. 57 (8) SC’).
Closely associatedwith the remigium are two further thickenings, namely one running
parallel to the remigium a little posterior to it and a small sclerite linking this to the
remigium, respectively the sabroid (sab) and the articular (art) of Prashad.
The term posterior wing root has been applied by Prashad to the line of thickening which
results at the base of the wing from the linked up basesof veins 4, 5 and 6. This thickening,
which resemblesa vein without scales,passesto the wing border at the junction of the alula
and squama (Fig. 57 (8)pwr).
Functionally the posterior wing root is formed by a long line of membranous wing
formed from within outwards by the alula, squama and a region internal to the squama
bounded on its external margin by a curious cord-like structure having somewhat the
appearance of a length of spiral spring, the axillary cord (Fig. 58 (4) ax.c). The margins of
these three portions are characterised respectively by small fringe scales(alula), long hairs
with conspicuousbases (squama) and a long length of axillary cord. When stretched out
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this basal membranous area is surprisingly long (Fig. 58 (4)). But even when the wing is
extended it is thrown into folds which are rigidly and exactly maintained by thickenings in
the fold to be mentioned shortly. The alula is not affected, but the squama, defining this
part as above, forms a flat, upwardly directed fold and internal to this is a deep ventral fold
formed by the portion margined by the axillary cord (Fig. 58 (5)). The thickenings in the
area in Anopheleshave been termed by Prashad from within outwards, the intermediary,
the conoid and the ulnoid. In Aedes aegypti the conoid (cn) is very conspicuousowing to
its almost black coloration, usually an indication that the part is denseand elastic. External
to the conoid is a line of thickening (cn’) which correspondsfairly well to Prashad’s description of the ulnoid. This forms a line from just external to the conoid to the wing margin
near the junction of the alula and squama. There is a further line of thickening internal to
the conoid which demarcates the inner edge of the folded squama and also a long line of
thickening lying just internal to the axillary cord which servesto maintain the downward
projecting bulge of membrane internal to this. There is also a rather plate-like thickening
which arisesnear the posterior end of the subalar plate and further givesrigidity to the fold
(Fig. 58 (3), (4) ch, ch’). There can be little doubt but that these different thickenings act
as an elastic control drawing this membranous portion of wing into precisely determined
folds when the wing is flexed and even assistingin the complete flexion of the wing.
The basal sclerites (Fig. 58 (l), (2), (3)). The wing is articulated with the thorax largely
through a complex of small basal sclerites(pterales of Snodgrass)which very much call to
mind the carpal bones of the human wrist. They have been described and individually
named in Anophelesby Prashad and whilst some may be homologised with the axillary
sclerites of the generalised insect wing there are others which are not readily so homologised and for which the names as given by Prashad must provisionally be used.
The most readily identified and largest of these scleriteslies at the base of the remigium
with which structure it is largely continuous, namely a dark flattish shield-shaped hairy
plate, which from its position and relations is the epaulet (Figs. 57, 58 epu), and possibly
the secondaxillary of the generalised insect plan. Fused with the anterior border of the
epaulet is a small sclerite which is hollowed facing the end of the costa and can be identified
as the subepaulet(sep), and probably the humeralplate of Snodgrass. Situated where the
inner margin of the epaulet bends deeply down against the thorax and articulates with the
flange-like extension of the scutum described later is the dens,possibly thejirst axillary of
the generalised plan. Though the dark hairy surface of the epaulet ceasesat the apparent
inner margin of this sclerite its substance is more deeply continued as a snout-like
process, the coracoid of Prashad (crc). This process lies between the diverging fang-like
arms of a large sclerite which has in certain positions a remarkable resemblance to an
inverted molar tooth, the unguiculus,probably the third axillary. Whilst the main articulation of the dens is with the scutal flange, that of the unguiculus is with the hamuloid
processof the mesepimeron, which as describedlater with the unguoid processof the mesosternum forms the pleural wing processor main ventral articulation point of the wing with
the pleura. Whilst the head of the unguiculus articulates as described, its two fang-like
processespass dorsally, the more external continuing under and fusing with the posterior
border of the epaulet. The irregular shape of these sclerites and their complicated articulations make it difficult to follow or describe them in detail, but much information will be
found in the paper by Prashad. It is clear, however, that in essencethey are thickenings of
4s
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the upper and lower cuticular surface of the wing and their complete relationships are most
likely to be revealed by tracing their formation in the pupa.
The pleural attachmentsof the wing (Fig. 58 (I), (2), (3)). The wing takes origin from the
thorax at the meeting place of a number of thoracic sclerites, namely dorsally the scutum
towards it posterior end, anteriorly the upper portion of the sternopleuron in the region
of the pre-alar knob, ventrally the mes-epimeron, and posteriorly, through the axillary cord,
the scutellum (Fig. 58 (1)).
The most conspicuousfeature dorsally is the broad smoothflartge (fl) projecting downwards almost vertically from the margin of the scutum. This flange is devoid of hairs or
scales and is normally hidden under overhanging chaetae arising from the scutal prominence lying over the wing root. Its lower border articulates with the bent down inner
end of the wing base forming the main dorsal articulation of the wing. Ventrally the main
feature is the upwardly projecting pleural wing process. This is formed anteriorly by a
somewhat claw-like processfrom the parts in the region of the pre-alar knob, the unguoid
process (b) and posteriorly by the hamuloid process (a). The hamuloid process is a projection from the upper anterior edgeof the mes-epimeron. It is a very characteristicstructure
in appearance and useful in working out relationships of the basal sclerites. Lying in the
membrane posterior to the two conjoined processes is an isolated crescentic sclerite
situated above the upper edge of the mes-epimeron, but separated from this by a narrow
membranous gap. This is one of the accessorysclerites,epipleurites or paraptera and being
situated posterior to the pleural wing processcan be identified as the subalar of Snodgrass
(sa). What may be the basalare epipleurite is an isolated sclerite situated anterior to the
unguoid process and a little dorsal to the pre-alar knob. It is shaped rather like a limpet
shell and faces rather inwards (bus). A little posterior to it at the edge of the tergite and
near the subepaulet is a curious little hair lobe, the tegula (tg).
Briefly the wing root dorsally, through the dens, is articulated with the downwardly
projecting scutal flange representing the notal wing processesof the generalisedinsect plan,
and incidentally forming a deep gutter-like depressionbetween the wing baseand the thorax.
Ventrally the wing articulates with the upwardly projecting strong pleural wing process
reaching to about the level of the scutal flange, but at some distance external to this. The
result when the wing is extended is a lever systemwith what may be regarded as the fulcrum
at the pleural process and the force operating at the end of the short arm of the lever at
the scutal flange, the power being provided by the indirect wing muscles dragging downwards the scutum. This, however, is by no means the whole story of the wing mechanism
which will be further dealt with in the chapter on flight.
THE

HALTERES

The halteres of Diptera represent the hinder wings of other insect orders adapted as sense
organs concerned with co-ordination in flight (see Pringle, 1948, and chapter XXIII on
flight). In general structure the halteres of mosquitoes resemble those of other Diptera.
They consist of a knob-like head, capitellum (Fig. 59 (3) cap), a narrow stalk or neck,
scape orpedicel (sea) and a dilated basal portion, scabellum (scb). They are articulated along
the line of junction of the metathoracic pleuron and the lateral portion of the metanotum
a little posterior to the metathoracic spiracle by a hinge-like joint allowing movement
in a dorso-ventral elliptical curve. The sensory structures they carry consist of areas of
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sensilla arranged in rows, namely one dorsally at the base of the scape,dorsal scapalplate
(Scala superior) (scs), one situated dorsally proximal to this, the basalplate (cupola) (cup) and

one on the ventral surface opposite to the dorsal scapal plate, ventral scapafi plate (Scala
(Fig. 80 (4)). The names in brackets are those employed by Prashad (1916)
adopting Lowne’s nomenclature, those not so enclosed are more recent terms used by
Pringle in his description of the halteres of CaZZiphora. The dorsal and ventral scapal plates
consist of rhomboidal sensilla, the basal plate of circular sensilla. For further information
on these structuressee section given later on senseorgans. In addition to these, Pringle in
CaZZ$hora records two further areas of sensilla of smaller size, one situated on the dorsal
surface close to the basal plate on its anterior side, dorsal Hick’spapillae, and a still smaller
group on the ventral surface of the scabellum, ventral Hick’s papillae. There is also a
simple large papilla just anterior to the distal portion of the dorsal scapal plate, undifferentiatedpapilla.
Contained in the haltere but not appearing externally is probably a
large and a small chordotonal organ (see under ‘Special senseorgans’, p. 663).
In the mosquito the halteres have been described by Prashad (1916) in Ochlerotatus
pseudotaeniatus Giles (Agdes (Finlaya) pseudotaeniatus Giles) ; see also Nuttall and Shipley
(1903) ; Shipley and Wilson (1902) ; Shipley (19 15) ; who give a brief description of these
organs in Anopheles maculipennis.
In Ai;des aegypti the halteres of a number of specimens of normal size gave as mean
length for the female 0.37 mm., with range 0.34-0.4 mm. In the male the mean was O-3mm.
with range 0.29-033. This compares very well with a length of O-4mm. given by Nuttall
and Shipley for the rather large speciesof Anopheles, A. maculipennis, and O-56-0*6 mm. for
the rather large Culicid studied by Prashad. It is also not very different in proportion to
the halteres in Tipula. As given in the figure of natural size given by Pringle these measure
about 3.0 mm. to a wing length of about 28.0 mm., a ratio to wing length of about oneninth (O-107). For Ai;des aegypti the mean wing length has been previously given as
3.4 mm. (see under ‘Body shape and Proportions’, p. 408), which, taking the figure for the
halteres given above, would give an index of 0.109. As pointed out by Prashad the halteres
of the mosquito are relatively large as compared with those of the higher Diptera, the length
of the haltere for CaZZiphora as given by Pringle being only O-7 mm.
In shape the halteres of Ak;desaegypti are broad and stumpy as compared with the more
slender and elongate organs of CaZZiphora and Tipula, but closely resemble in shape those
of other mosquitoes so far as these have been figured. The capitellum is nearly half the
total length of the haltere (2.0-2.5 mm.). It is globose and bulged posteriorly with a slight
kink in this direction towards its junction with the scape. The scape is short and stout,
forming about one-third of the length of the haltere. It consistsof a thickened and smooth
anterior border passingfrom the capitellum to the scabellum the distal portion of which,
like the capitellum, carries scales,those on the capitellum being light coloured, those on
the scape darker. Behind the thickened anterior border is a soft membranous portion
with a dorsal and a ventral flattish surface and a rather narrow membranous edge. Dorsally
this carries the area of sensillaforming the dorsal scapalplate and ventrally the somewhat
narrow bulged area on which is situated the ventral scapal plate. On the posterior border
are two rather flat papillae (ps). The scabellum consistsof a smooth sclerotised portion
at the base of the scape which, forming a rounded angle, is continued along the base of
the haltere to form the free distal portion of the hinge-like joint by which the organ is
articulated. In the angle between thesetwo portions is a membranous area forming a rather
inferior)
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complex systemof lobes. Proximal to the dorsal scapal plate the area is depressed,forming
a hollow in which is situated the basal lobe. If structures corresponding to the two Hicks
papillae are present in AL;desaegypti, they are quite inconspicuous and their presence still
requires confirmation.
The whole haltere is hinged approximately horizontally, but not in the direct line of the
body and diverging from this obliquely in a forward direction at an angle of a little under
30”. The hinge does not extend for the whole length of the scabellum leaving a portion at
the anterior angle to project freely without attachment. To this projecting angle and the
oblique hinge line the thick anterior edge appears to be external whether the haltere is
raised to the vertical or flexed, an effect that is at first rather puzzling. The general effect of
the haltere as a moving structure can be likened to a short length of rod with a swollen
knob at its free end and the other end bent at an angle a little less than a right angle, this
bent portion rotating on its axis as a hinge (Fig. 59 (2) a-b). Movement of the haltere is
mainly in an up and down direction through 180” in a plane approximately at 60” to the
median vertical plane of the body. It cuts this latter at a vertical line passingthrough the
middle point of the postnotum. Further information about movements are given in
chapter XXIII in connection with flight.

(e) THE

ABDOMEN

Apart from the terminal segments forming the terminalia the abdomen, in the male,
consistsof seven normally developed segmentsand an eighth segmentmore or lessnormal
in character but rotated following emergence through 180”. In the female the eighth
segment is much reduced in size and largely retracted within the seventh.
Each unmodified segment consistsof tergite, sternite and membranous pleurae. Both
tergites and sternites, with the exception of sternite I which is largely membranous,
consist of roughly quadrangular plates with no special thickenings or division into parts.
Normally both tergites and sternites overlap for a short distance and no intersegmental
membrane is visible, but in the gorged abdomen the plates become widely separated with
a considerable extent of membrane showing. Both tergites and sternites are uniformly
covered with scalesgiving rise to the ornamentation already described (see Figs. 48 and 59).
The scalesare fairly broad flat scaleswith up to about ten striations, except those forming
the silvery spots which are as previously described. Apart from a line or so of inconspicuous hairs largely confined to the posterior and lateral borders and especially noticeFigure 59. Larval wing, halteres and abdomen.
1
2
3
4

Larval wing rudiment (after Christophers and Barraud).
Metanotum and halteres, showing hinge line a-b.
Haltere. A, dorsal view of left haltere of female; B, portion of Scala superior more highly
magnified; c, optical section of B; D, portion of cupola more highly magnified.
Female abdomen. A. as seen in dorsal view in ungorged female; B, dorsal view of tergites as
seen in gorged female ; c, as in B but showing sternites; a, lateral silvery spot on tergite I;
b, basal white band; c, silvery spot on sides of tergite and sternite; d, apical pale band.

Lettering : An, anal vein; C, costa ; Cu, cubitus vein; cap, capitellum ; cup, cupola; cv’, area of
cross-veins; M, media vein; mt, metanotum; ps, posterior papillae; ptn, postnotum; R, radius;
SC, subcosta; sea, scape; scb, scabellum; SCS,Scala superior; I-VIII,
abdominal segments.
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able on the stemites, there are no special setae, but segmentsVI and VII carry numerous
hairs among the scales.
The pleurae consist of membrane only and are entirely devoid of scalesand hairs. As is
commonly the casewith membranes, for example the neck, the wing membrane, etc., they
are closely covered with microtrichae, which in this case are arranged in groups of three or
four. Whilst, especially in the female, the pleurae form a considerable extent of membrane
they are normally but little evident, the edgesof the sternites, except when the abdomen is
greatly distended as in the gorged insect, being inserted under the tergite carrying with them
the pleural membrane. This is not folded or elastically collapsed, but is spread out and flat
under the tergite, as can be seenby lifting the sidesof the tergite with a needle in an unfed
female. When the abdomen is fully expanded, as after a blood meal, the full extent of the
pleura in the middle segmentsof the abdomen may be as great as that of the tergite and
sternite, but it is doubtful if it is stretched rather than merely fully opened out. On the
membrane of each of segmentsI-VII, towards the anterior end of the segment and near
the upper margin of the pleura, there is a spiracular opening. No spiracles are present in
either sex on segmentVIII. The last spiracle normal to insectsas a classis on segmentVIII,
but in imaginal Diptera, seemingly as a result of premature development in the larva, the
last spiracle-bearing segment is VII.
SegmentI differs in some respectsfrom the succeedingsegments.The tergite is only about
half the length of the more anterior segmentsand, in addition to scales,is uniformly setwith
hairs. Laterally it carries a particularly conspicuous silvery white scale patch and is here
extended in a somewhat lobose manner ventrally. The sternal area is largely membranous
with only a narrow strip of sternite carrying scalesposteriorly; or, in the male, it may be
entirely membranous and devoid of scales.
In the female the seventh segmenthas only a narrow line of pleurae and in the distended
abdomen remains relatively undistended, forming a cuff-like end to the abdomen, within
which is the almost wholly invaginated small reduced eighth segment. The eighth segment
in the female is rather smooth with some fine hairs but devoid of scales. Proximally it is
joined to segment VII with a considerable extent of intersegmental membrane. At its
terminal end are the flap-like cerci and median subgenital plate of the female hypopygium.
In the middle line posteriorly it is deeply indented, the edges of the sternite forming semicircular hairy lobes on each side of the median fissure.
In the male the eighth segmentis normal in size, but after emergenceis gradually rotated
through 180” so that the sternite and claspers become dorsal. It is somewhat expanded
apically to accommodate the large claspers. During life the segment with the claspers is
commonly held raised in a characteristic manner (Fig. 49 (2)).
Abdominal segments distal to the eighth in both sexes are modified to form the
terminalia.
(fl

THE

MALE

TERMINALIA

The modified terminal segmentsof the insect abdomen are commonly referred to as the
male and female genitalia, or male and female hypopygium respectively. But many
authors prefer the name terminalia as more correctly designatingthe complex to which the
term refers.
The parts show a great variety of structure in the different insect orders and no adequate
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general account appears to exist. For the general plan in Nematocera may be specially
mentioned the work of Crampton (1942), on the parts in Diptera including the primitive
form Panorpa, and that of Abul-Nasr (1950), describing the structure and development of
the parts in three families of Nematocera.
On the male terminalia of mosquitoes there is a large literature, including among papers
dealing with structure and terminology the following : Howard, Dyar and Knab (19 12,
figures of American species); Edwards (1920, 1941, structure and terminology); Christophers (1922, development) ; Christophers and Barraud (1923, terminology) ; Root (1923,
1924, structure) ; Freeborn (1924, an important contribution on structure, more especially
of the anopheline terminalia); Martini (1922, 1928, structure and terminology); Matheson
(1929, technique); Barraud (1934, terminology and figures of culicine specieswith named
parts); Marshall (1938, British species);Natvig (1948, an historical summary and account
with many figures of Fenno-Scandian species); Marks (1949, on the Ak’des scutellaris
group and information on the basal lobe in Agdes).
On the parts in A. aegypti are more especially the descriptions and figures given by
Edwards (1941) and Barraud (1934). See also Iyengar and Menon (1955), and references
given by these authors.
TERMINOLOGY
The nomenclature of the parts now generally adopted is mainly that of Edwards and
may be gathered from the figure given by Edwards (1941), on p. 15 of his monograph on
Ethiopian mosquitoes. A useful list of terms with corresponding lettered figures is also
given by Barraud (1934), p. 4. With one or two exceptionsthe nomenclature of Edwards is
that here used.
Where the segmental nature of the parts is clear, these are named accordingly. This
applies to the tergite and sternite of the ninth abdominal segment,the homologies of which
are not in doubt. It is also now generally accepted that the side-pieces,claspers, forcipes
of the older literature are appendages of this segment and the similarity to the coxae of
the limbs justifies the name coxite which has been applied to them. Possibly the term
gonocoxite recently in use for the parts in other Nematocera would be even better as also
indicating their genitalic character. * The terminal blade-like structure at their apex is the
style and the small terminal segmentwould seemmost simply termed the appendageof the
style. Such a term would still be suitable where, as in some cases,the appendage is large
and complicated. The appendage is given by Edwards as the articulated spine of the style,
but this name is not repeated in Barraud’s list.
From analogy with the parts in more primitive insectsthe median lobe bearing the anus
would appear to be homologous with the cercus-bearing complex of the tenth tergite and
eleventh sternite of many forms and is now generally referred to as theproctiger, its lateral
plates being the paraprocts. The plates on its dorsal aspectappear to be, and are named by
Edwards, the tenth tergite; or alternatively the dorsal plates of the proctiger or epiprocts,
as also used by this author.
In regard to structures of non-segmental nature the homologies are still somewhat
uncertain. According to Abul-Nasr the terminal portion of the male genital duct in Nematocera is formed from a later and separate invagination than that forming the ejaculatory
ducts and the portion of duct so formed he terms the penis tube. The penis tube may, as in

* The coxite (gonocoxite) is also commonly termed the basistyle,the terminal piece being the dististyle.
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Chironomus, merely open directly on the inter-segmentalmembrane, or it may with its
surrounding tissuesbe excavated to form a projecting intromittent organ carrying the tube.
Or the intromittent organ may be otherwise formed by outgrowths at the inner base of the
gonocoxites, the paramere lobes of Pruthi (1924). These lobes may divide, the inner pair
uniting to form the intromittent organ, while the outer pair become the parameres. Or the
paramere lobes may not divide but remain as single prominences (paramerophores of
Abul-Nasr).
In the first case,where the intromittent organ is formed from sclerotisationsof the intersegmental membrane it may, following Abul-Nasr, be termed theta, a term used by
Wesche. It is also termed penis sheath by Abul-Nasr. When the intromittent organ is
formed as a result of excavation, as is the filamentous organ in Tipulidae, it may be termed,
following Abul-Nasr, penis (penis tube and surrounding tissue). Where formed from the
inner parameral lobes it would, following Pruthi, be aedeagus. An advantage of a terminology based on correct homology is that there may be present more than one organ concerned with intromission, for example in the Tipulidae where, besides the coiled filamentous penis, there may be a sclerotised organ, penis sheath or theta, formed by intersegmental membrane. Or a penis may be present associatedwith an aedeagus.
The name now most usually applied to the intromittent organ in the mosquito is
phallosome,though aedeagusis sometimesused. The name aedeaguswas originally applied
to the intromittent organ in Coleoptera. How far it is applicable to the mosquito is uncertain. Edwards uses phallosome for the median organ and aedeagus for the whole
complex including the parameres. Though appearing in potash specimensas projections
the parameres are actually sclerotisations of the sides of the depression in which the
phallosome lies, that is the genital cavity or penis sac of Abul-Nasr. Until more is known of
the details of development in the mosquito it would seembest at present to retain the termes
phallosome and parameres as now in common use.
A characteristic of the mosquito terminalia in the male is that, as first pointed out by
Christophers (1922), all the parts are rotated through 180”. This rotation involves segment VIII. It takes place subsequentto emergence, shortly after which the parts may be
found unrotated or in an intermediate position. To avoid confusion any reference in what
follows will be to the morphological position, that is, to the parts as they were before
rotation.
THE

MALE
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OF

A,!?DE,S AEGYPTI

The male terminalia of A. aegypti conform in general to the description given above when
discussingthe nomenclature of parts. As in other mosquitoes the parts including segment VIII are rotated. Unlike the condition in the female, segmentVIII in the male is not
unduly small or telescoped within segment VII. Though rotated with the other parts it is
not otherwise modified and it retains the scale characters of its respective surfaces.
Tergite IX is peculiar in having two densely sclerotisedconical processesdivided by a deep
median emargination (Fig. 60 (1) IXt). Laterally the tergite narrows abruptly to stout riblike bars that extend ventrally to meet the sternite. A peculiar feature is the termination of
these arms in flat triangular expansions which end largely in membrane but articulate by
one corner with the narrow sclerotisedportion of the ninth sternite (Fig. 60 (2) a). Similar
triangular expansions are referred to by Martini (1928) and are figured by Natvig in
A. communis(seeFig. 12 of his monograph). Sternite IX is peculiar. Anteriorly it consists
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of a narrow crescent-shaped sclerotised plate (Fig. 60 (2) KY”) which appears to be
apodematous and gives rise along its length to muscular bands (muscle no. 4 of the series
given later). This portion posteriorly mergesgradually into the extensive area of membrane
that covers the parts ventrally proximal to the basesof the gonocoxites ((2) IQ’).
In some
cases this membrane is slightly thicker and gives the appearance of a thin sclerite. If
sternite, it would also account for the apparent lack of relation of the expanded terminal
portion of the tergite arms since these would then, if the membrane were sternite, show a
normal relation to this.
The gonocoxites are rather stumpy and so shaped and aligned that their inner margins
at their bases approach each other ventrally, whilst their outer and dorsal margins are
widely separated. Their ventral surface ((2) Gc”) is uniformly sclerotised and carries hairs
and scales. Along their basal edge is a line of thickening beyond which there is a narrow
zone of sclerotisedmembrane. There is no similar line of thickening on the dorsal surface.
The dorsal surface is largely membranous ((1) Gc’). About one-third of the surface
externally only is sclerotised,and like the ventral surface,with which it is continuous over the
outer aspect of the gonocoxite, carries hairs ((1) Gc). It is this narrow sclerotised area
which is continued as the basal apodeme. Set in the membranous portion towards the
apex of the gonocoxite is a conspicuousspinoseplate, the basal lobe ((1) bl).
The basal lobe, though situated in A. aegypti more apically than basally, seemsclearly
homologous with a similar structure which in many speciesof AL;desis basal in position
and in other at various levels. It is a strongly sclerotisedplate carrying stout spinosehairs
arising from sockets. Along the inner edge of the plate is a row of specially stout hairs
with extra large sockets some of which have characteristic flat blade-like angled tips
(Fig. 61 (1) a; (3)). Iyengar and Menon (1955), who first drew attention to these specialised
hairs in A. aegypti, give the number of such hairs in the material studied by them as 3-4.
But in the material at my disposal there seem very regularly to be just two such hairs
showing the full characters, though some of the other large hairs are sometimessomewhat
bent. At the base of the large hairs the sockets are 7-10,~ in diameter and it is possible
the hairs are sensoryin nature. Proximally the basal lobes are continued into smooth folds
with regularly arranged small hairs that give them a characteristic appearance. On each of
these folds are two medium-sized hairs with sockets which may possibly represent the
harpago of many species(Fig. 61 (1) b). The folds on each side passto the gap between the
gonocoxites where they are connected by a rectangular-shapedthickening of the membrane
(Fig. 61 (1) c). The two basal lobes with the folds into which they are continued and the
membrane linking them acrossthe median line are readily detached in dissectionas a single
structure which would appear to represent the harpagonal fold of many species.
The proctiger is largely membranous with conspicuous paraprocts. These each consist
of an apical and a basal portion separated by a break or joint (Fig. 61 (5)). The apical
portions are continued into projecting curved processes(a) and carry ventrally smooth
knob-like projections (b). They appear to represent the cerci. The basal portions pass
dorsally to connect with the conical lobes of tergite IX towards their basesinternally. They
possibly represent sternite XI. On the dorsal aspect of the proctiger are two rather
indefinite plates which appear to represent the tenth tergite.
Situated ventrally to the proctiger is the heavily sclerotisedphallosome (Fig. 60 (2), (4)
Ph). This is shaped rather like a slightly open cockle shell with its open flanges directed
ventrally and bearing on the distal portions of their edges short dark spinous processes.
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Lateral to the phallosome are the parameres. These are almond-shaped scleritesattached at
their basesto the lateral plates of the phallosome and connected about the middle of their
outer edge to a process of the basal apodeme of their side.
In the usual conditions under which the terminalia are studied the phallosome in
A. aegypti would appear as if it opened directly on the ventral surface proximal to the bases
of the gonocoxites. Actually in this direction the whole area is completely closed over by
membrane (the membranous portion of sternite IX) and there is no opening in this direction
(Fig. 60 (2)). The opening of the pouch in which the phallosome lies is at the summit of
the membranous fold between the bases of the gonocoxites and a little dorsally. The
opening is, therefore, posterior to the ninth sternite. It is in fact close to the anus separated
only by a narrow fold (Fig. 61 (7)). Situated just at this level are the two ventral processes
of the paraprocts. It seemspossible from the appearances seen in various preparations
that these processesmay function as the guardians of, if not the openers of, the membranous opening into the phallosome sac, for in sections they may be seen embedded in
folds of membrane in this situation (Fig. 61 (6) b’).
In the mosquito male terminalia three apodematous structures have been named,
namely, the external apodeme, the apodeme of the side-piece and the basal apodeme. In
A. aegypti, and possibly in all mosquitoes, the apodeme of the side-piece and the basal
apodeme are two parts of what appears to be a single structure, namely the basal apodeme,
of which the apodeme of the side piece is the more superficial part and the basal apodeme of
some authors the deeper part. In A. aegypti both the external and basal apodeme originate
as extensions of the edge of the gonocoxite, the external apodeme at its outer aspect and
the basal apodeme from the sclerotisedportion of the dorsal surface, the two apodemes in
this speciesbeing continuous (Fig. 60 (2)). In many speciesthe two apodemesare separated
by an interval, the basal apodeme taking off more towards the middle line from the dorsal
edge. In A. aegypti its position is apparently determined by the position and extent of the
only sclerotised portion of this surface of the gonocoxite, that is, the narrow strip previously referred to. This narrowness of the sclerotisedportion of the dorsal surface of the
gonocoxite is a character rather special to AEdes, the result of the large extent of membrane
on the dorsal surface of the gonocoxite in this genus. In Anopheles where the whole gonocoxite surface is sclerotisedthe basal apodeme takes off from the extreme inner portion of
this structure.
The superficial,portion of the basal apodeme is a rather flat band continuing the narrow
dorsal portion of the gonocoxite into the tissues(Fig. 60 (2)). It then expands into the
Figure 60. Male terminalia.
1
2

Dorsal view of male terminalia.
Ventral view of same. a, expanded terminal portion of arm of ninth tergite ; KY’, membranous
portion of ninth sternite; IXs”, sclerotised apodematous portion of the same.

3
4

Lateral external view. Lettering as for 2.
Lateral internal view as with the near gonocoxite removed.
Lettering: ap.b, basal apodeme; ap.e, external apodeme; bl, basal lobe; bl’, proximal portion
of fold carrying two hairs; 0, terminal portion of ventral sclerite of proctiger (probably cercus);
Gc, gonocoxite; Gc’, membranous area of dorsal surface of same; Gc”, sclerotised ventral surface
of gonocoxite; Hz, phallosome ; Ph’, the same seen behind membrane ; Pr, proctiger ; pr, paramere;
sZ, style; sZ’, appendage of style; I%, X.Y, respective sternites; IXt, Xt, respective tergites.
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more basal portion which forms an expanded plate at somewhat of an angle to the first part
(Fig. 60 (2) ape). Internally and ventrally the plate connects with the paramere and
externally it is continued into a long spur-like process giving origin to a number of important muscles as described later.
There remains only to give a brief description of the musculature of the parts. A complete study of this has not been made, but the following is a numbered list of the more
important muscles (Fig. 61 (8)). The musculature has also been dealt with by Martini
(1922). See also Natvig (1948).
1. A musclearisingfrom the outer aspectof the gonocoxiteand insertedinto the outer tubercle
of the baseof the style (extensorof the style).
2. A massivemuscleconsistingof convergingbandsarisingfrom an extensivearea of the gonocoxite and insertedinto the regionof the inner tubercleof the baseof the style(flexor of the style).
3. A long musclearisingfrom the spur of the basalapodemeand passingup the whole length
of the gonocoxite to be inserted in the region of the inner tubercle of the base of the style
(adductor of the style).
4. Muscular bandsarising along the length of the apodematousportion of segmentIX and
passingup on each side of the phallosometo be insertedinto the proximal portion of the basal
lobe (retractor of the basallobe).
5. Musclebandsarisingfrom the tenth tergiteand insertedinto the basalapodemeposteriorly.
6. Massivemusclesarisingfrom the spur of the basalapodemeinternal to no. 3 and inserted
into the parameredistalto its articulationwith the basalapodeme(protractor of the phallosome).
The action of the muscleswould appear to be adduction of the gonocoxites with flexion
of the styles, the dragging downwards and inwards of the basal lobes and eversion of the
phallosome by the powerful basal apodeme-paramere muscles.
Figure 61. Male and female terminalia.
1 Harpagonal fold with the two basallobes. a, specialisedhairs with angledtips; b, two hairs
on fold possiblyrepresentingthe harpago; c, thickenedportion of membraneforming small
plate.
2 Basal lobe more highly magnifiedwith hairs removed to show large socketsof specialised
hairs and hairy portion of fold. a, socketsof large hairs including two with angled tips;
b, hairs possiblyrepresentingthe harpago.
3 Specialisedhair with angledtip.
4 Appendageof style.
5 Lateral view of proctiger. a, terminal cornu; b, processof ventral plate; c, basal scleriteof
ventral plate (possiblyXI sternite).
6 Sagittal section a little lateral of median line to show genital opening. a, apex of ninth
at baseof phallosternite;b, apex of proctiger ; b’, processof ventral plate; c, sclerotisations
some; KS’, membranousportion of ninth stern&e;KS”, sclerotisedapodematousportion
of same.
7 Another sectionof sameseriesin middle line. a, b, as in no. 6.
8 Showingchief musclesnumberedas given in list of musclesin the text.
9 Dorsal view of female terminalia.
10 Ventral view of same.
11 Lateral view of same. a, cloaca-like hollow formed by overlappingsternalportion of segment VIII. This is quite distinctfrom the more deeply situatedatrium.
Lettering: Ao, openingof anus;apb, basalapodeme;0, cercus; cw, cowl; Go, genitalopening;
hg, hinge; in, insula; Ph, phallosome;pgp, postgenitalplate; Rc, rectum; spd,openingof spermathecal duct; spm, spermathecae.
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From the systematic point of view the male terminalia of Acdes aegypti are peculiar in
several respects. Edwards notes that the conical lobes of tergite IX are peculiar among
African species and Barraud that A. aegypti differs from all other Indian species,except
A. (Stegomyia) desmotes, in the well-developed ventral arms of the paraprocts. The
character of the basal lobe and its specialisedhairs is also of systematic value. As also
according to Mattingly (in Zit.) is the shape of the style.

(g) THE

FEMALE

TERMINALIA

The female genitalia or hypopygium, or, as many prefer, the female terminalia, of the
mosquito have been studied by a number of observers: Macfie and Ingram (1922) ;
Christophers (1923, whose description of the parts and terminology has been generally
followed) ; Davis (1926, Anopheles) ; Freeborn (1926, AFdes) ; Gerry (1932, morphology) ;
Gjullin (1937, 1946, Ai;des) ; Edwards (1941, who gives a good summary of structure and
terminology with a useful plate giving characters of the different culicine genera) ; Bohart
(1945, Agdes) ; Roth (1946, Wyeomyia) ; Ross (1947, 28 species); Coher (1948, a good
recent account with generic characters). Useful papers are also Crampton (1942), on
Panorpa ; Abul-Nasr (1950), on the development of the parts in Nematocera.
The segmentscomposing the female terminalia in different orders of insects are in the
main as in the male, that is, segmentsIX-XI.
But segment VIII is commonly also included, its appendageswith those of segmentIX forming the ovipositor when this is present.
In the mosquito there is no ovipositor or indication of the parts forming such a structure.
Nor is segment VIII, apart from its reduction in size in certain forms, much modified.
Usually, however, its posterior border is indented or notched in the median line of the
sternite. The tergite, other than reduction in size in certain forms, is not modified.
Segment IX, especially the sternite, is almost eliminated, the segmental parts distal to
segment VIII being little more than the postgenital plate (usually considered sternite XI),
reduced tergite IX and possibly tergite X and the cerci. If sternite IX is present, it may be
represented by the small hairy plate, the insula, described below.
The chiefclue to the nature of the parts other than those mentioned lies in the existence
of a deep invagination in the intersegmental membrane posterior to sternite VIII. As a
result of this invagination there is approximation of the postgenital plate to sternite VIII
closing in the parts so that a cloaca-like cavity is formed, the atrium. Into this cavity open
three separate ducts, two relating to segment VIII, namely the common oviduct and the
spermathecal duct, and one pertaining to segment IX, the opening of the caecus or mucus
gland. It should perhaps be mentioned that the common oviduct does not directly open
into the cavity but through a small terminal part, the vagina, as described when dealing
later with the generative organs.
The rim of the atrium is sclerotised,forming a narrow ribbon-like thickening surrounding
a transversely elongate opening at the lateral anglesof which it is sharply bent in, the whole
strip strongly suggestingthe metal framework of a clasp purse. The anterior portion of the
rim is the sigma (Fig. 61 (10) si), the posterior portion the cowl (cw). At each corner where
the sigma and cowl join there is usually a small thickening termed by Coher the hinge (hg).
There may be further thickenings extending inwards from the hinges on to the roof of the
atrium, atrial plates. In the median line, just anterior to the sigma and sometimes continuous with this structure, is a small hairy sclerite, the insula (in).
464

THE

FEMALE

TERMINALIA

In AEdesaegypti the parts conform to the above description, though, associatedwith the
general reduction in size of the terminalia as a whole, the structures are small and rather
ill-defined. Sternite VIII is bilobed with a median cleft in its posterior edge (Fig. 61 (10)).
Tergite VIII, except for reduction in size, is not modified. Posterior to tergite VIII are two
small hairy plates linked together basally by a rather indefinite thickening of the cuticle.
These have been generally regarded as tergite IX. Beyond these small plates are the cerci
(0). These are elongate flap-like structures well covered with hairs, but without scales.
Ventrally, lying below the cerci, is the postgenitalplate (pgp). This has a median notch in
its posterior border, giving it a somewhat bilobed appearance. It is largely freely projecting, its ventral surface and the distal portion of the dorsal surface being covered with
small hairs and in addition there are some larger hairs arising from small basal papillae
towards the apex, one of which just ventral and one just dorsal to the apex of each lobe are
longer than the others (Fig. 61 (10)).
The appearance of the insula suggeststhat it is of segmental nature and it has been
considered by some authors to be possibly sternite IX. It lies anterior to the atria1 opening,
so that if the insula is sternite IX the opening of the oviduct and vagina is posterior to
sternite IX, a position that is not usually accorded to it. Edwards (1941), p. 19, however,
discussingthis, considers that the female opening in the Diptera is, like that of the male,
posterior to sternite IX, where it is situated in Panorpa, an ancestral form of the Diptera.
A point in favour of such a view is that in many insectsstemite IX is deficient in its central
parts (see Christophers and Cragg (1922) on the female parts in Cimex). Edwards is also
opposed to the assigningby Gerry (1932), and by Gjullin (1946), of the cowl to the ninth
sternite. If suchwere the case,the opening of the caecuswould be anterior to this sternite,
which would not be in accordancewith its position as shown by development. The structure
termed insula by Abul-Nasr (1950) in several species of Nematocera lies between the
anterior portion of the atrium which receives the oviduct and spermathecal openings and
the posterior portion which receivesthe opening of the caecus,This would make it distinct
from the insula as here described.
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That the natural food of the female mosquito in the majority of speciesis blood from some
vertebrate host and that the male does not suck blood is the result of general experience.
This applies in full measure to Ai;desaegypti, the female of which, whether in nature or in
the laboratory, is a particularly active biter and feeds readily and consistently under most
circumstanceswhen given the opportunity. The male, though it may annoy by hovering
about and even in some circumstancessettling on the skin, does not attempt to puncture.
The female may, however, maintain existence for long periods on food other than blood.
Goeldi (1905) kept females alive 3 l-102 days fed on honey. Macfie (19 15) notes that
females take honey for the first day or two and that males feed only on honey. BonneWepster and Brug (1932) note that sugar-containing fluids are readily taken. Gordon
(1922 b) observed both females and males sucking fluid from flowers. Many observershave
observed that sugary fluids, raisins, banana, etc., are sucked by both sexes and it is a
common practice to put such material in the mosquito cage to maintain the insects alive.
In the case of food of this kind the fluid does not, however, passinto the mid-gut but into
the diverticula as describedlater, and apart from experimental feeding (through membranes
or in other artificial ways) the taking of other food than blood by the female is in an
altogether different category from, and unaccompanied by many characteristic features in
the insect’s behaviour when taking the main object of her existence, the blood meal.
Further, without such a meal eggsare not developed and the insect does not oviposit.
Finlay (1886) found that A. calopus (aegypti) could not develop its eggs without blood.
Goeldi (1905), after numerous experiments with fruit, sugar, honey, etc., came to the conclusion that blood was necessaryfor the production of eggs. Fielding (19 19) kept females
alive for 25 to 142 days fed on a variety of foods (sugar, peptone, apples, etc.), but failed
to obtain eggs. Sen (19 1S), dealing with a closely related species,A. albopictus, records,
however, that eggswere laid on a diet of milk and protein and on two occasionson cane
sugar only. Such experiences are, however, very unusual and not only does oviposition
not occur in the absence of a blood meal but development of the ovarian follicles beyond
a certain early stage does not take place.
In the case of A. aegypti the blood meal is very commonly, but not necessarily,human
blood. Of blood other than human, Boyce (1907) statesthat the speciesfeeds normally on
warm-blooded vertebrates. Howard, Dyar and Knab (19 12) note that, while human blood
is preferred, A. aegypti will also feed on mammals and birds. Other authors (Connor,
1922; Gordon, 1922b) have had the same experience and Davis and Philip (193 1) found
occasionally in nature that the precipitin test was positive for chicken blood. Gordon
(1922b) found A. aegypti feeding with great voracity on bats. Kumm (1932) records the
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same. The speciesis now commonly fed in the laboratory with full gorging and good egg
development on chicken’s blood (James and Tate, 1938; Bishop and Gilchrist, 1946; and
others). It is also commonly fed on the guinea-pig and rabbit. But whilst it can be fed on
experimental animals these do not always form a good substitute in the laboratory for
human blood. Fielding (1919) found feeding with small animals as a rule unsuccessfuleven
if left overnight. Lewis (1933) notes that A. aegypti will feed on the guinea-pig only if the
animal is shaved. Mathis (1934) found that for oviposition several blood meals are necessary if fed on the rabbit, whilst it is exceptional for more than one feed to be required when
fed on human blood. Much depends upon the technique used and feeding on small
animals usually requires immobilisation and shaving of some part. With suitable technique
many authors use the guinea-pig for routine feeding for oviposition and the writer has
found the rabbit an exceptionally useful animal for the purpose, the insectsfeeding readily
and fully on the shaved abdomen using the attachment already described. With suitable
technique Bishop and Gilchrist (1946) and other authors have similarly found the chicken
a very suitable animal for routine use with the species.
How far A. aegypti will feed upon cold-blooded vertebrates is lesscertain. Goeldi failed
to get the speciesto feed on a lizard and Gordon (19223) similarly failed with the gecko.
Woke (1937 a), however, succeededin getting the speciesto take a full blood meal from the
frog and from the turtle. He found (1937b) that more eggswere produced per cubic millimetre from the blood of turtle, frog, canary, rabbit and guinea-pig, in this order, than from
that of man or monkey. From other data given, however, it was clear that much lessblood
was taken from cold blooded animals per feed, so that in effect production from feeding on
mammals was greater. Gordon and Lumsden (1939) found difficulty in getting A. aegypti
to feed on the frog’s foot and that the insectsonly did so when excited in the first instance
by an interrupted feed on man.
Whatever source of blood A. aegypti may at times utilise there is little doubt from the
domestic habits of the speciesas ordinarily encountered and its close associationwith man
that its normal blood food is that of man.
Whether there is any selectivepreference for particular races or individuals is a question
often raised. Connor (1922) found white racespreferred to coloured and that the young and
healthy were most often bitten. Marchoux, Salimbeni and Simond (1903) as also Gordon
(1922a) found, however, no difference between sweating and dry, hairy or smooth skin,
or young or old persons, or nationality. Some statements in this respect may be based
more upon the immediate or after effects of the bites than upon actual observation of the
number of bites. An old resident, probably to a considerable extent immunised to bites,
may take little note of such bites as he receives, since there is a minimum of reaction. But
to the new-comer the immediate and after effects of even a single bite usually attracts
attention. Further, since the biting urge is largely excited by the temperature of the object
bitten, it is very probable that young personswith highly vascular skinswould be especially
attractive. On the whole, however, it may be doubted whether a hungry A. aegypti female
would take much note of the delicate distinction between one nationality and another or
between individuals. The question how far smell may be concerned is dealt with later. In
general it may be said that evidence is against the view that smell enters largely into the
urge to attack and that any effect it might have is almost certainly overshadowed by the
species’reaction to temperature.
Feeding on the human corpse has been recorded by several observers. Durham (quoted
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by Theobald, 1903) observed a specimenof A. aegypti feeding on the inner side of the thigh
of a Chinaman dead 3 hours where it was allowed nearly to fill itself. Rosenau, Francis and
Goldberger (quoted by Howard, Dyar and Knab) record the speciesas sucking blood from
the human corpse 6 or even 12 hours after death. Howard, Dyar and Knab found female
A. aegypti feeding on a corpse 12 hours after death, but only one out of a number apparently
obtained blood. Three mosquitoes in another casesucceededin doing so half an hour-after
death. Gordon (1922 b) states that A. aegypti will bite corpses as long as 18 hours after
death and will draw blood as long as 6 hours after. Though feeding on corpses has an
importance in connection with the spread of yellow fever, it does not raise any very special
point as to food selection, since, provided the corpse is still warm, as may well be the case
under tropical conditions, or even as a result of postmortem changes, there is nothing
unusual in A. aegypti being attracted to and attempting to prod any warm object and at
some hypostatically congestedpart obtaining blood.
Female A. aegypti, as shown by Bishop and Gilchrist (1946), will feed through a membrane
upon whole blood, but not upon plasma, even though presented at 40-42” C. Under such
circumstances a suspension of twice-washed red cells in citrate in equal volume to the
plasma removed was fully gorged upon, though the percentage doing so was lower than
with full blood. Blood haemolysed by freezing and thawing gave a still smaller percentage
feeding, whilst the majority of those that did feed imbibed only a small amount. Dilution
of the haemolysed blood to reduce the high viscosity led to fewer still feeding. On a suspension of rice starch granules in a solution of haemoglobin they refused to feed.
The effect of the red cells in modifying the physical properties of plasma will be very
apparent to anyone attempting to make a thin film of plasma or very anaemic blood and
contrasting the experience with that obtained from whole blood or red cells in citrate, both
of which film perfectly.
Much depends also upon the form in which blood or fluids are presented. The above
observersfound that fluid presented in open drops often give rise to a reaction different to
that to the same fluid presented behind a membrane. A much smaller percentage fed on
heparinised blood presented openly than when this was offered behind a membrane.
Haemoglobin in plasma was not imbibed when presented in drops, though it was taken
through a membrane. A small number, however, imbibed haemoglobin in water from
drops. Plasma was not taken either in drops or through a membrane. Saturated glucose
solution was taken by a large proportion of the mosquitoes, the fluid passing to the
diverticula. It seemspossible that the physical properties of the fluids, to some extent at
least, may determine whether they are imbibed or not, especially as such fluids have to be
passedvery rapidly through the excessivelyfine blood channel, approximately only 0.03 mm
(30~) in diameter.
Briefly summarising, it may be concluded that there are two forms of food of quite
different nature taken by the female mosquito, namely (a) blood from a living host, the
act being accompanied by all the vivid reactions of the insect to suchan episode and leading
to eventual oviposition; and (b) various fluids (including water), but especially sweet fluids
such as honey, glucose, etc., taken much as by any creature, useful for maintaining life,
but not leading to oviposition and not associatedwith the violent impulses and zest that
characterise desire for the first type.
Of interest as to the effect of sweetnessin stimulating feeding are the observations by
Lang and Wallis (1956). These authors note that sugars act as a stimulant to feeding,
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sucrosebeing the most effective of a number of sugarsexperimented with (lactose, glucose,
sucrose,and fructose). An interesting point noted is that the attractivenessto the mosquito
differs somewhat from their sweetnessto man, and very noticeably that glycerine which is
relatively sweet to man had little attractivenessfor AL;desaegypti. The following figures are
given for 10 per cent concentrations of different sugars and glycerine in attractiveness to
A. aegypti.
Man
A. aegypti
Water
Lactose
Glucose
Sucrose
Glycerine
Fructose

0
16
74
100
108
173

0
12
56
100
4
52

The nutritive value of different bloods, for example, mammalian or avian, or even
different mammalian bloods, in relation to oviposition appears to vary somewhat, as
also does the amount imbibed at a meal. Such questionshave been investigated chiefly by
Woke (1937 a, b). The amount of blood taken in relation to the development and number
of eggslaid is discussedin chapter XXII.

(b) TIME

FROM

EMERGENCE

BLOOD

TO FIRST

MEAL

That a certain time elapsesafter emergence before the female will attempt to feed is well
recognised. Marchoux, Salimbeni and Simond (1903) state that the female is ready to feed
in about 24 hours after emergence. Drake-Brockman (1913) was never able to get
A. aegypti to feed on the same day as emergence. Howard, Dyar and Knab (1912) refer
to Peryassu as saying that both fertilised and virgin females can be induced to suck blood
18 hours after emergence, and Howard (1923) states that the female will bite 18-24 hours
after emergence. Macfie (1915) found that, when given opportunity for feeding at least
twice daily, females fed for the first time on the second day, more often on the third day.
H. A. Johnson (1937) saysthat the first blood meal is taken 20-40 hours from emergence.
Seaton and Lumsden (1941), investigatingthis question, found that out of lOOmosquitoes
only seven fed in the first 24 hours from emergence, twenty-seven 24 and 48 hours and
forty-four in the next 24 hours. Between 72 and 96 hours sixty-two fed and between 96
and 120 hours seventy fed. After the fifth day there was a marked decline associatedwith
high mortality. Bishop and Gilchrist (1946) also give data for three strains of A. aegypti
fed: (1) on the chicken; (2) through a membrane on chicken blood. The mosquitoes in the
first-mentioned serieswere applied to the breast of the chicken in a biting box in the dark
at 28” C. in a moist atmosphere and 30 minutes allowed for the feed. Only a few (O-6 per
cent) fed in the first 24 hours. Somewhat under 50 per cent fed between 24 and 48 hours
and in two strains 76 and 95 per cent between 48 and 72 hours. Through membrane the
number feeding was considerably lower, the three strains on the fourth day giving only
54, 73 and 30 per cent feeds respectively.
In routine standard testing extending over many months the present author found that
females reared and allowed to emerge at 28” C. and hereafter kept at 25” C. and relative
humidity of 80 per cent in the dark without other food than water reached maximum
biting potential on the human arm on the fifth to seventh day (Christophers, 1947). Under
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good conditions (well-reared mosquitoes, warm arm and other suitable conditions)
feeding within an allowed 15 minutes should approach or reach 100 per cent. The majority
of females will, however, feed even by the third day or even second day from emergence
and a variable proportion may feed even on the day following emergence. In this last case
gorging may be deficient. Thus in a cage of 100 female and 100 male mosquitoes offered
the arm for 15 minutes on the day following emergence forty-one females fed of which
twenty-eight were fully gorged and thirteen only partially so.
Though males were usually included along with the females in the cages,their presenceor
absence appeared to make little difference to feeding for the first blood meal. In a cage
containing 175 females reared from female pupae and without accessto males offered the
arm for 26 minutes, 116 were consideredgorged to the fullest extent (mean weight after feed
6.60 mg.) and fifty-nine very nearly so (mean weight 5.90 mg.). This does not apply to
subsequentfeeds by unfertilized females as noted later.

(c) TIME

OF SUBSEQUENT

BLOOD

FEEDS

Once fully gorged, which is the normal condition following an undisturbed human blood
meal, the female does not feed again until after oviposition. Macfie (19 15) offered females
that had fed a blood feed twice daily, but they did not feed again until eggshad been laid.
The same author notes that after oviposition the female is ready, almost at once, for the
next feed and that it setsout to search for food as soon as the eggsare laid. Bacot (1916)
says that vigorous females feed within 24 hours of egg laying. David, Bracey and Harvey
(1944) state that feeding takes place on the day of oviposition. Since oviposition normally
is completed about 3 days from the blood meal, the female with the necessaryopportunity
feeds subsequentlyabout every third or fourth day (Macfie, 1915). H. A. Johnson (1937)
gives the intervals as short as 2 days. According to Macfie (19 15) unfertilised females do
not feed at regular intervals.
Under artificial conditions the number of feeds in the life of the mosquito may be very
considerable. Macfie (19 15) records instancesof fifteen and ten feeds in mosquitoes living
respectively 50 and 60 days. Howard (1923) records that in 3 1 days a female fed twelve
times at mean intervals of 2.6 days. The great majority of females under ordinary laboratory conditions, however, do not survive for such long periods. Following the first feed
the numbers in a cage considerably diminish and after a secondfeed mortality is very heavy.

(d) TIME

OF DAY

OF FEEDING

AL;desaegypti is of active diurnal habit and is widely known in the tropics as the day-biting
mosquito. Durham and Myers (1902), speaking of Manaos, say that A. aegypti is very
active in the early afternoon, but after sundown there is not one. Dutton (1903), speaking
of West Africa, says it only bites during the day. Goeldi (1905) says that at Para it bites
from sunrise to sunset. Doane (1914) says it ceasesto feed at night when Culex fatigans
takes over. Howlett (1913) says it hardly ever bites after dark. Howard, Dyar and Knab
(19 12) say that if it bites by night it does so in lamp-lighted rooms. Marchoux, Salimbeni
and Simond (1903), however, held that Aedes aegypti bit by day and night during the first
6-8 days from emergence, but later at night only. In general, authors have not supported
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this view (Carter, 1904; Siler, Hall and Hichens, 1926; Bonne and Bonne-Wepster, 1925).
That the speciesmay feed at night is, however, shown by the observations of Gordon and
Young (1921). These authors liberated thirty-one marked females in a room at night not
less than 14 days from their first blood meal. During the succeeding4 days five marked
and three unmarked fed during daylight. None were observed to feed at night. Of fifty
similarly liberated, ten marked and ten unmarked fed in daylight, six marked and eight
unmarked at night. Schwetz (1915) describesit as biting towards evening and as very active
after sunset; later, 7-8 p.m., it ceasesto attack. There seemslittle doubt that A. aegypti as
commonly encountered is definitely diurnal in its habits, though it very characteristically
clings to dark corners and shady places and may under certain circumstances attack at
night. How far this may ceaseto apply under some conditions is further discussedbelow.
In the laboratory the speciesfeeds readily at all times of the day, in light or in the dark.
Bishop and Gilchrist (1946) performed their feeding experiments on chickens, or through
membranes, in the dark, obtaining 94 per cent gorged on the chicken in 30 minutes
exposure. The present author, using the same standard technique as when feeding in the
normal routine, but with the arm introduced and allowed to remain in the cage in complete
darkness, observed no marked difference either in the number of wheals produced in
15 minutes exposure, or so far as could be ascertained in the rate of settling on the arm.
Recently there have been referencesto A. aegypti in native huts in tropical Africa feeding
by night. Lumsden (1957), referring to conditions in Southern Province, Tanganyika, and
investigating the time of feeding of A. aegypti as shown by hourly baited catches,notes that,
though the activity of the A. aegypti female is diurnal, the night activity is by no means
insignificant. He givesthe following figures as the result of a 48 hours baited catch in a hut.

BY day

By night

Hut
interior
1280
669

Hut
verandah
416
189

Day and night were taken as between sunrise and sunset, in this case about 5 a.m. to
5 p.m. for the day catches. A noticeable feature was the occurrence of periods of special
activity. From the charts given, maximal catchesin the hut interior for females are notable
at 8 a.m. (159), 2 p.m. (199), 9 p.m. (107) and 3 a.m. (102). In the verandah catches of
fifty or over were at 5 a.m. (50), 8 a.m. (52), 1 p.m. (72), 5 p.m. (50). During the day the
number of females caught in the verandah, allowing an hour before and after sunrise and
sunsetfor probable daylight, was466 as against 134 (77.6 per cent). In the hut with the same
provision the numbers were 1398 and 574 (70.9 per cent) or very little different. The hut
interiors are noted by the author to be practically dark even by day, and a point of possible
importance in reference to what is said below is that in making the catchesit was necessary
to use lamps. Besidesfemales a considerable number of males were captured on the bait,
a total of 249 and 354 in the hut and verandah respectively as compared with 1973 and 621
for females. Much other information is given in this very interesting paper which space
does not allow further to enter into.
The choice of daytime so commonly associatedwith this speciesin its annoying activities
would seemtherefore to be dependent on other factors than a natural instinct to feed only by
day. Whilst much no doubt remains to be ascertained regarding habits of the speciesin
nature, it is thought that the following may give some explanation of contradictory
experiences described. In searching for its food, as noted in the section dealing with
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reactions of the imago (ch. XXIV), A. aegypti appears to be influenced by two major considerations, namely attraction to dark moving objects, operative therefore at a distance
from the food source, and attraction by warm air convection currents, obviously most
marked near the source. In an experimental cage the effect is demonstrably almost, if not
entirely, the second form of attraction. In an open room, however, there is reason to
believe that the first form of attraction is that chiefly operative. Under many circumstances
this might be sufficient to give the general effect, as commonly seenin better classhouses,of
mosquitoes active and troublesome in rooms by day and ceasing to be so by night. In a
dark hut the circumstancesmight more nearly resemble those seen in the laboratory where
the speciesis being studied in a cage.
Apart from special circumstancesthat may affect behaviour of the speciesthere can be
no doubt that compared with many mosquitoes, and including almost all anophelines and
the majority of culicines, A. aegypti is in the main of diurnal habits.

(e) EFFECT

OF TEMPERATURE
CONDITIONS
EFFECT

OF

AND

OF SOME

OTHER

ON FEEDING

ENVIRONMENTAL

TEMPERATURE

The effect of temperature on feeding is rather complex. It includes the effect on the insect
of the temperature of the air forming its environment, the temperature of the potential
food source, the relation between this and the temperature of the environment and the
question of convection currents set up by the food source. For the present we are concerned
only with the direct effect of low and high temperature of the environment on feeding.
Environmental temperature appears to affect feeding mainly through the general effect
upon the activity of the insect, which will in the main attempt to bite at any temperature
which leaves it physically able to attack.
The lower temperature limit. At low temperatures somewhat above the lethal point
A. aegypti becomes torpid, unable to fly or even move its limbs except slowly and with
difficulty. In such condition it is rendered incapable of attacking. Otto and Neumann
(1905) record that exposed out of doors to freezing it is killed. At 4” C. it could be revived
after an hour, but with longer exposures it was killed. At 7-9” C. females were rendered
stiff and moved slowly and were nearly always on the bottom of the jar, presumably being
unable to cling to the glass sides of the vessel. Lewis (1933) found A. aegypti at 10” C.
dormant and only stimulated to move when warmed. The temperature at which the
insectsceaseto bite has been very commonly given as about 15” C. (Marchoux et al. 1903;
Howard et al. 1912; Connor, 1924). Reed and Carroll note that it will bite at 63” F.
(17” C.) and above. They have never succeededin getting the speciesto feed below this
temperature. Cossio (1931) records A. aegypti as biting in nature at 15” C. and experimentally at 14” C. Gutzevich (1931) notes that A. aegypti on the Black Sea Coast does not
feed or oviposit below 16” C. In the author’s laboratory at Cambridge escaped free
A. aegypti attacked in an attempt to feed during some cold weather at a temperature in
the room of 15” C. This would appear to be the lower temperature limit for such activity.
Optimal temperature. What exact temperature is optimal for biting can only be very
generally stated. Marchoux et al. (1903) note that between 19” and 25” C. females are slow
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to bite, but that from 26” to 35” C. they will largely feed. Connor (1924) states that the
species is most active at 28” C., and this temperature is very generally considered by
authors optimal for the species. Aragao (1939) gives between 27” and 32” C. as the vital
optimum, all vital activities being retarded between 25” and 17”, whilst below 17” C. they
cease. Seaton and Lumsden (1941) for their controlled experiments used a fixed temperature of 24-26” C. Our own experience is that the biting activity at 28” C. with high
humidity is somewhat greater than at 25” C. At both temperatures and relative humidity
of 70 per cent or over they settle to feed rapidly and as a rule gorge fully within 5 minutes
(Christophers, 1947). Under favourable conditions even lower environmental temperatures
seem quite compatible with active attacking and gorging. We have found that in cages
they will settle rapidly on the arm and gorge well, provided the arm is warm, at 18” C.
Higher temperature limit. Regarding biting at air temperatures above 28” C. there is little
information. Lewis (1933) at 35” C. obtained 11 per cent feeding at 96 per cent relative
humidity and 17 per cent at 77 per cent relative humidity, the figures not being very different to those obtained at 30” C. None fed at 40” C. and relative humidity 83 per cent.
As will be shown later, 40” C. is practically a lethal temperature for the adult.

EFFECT

OF

HUMIDITY

That a high humidity is favourable to the life of the speciesis well recognisedand in nature
attack by the insect is most common in relatively high humidities. But biting may take
place quite freely at lower humidities, for example, at ordinary English summer temperature and humidity. For routine testing a relative humidity of 70-90 per cent at 25” C. was
found to ensure maximum and standard settling and biting effects. As noted by Lumsden
(1947) relative humidity at time of biting did not appear to be of importance. A very high
humidity has, however, been noted as having a deterrent effect on feeding at higher
temperatures.
EFFECT

OF

LIGHT

Light, if subdued, does not appear to have a deterrent effect. But during feeding under an
electric light it was noticeable that the insects when settling to feed tended to avoid the
illuminated area for those in shadow. The question has been studied under controlled
conditions by Seaton and Lumsden (1941). These authors found that light (O-5 metre
candles at the skin surface) reduced the number of fourth-day mosquitoes feeding at
24-26” C. and Hg. sat. def. 4.5-5.5 mm. by almost half. Of 100 mosquitoes fed in lots of
ten, sixty fed in darkness and thirty-four in light. This is in keeping with the known habit
of the speciesin nature of attacking in the subdued light of dark corners and on the shady
side of the victim.
EFFECT

OF

FERTILISATION

That fertilisation is not necessaryto ensure the female feeding has been noted by a number
of observers and the point has been put to careful test by Seaton and Lumsden (1941).
Experiments by these authors showed that the presenceof males up to the third day from
emergence made no difference in the number feeding. The present author’s experience in
the same direction has already been given. This applies, however, only to the first blood
meal, the course of subsequentfeeds being much modified by the irregular ovarian development as shown later.
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Some effect upon biting potential was thought to result when the insects had been previously allowed to feed on sugar, fruit and even water shortly before experiment. Thus
deprivation from water for an hour combined with exposure to light was found greatly to
increase and standardisebiting activity and was used as a routine. The use of sugar solution
or fruit has been widely used by observers with the idea of maintaining the life of the
insects. Except for the purpose of maintaining insects alive for special purpose over long
periods such usage would not seem desirable where critical experimentation on biting
activity is being carried out and where the condition of the insects used should be as
standardised as possible. Up to the seventh day such feeding is, with suitable technique,
unnecessary and introduces an unknown factor where every endeavour should be to
reduce conditions to the simplest possible.
Moistening the skin when mosquitoes were sluggishhas been thought by some observers
to be conducive to a more rapid settling rate. Lumsden and Bertram (1940) noted that
mosquitoes showing reluctance to feed could often be induced to do so if saliva were
applied to the skin when feeding on the fowl. This, however, was not found to have any
effect by Bishop and Gilchrist (1946) in their feeding experiments using the chicken.
Sweating was not found by Gordon (1922a) to affect biting. Out of thirty individuals
sweating and fifty-eight not sweating the average bites per individual was in both cases
seven. Our own experience has been that sweating, if it did not increase the settling and
biting rate, did not interfere with it. In this case the arm is bound to be warm and thus
favourable to biting.
Presenceof a heavy growth of hair was to some extent deterrent to rate of settling, but,
unless combined with presence of repellents, was not eventually protective. Gordon
(1922a) found the mean number of bites for h‘ airiness showing’ and h‘ airiness not
showing’ to be respectively 7.1 and 6.9.
Of all influences adversely affecting biting (short of sublethal temperatures and other
abnormal conditions) the most obvious was lack of warmth of the observer’s skin. On a
cold day introduction of a cold arm into a cage gave delayed feeding. Warming up the arm
before introduction had an entirely different effect. Few results in respect to feeding urge
are more illuminating than those of Howlett (1910) who, using a warm test-tube, showed
that this when held upright gave reduced attraction, thus showing that it was warm
convection currents rather than radiant heat that was effective in bringing about attack (see
ch. XXIV, p. 540). The speciesin this case was A. albopictus the behaviour of which is very
similar to that of A. aegypti. Crumb (1922) has observed a similar effect with Culexpipiens.
(f> CHEMICAL

ATTRACTANTS

AND

REPELLENTS

Chemical substanceshaving an attractive effect appear to be rare and such as have been
shown to have such an effect possessit in very moderate degree. Crumb, though he found
warmth powerfully attractive to Culex pipiens, notes that the components of perspiration
and blood produced only faint erratic response. Rudolfs (1922, 1930) with Ai;des sollicitans
and other speciesalso found sweat, sebaceoussecretionsand many other substanceslittle
attractive. But COz and weak ammonia were ‘strongly activating’. Van Thiel (1935), as
also Reuter (1936), found with Anopheles atroparvus that acids in human sweat did not
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attract. Bates (1949) was never able to trap mosquitoes using absorbent cotton that had
been rubbed over sweating animals as bait, though it was easy to trap mosquitoes with
vegetable bait such as slices of apple or sugar solutions. Parker (1948), as also Willis
(1947), found human arm odour attractive. It seemsvery doubtful if olfactory stimuli are
important or necessaryin causingAi;desaegypti to attack with the object of feeding. There
is clearly too a distinction between the urge with which a female A. aegypti is attracted, say
to fruit or sugar solution, and the excited behaviour of the insect intent on attacking for
the purpose of a blood meal. This is evident not only in the time taken to produce the
result, but in the characteristic behaviour of the insect.
Chemical substanceshaving a repellent effect are, on the contrary, many and various.
During the last war very considerable research was undertaken in testing and evaluating
large nurnbers of chemical substanceswith a view to selecting those that could most
effectively be employed in protection of troops from the bites of mosquitoes. As a result
three substancesbecame especially recognised as suitable for such use, namely indalone,
a proprietary preparation ; Rutger’s 6 12 (2-ethylhexane- 1: 3-diol) synthesisedat Rutger’s
University and dimethyl phthalate. Of these dimethyl phthalate (commonly referred to as
DMP) has now come chiefly into use. For an account of the history, method of testing and
chemical nature and properties of repellent substanceswith a bibliography see Christophers (1947) and for some points regarding repellents for civilian use, Christophers (1945).
An account of the work done at Orlando, 1942-7, is given by Travis et al. (1949). For other
work of more recent date seeKnipling and Dove (1944) ; Dethier (1947) ; Travis and Smith
(1951); Sarkaria and Brown (1951); King (1951); Roadhouse (1953). For testsin the field
against northern AEde,sin Canada see Applethwaite and Smith (1950) ; Applethwaite and
Cross (1951); Altman and Smith (1955).
Three points are of special importance in the selection of compounds suitable for use as
repellents; these are: (1) the degree of repellent effect; (2) the permanence of this effect
when the substanceis spread upon human skin; and (3) absence of irritant or toxic effect.
It is also useful to know its boiling point and viscosity (see Christophers, 1947).
Whilst testsof efficacy in the field have played an important part in determining the value
of different compounds, accurate information has mainly resulted from testing in the
laboratory. In this latter respect A. aegypti has been very largely used. Such tests are
valuable largely in proportion to the use of standardised conditions employed. The following are substancesthat with the author have yielded high degrees of repellency. They
are given with a rating value which requires some explanation. A substancemay be very
effective but its effect short-lasting. Or it may be only moderately effective, but very lasting.
All grades may be found in regard to these two points. In the rating value given in the list
complete repellency from 10 c.mm. spread on the arm per square inch is indicated by
A, A’ means an equivalent effect but at half the dose, and A” the same with a still
further halving of the dose. The figure after the stroke indicates the number of hours
that the substancein that dosage under standard conditions remains completely effective
as shown overleaf.
The degree of permanence is largely dependent upon the boiling point of the compound.
Thus, to give a longer protection in the standard dose than 2 hours the boiling point must
be at least about 200” C. For this reason many powerful repellents, such as citronella,
lack the permanence required for military purposes, that is at least 6 hours, and usually
give protection for about 2 hours. With boiling point over 300” C. there is a tendency for
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the substanceto give lasting effect but of relatively poor intensity. Thus dimethyl phthalate
with boiling point of 282” C. gives about the optimum effect for the 6 hours required
duration, but dibutyl phthalate with boiling point 325” C. gives a poorer repellency. On
account of its higher boiling point, however, dibutyl phthalate has been much used for
rendering clothing protective, sincearticles impregnated with this substanceretain repellent
effect for long periods and after washing.
Substance
Oil of citronella
Citronella1
Citronellol
Hydroxycitronellal
Oil of cassia(cinnamic aldehyde)
Rutger’s 6 12
Another related diol
An unsaturatedlong chain dihydric
alcohol
Dimethyl phthalate
Di-butyl phthalate
Di-ethyl cinnamate
Isopropyl cinnamate
Trichloroacetyl aminoethyl chloride
(15 per cent in ointment)

Boiling point
(” C.)
80.7
246
328
314
282-5
325
271-5
342
-

Rating
A/2
A/4
A/4
A’/6
A/4
A’/6
Al6
A”/6
A’/6
B/2
A’/6
A/2
A”/6

Whilst a high degree of permanence has been regarded as an essential requirement for
protection of troops in the field, this is less essentialas a rule for civilian use and some of
the lower boiling point repellents may here be more useful, for besidesbeing often more
effective for a period of, say, 2 hours, they have the great advantage of being more effective
at a distance. Thus very often in place of all skin areas requiring to be covered, it may be
necessaryonly to apply the substancehere and there on the clothing, for example on the
socks or about the wrists or behind the collar. The most commonly used repellent of this
type is oil of citronella, but there are still more effective substancesthat could be used,
such as citronellal, the active principle, or hydroxycitronellal, a very effective repellent
with a pleasant smell. The chief precaution necessaryis that the substanceshould not be
irritant or poisonous.
What the essential reason may be for a substanceto be repellent is not known. Many
such compounds have citrous or other quite pleasant smells. The high boiling point esters
of the lower methyl series and high molecular weight organic acids (phthalic, adipic,
cinnamic, citric, etc.) appear to owe their repellent effect to methyl radicles in suitable
combination. In the long chain alcohols it is apparently the position of the OH groups
which ensuresrepellency, the methyl radicles being little concerned.
Repellent substancesmay be used ‘ neat ’ by being spread thinly by smearing over exposed
skin, but may also be used in the form of some pharmaceutical preparation, such as a
lotion, cream or ointment, a cream being that for the most part adopted. In general the
neat application is the most effective but may be unpleasant for delicate skins. Dimethyl
phthalate (DMP) is not very readily combined in any considerable strength as a cream
owing to its low viscosity, a favourable condition for the ‘neat’ use. The following, however, is a permanent cream spreading readily and containing 25 per cent of the compound:
Dimethyl phthalate
White wax B.P.
Arachis oil
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Melt the wax in the arachis oil over a water-bath and stir in the dimethyl phthalate. If
necessaryfilter through a little wool. Put up as an ointment in a wide-mouthed bottle or
pot. Though it contains wax it is not waxy or unpleasant on this account and may be
varied slightly in composition to meet climatic requirements. Or an excellent cream can be
made using 70 per cent DMP and 30 per cent magnesium stearate.
Oil of citronella is liable to be adulterated and a good Java or other guaranteed oil should
be obtained, or if cost is not very material the essentialcompound citronella1 or citronellol
used. Such low boiling point compounds can usually be put up as creams or more simply
applied here and there on clothing, etc. Some preparations on sale for use against mosquito
bites appear to be based on the idea that more of the substancecan be included by use of
zinc oxide as an adsorbent, but even if the adsorbed compound is really active the cosmetic
effect of zinc oxide makes such preparations very undesirable. For information about
impregnation of clothing and other facts connected with repellents seeChristophers (1947).
It is understood that Dr Busvine is shortly publishing a paper on repellents.

(g) BITING

RATE

Various methods have been used to indicate the number and intensity of attacks by mosquitoes, either in the open under natural conditions or in cagesin the laboratory. One such
that has been in common use is t‘ime to first bite’ expressedin minutes. Another method
makes use of the number of settlings or bites per minute and has been termed t‘he biting
rate ‘.
In tests carried out in nature these indices, determined on an untreated subject, give an
indication of the number and biting urge of mosquitoes present at the time, usually a very
variable factor depending upon climatic conditions, time of day and other factors. It gives,
however, a basis for evaluating the degree of effectivenessof the preparations tested.
Table 30. Frequencydistribution of number of females settling in
I 5 secondsexposureon the untreated arm

Group
A

Result
Settlings
Wheals*

B

Settlings
Wheals

Number of
c
observations O-5
209
0
95
4
74
74

Number settling and wheals in groups of 5
*
,
6-10
11-15
16-20
21-25
26-30
24
78
78
29
0
46
23
19
1
1

1
1

11
33

26
20

19
19

18
1

-

Total
settlings
or wheals
3390
1046
1191
886

* Relates only to feedings in this seriesfor which wheals were recorded.

Table 31. Number of females settling and leaving in a
gorged condition in an exposureof 15 minutes
Number of
females
Group
used
A
100

B

200

Result
On arm
New settlings
Left gorged

r
15”
8
8
-

30”
10
2
-

Time intervals
h
60”
2’
38
50
28
26
14

On arm
New settlings
Left gorged

21
21
-

40
19
-

105
65
-
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161
70
14

5’
67
23
38

,
10
67
2
22

Totals
89
74

171
57
61

42
0
93

232
158
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In the case of cage experiments responseto the untreated arm, provided the mosquitoes
are in a suitable condition for use in testing, is very rapid and some modification of the
above use of the test is necessary. For this purpose the author uses a preliminary short
exposure of the untreated arm immediately before carrying out a test for repellency. The
arm being inserted only for 15 seconds does not interfere with the adequacy of the test
cage, the result serving to show that the mosquitoes are normal in their reaction. As this
test has been carried out and the resultsrecorded over a long period, a considerable mass of
data has been accumulated in this respect serving to show how extremely rapid is the
attacking reaction under such circumstances. In Table 30 is given the distribution of the
number of females settling in exposures of the arm for 15 secondstests. The area of arm
exposed is 30 square inches, the cagesthose described as type B cagesand the mosquitoes
5-7 days from emergence kept in small type A cages at 25” C. and 70 per cent relative
humidity until, shortly before the repellency test, they are transferred to the larger cage
and exposed for 1 hour, without accessto water, to illumination from an electric lamp.
Each experimental cagecontains mosquitoes hatched from 100 female and 100 male pupae.
The data relate to two observers, A and B respectively.
The observations show under A that out of 209 tests from ten to twenty females settled
in the 15 secondsin no lessthan 156 of these and that in a fair number of casesup to twentyfive had settled to feed in that short time. Under B a very similar result is shown.
The table shows also the recorded number of wheals that followed on these exposures.
Some interest attaches to these sincethe presenceof a wheal had been found to show that a
mosquito had remained at least some 6 secondsfrom the time of settling to puncture. From
seriesB in which observations on wheal formation were recorded for all testsit will be seen
that wheals formed only 74 per cent of settlings,those mosquitoes settling within lessthan
6 seconds from termination of the test having probably not had time to puncture, or
punctured long enough to leave a wheal. In this brief period of the preliminary test 4581
settlings or 16.3 per cent are accounted for out of a possible total of 283 x 100 if all the
28,300 females used had settled.
In Table 3 1 are given the results of counts made by two observerseach recording settlings
and leaving in a gorged condition of mosquitoes on their side of a line down the middle of
the exposed area of 30 square inches of skin with a time interval of 15 minutes. Some discrepanciesare due to the difficulty of keeping accurate record under such conditions. Also
a certain number of the mosquitoes, usually amounting to about 20 per cent, may leave
the situation on which they have first alighted for the eventual feed. The table, however,
givesa good idea of the settling rate as also for the time of engorgement and of leaving the
arm in a gorged condition. Many, however, remain on the arm in a fully gorged condition,
having withdrawn their mouth-parts for some considerable time unless disturbed.
When the test is performed with a repellent, in place of almost immediate settling and
gorging, the t‘ime to first bite’ may be prolonged for hours in the caseof a strong repellent.
Where the repellent is one acting at a distance, mosquitoes usually remain resting on the
roof or sidesof the cage and make little or no attempt to feed. Substancesthat have little
or no action at a distance may show the curious phenomenon that may be described as
‘hopping’. The mosquitoes settle, but quickly leave, only again to alight and leave.
Another frequent condition when the repellent is not too strong is for the mosquito to fly
to the arm as if to alight but fail to do so and to leave the arm at a tangent. Under such
circumstances,though they do not alight, a faint touch may be felt by the observer.
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XXI
THE
(a) DESCRIPTION

BLOOD
OF THE

MEAL
ACT

OF FEEDING

Few biting insects are more apparently intelligent, cunning and cautious than AL;des
aegypti in its behaviour when attacking. It rarely attacks blindly as some mosquitoes do or
makes a frontal attack. Usually it approaches from the shady side and from behind, and it
is difficult to get the attacking insect plainly visible against a suitable background. Commonly after failure to achieve its object at a first trial it makes a renewed attack from a
quarter different to that which is engaging the victim’s attention. Its approach is silent.
According to Howard, Dyar and Knab (19 12) a good description of the stealthy attack has
been given by Parker, Beyer and Pothier (1903). The male, though it does not bite, behaves
very much as the female, hovering and darting about the seemingly intended victim apparently without any object, since it rarely settles. Only under one condition does the
female mosquito appear to disregard all caution, namely when it has been interrupted in
the act of feeding. It may then literally precipitate itself upon the victim regardless of
consequences.
On alighting on the skin it quickly punctures, usually if hungry without hesitation and
at the spot at which it first alights. In a certain proportion of casesmore than one puncture
is made, though normally the insect does not easily leave the first-selected site and if blood
is not tapped within the first minute it will often remain several minutes until it is ultimately successful. On the other hand, it may after a time withdraw its mouth-parts and
make one or more further punctures. Gorging is complete with the majority of insectsin
good condition within from 2 to 5 minutes. Evidence of puncture in the normal subject is
given by the subsequentappearance of a wheal.
A number of authors have described with various degrees of detail the act of feeding,
a good general description for Culex being given by Reaumur as early as 1738. The following is a description of the act as it can be seen by the naked eye or under a lens.
The insect alights, folds its wings and takes up a position much as when resting. The tip
of the proboscis is then naturally close to the skin at a point roughly central to the four
points of support provided by the fore- and mid-legs. If strong and hungry the insect
straightens its fore-legs and raises the front part of its body to bring the proboscis into a
more vertical position before sinking it in the tissues. In many cases,however, the mosquito
simply remains as if resting until it is seenthat the labium is buckling and the mouth-parts
evidently sinking in. As the mouth-parts sink in, their direction usually, however, becomes
more vertical. At first the hind-legs may be held, as they commonly are at rest, in the air
giving no support to the body. But with commencing penetration the hind tarsi are brought
down on to the skin. The femoro-tibia1 angles of all the legs are made more acute and the
tarsi are drawn in and brought flat on the skin. In other words the insect appears to settle
to work and take a grip, a fact supporting the contention of Robinson (1939) that the force
for initial penetration of the epidermis is supplied from the legs through the neck (see
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section (b) on mechanismof feeding). It is this drawing in of the legswhich givesthe feeding
insect its characteristic crouched appearance.
Usually without any sign of effort the mouth-parts appear to sink into the skin, whilst the
ensheathingproboscisbuckles to allow of this. Though the palps may be raised, the act is
not conspicuous as with the long palps of Anophelesand usually they appear much as
when at rest. During sinking of the mouth-parts, however, they exhibit a distinct tremor as
described by MacGregor (1930), due to the action of the maxillary muscles. A similar
tremor is often seen on withdrawing the parts. It soon becomes evident, especially in a
lateral view, that the labium has bent sufficiently to expose some length of fascicle which is
forced out of the groove it normally occupies. Bending of the labium, as it buckles more
and more, is mainly at a point at the junction of the basal with the middle third of the
organ. The bending at this point is quite sharp and becomes sharper as penetration of the
fascicle progresses.When the fascicle has penetrated to about half its length blood may
begin to enter as is shown by the sudden appearance of a bright red streak in the fascicle.
The labium now has the appearance of being sharply bent, the basal third sloping downwards to the bend and the distal two-thirds passingto the site of puncture. Sometimes the
distal third remains approximated to the fascicle, at others the labium retains its hold only
at the extreme end, being bent like a bow with a kink where it is more sharply bent. With
deeper penetration the kink in the labium from being an angular bend becomes like the
bend in a hairpin, the basal third of the labium being brought into apposition eventually
with the middle third should the fascicle be sunk to its full depth. By this time the bent
labium has become directed backwards and upwards into the hollow between the head and
prothorax. The head is depressedin such a position that the occiput viewed from above
only just shows in front of the anterior promontory of the thorax. Sometimes after being
sunk more deeply the fascicle is somewhat withdrawn or it may be moved up and down
several times.
At some stagea bright red streak of blood suddenly appears in the fascicle and following
upon this the abdomen slowly swells; at first rather slowly, later more rapidly. The insect
now remains passive as the abdomen enlarges more and more. As it does so it ceasesto
remain parallel to the wings as in the unfed condition and sagsaway from these which no
longer suffice to cover it. As engorgement proceeds the cerci are extruded and a drop of
clear fluid is shot out on to the skin. This may be repeated several times.
As full engorgement approaches the abdominal pleurae are greatly stretched so that they
become at least as extensive as the scaled portions. The membrane of the intersegmental
areas is also stretched out and exposed so that these and the pleurae as far down as the
fifth abdominal segment show up bright red from the ingested blood. Unless there is some
delay in striking blood, completion of gorging usually takes from 2 to 3 minutes. Often
once started it is completed within a minute.
If undisturbed, the insect now remains for some little time with the fascicle lying in the
tissuesapparently no longer engaged in conveying blood. Then the fascicle is withdrawn.
Before this is done it may be partially withdrawn and resunk, often several times,
seemingto slide up and down with no effort, as though in a bore hole. Final withdrawal,
however, is often accompanied with considerable effort, and a marked tremor of the head
may occur and be transmitted to the palpi and even the antennae. Or the fascicle may be
withdrawn unobtrusively and the proboscis observed to be now no longer active but just
resting on or near the skin.
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Having completed gorging, the insect, unless disturbed, does not leave its position but
remains at rest with its proboscis laid along or near the skin for as much as 15 minutes or
more, though disturbance causesit at once to fly away, or as described by MacGregor
(1915) hop away, for it now flies with difficulty and rapidly comes to rest if only on the
floor of the cage.
Having found a suitable place nearby to settle the insect now remains quiet, and if in a
tube with damp filter paper it will remain for days resting towards the top of the strip or
on the netting covering the tube until oviposition approaches.
A very curious phenomenon is commonly seen shortly after the fascicle has been withdrawn, namely a strange writhing movement of the proboscis. This has been described by
MacGregor as vibratory, but the movement is more like a man settling his arm in a sleeve,
and the appearance is obviously the insect settling the fascicle again satisfactorily in its
sheath. What makes it so surprising to watch is that the proboscis, which one is apt to
look upon as a more or less rigid, or at least inert, organ literally squirms, there being no
doubt, watching it, that intrinsic muscles must be concerned (see under M
‘ uscles
of
the labium’, p. 585).
Another striking feature of feeding is that the insect, once it has begun to suck blood,
appears to become oblivious of all danger and considerable physical force is required to
make it give up its hold. Moreover, even when dislodged, it will often refuse to leave the
spot and in spite of being pushed about will endeavour to bite again. This feature is
referred to by Gordon and Lumsden (1939) when they note that they were only able to get
A. aegypti to feed on the frog’s foot by employing mosquitoes which had been allowed to
start feeding on the human arm. When nearing repletion, however, the insect usually leaves
readily if disturbed.

(b) MECHANISM

OF FEEDING

The mechanism of feeding has been very thoroughly worked out by MacGregor (193 l),
Robinson (1939) and Gordon and Lumsden (1939) (see also Griffiths and Gordon, 1952).
A number of points have been further clarified by the work of Bishop and Gilchrist (1944,
1946). It is interesting to note that the bending back of the labium was observed by Finlay
as far back as 1886. He saysthat in the caseof man the stylets penetrate Q-2 mm. before a
blood vesselof sufficient calibre is met with. He gives l-7 minutes for completion of the act.
MacGregor, following up the observation of Hertig and Hertig (1927) and of Kadletz
and Kusmina (1929) that mosquitoes can be fed artificially with a capillary tube, detached
altogether the fascicle from the labium before the operation and was thus enabled to study
the induced automatic imbibition of fluid. He described two methods of feeding-the
continuous and the discontinuous. When feeding on blood in the normal way the insect
used the continuous method and the blood passedinto the mid-gut. Fluids such as sugar
mixed with blood are taken in by discontinuous aspiration and pass into the diverticula.
When blood suckingis interrupted, any fluid left in the proboscis is diverted to the diverticula. These organs according to the author act not only as food reservoirs for fluids other
than blood, but also as air separation chambers against airlocks.
Robinson (1939) has further followed the mechanism of feeding and has described very
fully the action of the different mouth structuresin this process. For the details of the very
complete exposition the original paper should be consulted. Briefly the initial maxillary
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thrust is due to the contraction of the maxillary protractor muscle. The maxillary galeae
(maxillae of authors), being thus bent by impact with the skin, tend to bend and separate
from the labrum and other stylets, but are held in place by surface tension and so are forced
into the tissues. Penetration of the fascicle is thus begun. Two phasesin penetration are to
be distinguished, namely puncturing the epidermis and penetration into the dermis.
During the initial thrust Robinson considers that the thrusting force is exerted on the
thorax by the clinging action of the legs. This is transmitted through the neck to the head
and steadiesthe area of origin of the maxillary protractor muscles.The author notes that
though the neck is membranous it may act in this way by reason of turgidity causedby blood
pressure.The neck, however, is provided through the cervical scleriteswith broad chitinous
plates passing from articulation with the prothorax to the occipital portion of the head,
which should assistin giving the necessarysupport. There seemsno doubt from the stance
of the insect when commencing to puncture that the legs are important in providing at least
a fulcrum for action (see under description of the act of feeding). Later by alternate
forward movements of the maxillae, using anchorage of the opposite maxilla for purchase,
the maxillae in rapid rhythmical movement literally draw the fascicle into the tissues
through the pull of the maxillary retractor muscles. Eventually the fascicleis sunk often for
nearly its full length into the tissues.
The third stage,which follows when blood has been tapped, is one of passivity, the movements of the mouth-parts ceasingand the insect sitting passively on the skin until engorgement is completed. Engorgement, once blood has begun to flow, is very rapid, seeinghow
fine is the capillary blood channel through which the blood has to pass. The channel is
about 2 mm. long and has a diameter of about 0.03 mm. Through it commonly in 2 minutes
passesfrom’2 to 4 c.mm. of blood. The volume of the channel spacefrom the above data
works out as OXKI14cmm. To passthe volume of blood given it would therefore have to
be filled from 1430 to 2860 times in 120 seconds, which would give the rate of flow as
from 2 to 4 centimetres per second.
During withdrawal of the mouth-parts movements of the maxillae again take place,
usually assisted to a greater or less extent by traction exerted by the legs transmitted
through the neck and head.
Gordon and Lumsden (1939) observed the feeding of A. aegypti in the web of the frog’s
foot viewed from behind. The first sign of intention to feed was the repeated application of
the tip of the labium to the skin, the palps being often raised during the process. The
labella were always kept pressedclose together as describedby Robinson and not separated
as has been stated by Vogel (1921) and other authors. Before the skin was pierced by the
fascicle the labium ceased to wander and remained stationary for several secondsat the
selected spot. The labella seen through the web appeared as a dark circular spot from the
centre of which the fascicle was protruded. At this stagean oscillatory movement was seen
for a few seconds presumably due to cutting of the superficial layers of the skin by the
galeae of the maxillae, followed by appearance of the sharp point of the labrum, on each
side of which could be seen the rapidly moving galeae. The fascicle penetrating the tissues
did so in a purposive manner. The tip was actively bent and the flexible remainder followed.
When blood was taken from an extravasation into the tissuesfrom an injured vessel,feeding
might take ten minutes for completion (pool feeding). When occurring as a result of the
fascicle entering the lumen of a capillary, full engorgement took only 3 minutes (capillary
feeding).
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These observations by Gordon and Lumsden were made on the transparent web of the
frog’s foot, In 1952 Griffiths and Gordon describe an apparatus (see also Griffiths and
Gordon, 1951) which enables the process of feeding to be observed in the tissuesof a live
rodent. By this apparatus microscopic observation can be carried out by transillumination
of the ear of an anaesthetisedlaboratory white mouse. Here as in the web of the frog the
remarkable movements of the fascicle can be followed. The authors note that the fascicle
enters the skin at right angles to the surface and may sometimes continue in such a direction. Usually, however, immediately after penetrating, it bends nearly at right angles and
then proceeds to tunnel through the tissuesparallel to the skin surface. Usually before the
fascicle becomes fully extended the tip of the labium is seen to bend sharply and the
forward movement is continued in a new direction. The authors comment upon the rapidity
and apparent ease with which the fascicle penetrates and the effortless manner in which it
alters its direction almost as if moving in a liquid. The shaft, however, shows that there is
complete absence of lateral movement and the curvature assumed by the fascicle is dependent on its adaptation to the tunnel cut by the galeae. During the processof searching
for blood, dischargesof clear fluid, evidently salivary secretion, take place from time to
time. As in the web of the frog’s foot blood may be obtained by pool feeding from an
extravasation or from a capillary. In the caseof capillary feeding the fasciclemay passsome
distance along the capillary lumen. A peculiar feature in the latter case is the common
occurrence of a pulsation possibly due to suction, collapse of the vessel wall and an
increased velocity imparted to the contained red cells.

(c) THE

GORGED

INSECT

Immediately after feeding the abdomen is enormously swollen, measuring in a fully gorged
female up to over 4-O mm. in length and nearly 2.0 mm. in greatest breadth. The wings
which when folded formerly completely covered and reached to about the end of the
abdomen now only partially cover the enlarged mass which extends beyond them for a
third of its length as well as laterally beyond their borders. Occupying the greater part of
the massis the enormously swollen mid-gut extending posteriorly, as shown by its vivid red
colour shining through the membranous pleurae, to the posterior border of the fifth
abdominal segment. Formerly entirely hidden or indicated only as a line of meeting of the
tergites and sternites the pleurae now form extensive areas on either side of greatly
stretched thin membrane, under which can be seenby the binocular thin white lines formed
by stretchedtracheal vesselsand posteriorly some coils of Malpighian tubules shown up on
the red background. The intersegmentalmembrane between the tergitesand that betweenthe
sternitesare similarly stretched so that these structuresare widely separatedby membrane.
Anteriorly at the base of the abdomen and occupying the first abdominal segmentcan be
seena pale area where the end of the ventral diverticulum extends into the abdomen. Here
the sternite is represented only by thin membrane, and the characteristic bubbles of the
diverticulum can be seen shining through.
Compressed into the sixth segment and distending this are now all the organs of the
abdomen other than the mid-gut. The seventh segment (the last except for the small eighth
normally retracted within the seventh for most of its extent) has only narrow pleurae and
is not distended, the tergite and sternite remaining in contact. Beyond the cuff-like seventh
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segmentin the anaesthetisedor moribund insectthere projects in constant uneasymovement
part of the tiny eighth segment with the cerci.
During engorgement there is projected from time to time from the anus a tiny drop of
clear fluid. These drops have commonly been assumed to be plasma or serum exuded
from the blood mass in the gut (for example, Bonne-Wepster and Brug, 1932), in support
of which view was held to be the fact noted by Fulleborn (1908) that he found the haemoglobin content much higher in the blood from the gut than in normal human blood.
Allowed to dry on a slide such drops show crystals and give exactly the appearance shown
by small evaporated drops of normal saline. They do not coagulate on heating or give the
Millon reaction. Diluted they give a copious precipitate with AgNO,. From the work of
Wigglesworth on excretion in insects (Wigglesworth, 1942) it is clear that these droplets
are urine secreted by the Malphighian tubules and not directly derived from the ingested
blood. Very often after some time, droplets left on the glassof tubes in which fed mosquitoes
have been confined for oviposition show a white deposit at the bottom of the drop,
which under the microscope is seen to consist of the characteristic globular crystals of
urates. Passageof such droplets is not confined to the time when the insect is engorging
but continues copiously for some time after.
Dissection of the freshly gorged insect showsa massof partially clotted blood distending
the bag-like mid-gut, the walls of which are now so thin and delicate that they are ruptured
at the least touch. The contained blood has a rather tarry consistence,but is not at this stage
apparently haemolysed, since mixed with normal saline the fluid is not coloured and the
red cells are still largely intact. The ovaries are tiny organs measuring about a millimetre
when not stretched out and composed of follicles in an early stage of development. The
ventral diverticulum forms a large saccular organ with bubbles and measuring 3-4 mm. in
length and about 2 mm. broad when flattened by its own weight.

(d) THE

FUNCTIONS

OF THE

DIVERTICULA

These organs in the mosquito were observed as long ago as 1851 by Dufour. As in other
mosquitoes those of A. aegypti are three in number, namely two quite small dorsal and one
large ventral, all arising from the thin-walled dilated oesophagusin front of the proventriculus. Normally these delicate thin-walled structurescontain at least some air bubbles, and
the large ventral diverticulum may be distended by a massof such. The diverticula may also
contain fluid, especially after feeding on certain substancessuch as sugary fluids or in
moribund mosquitoes that have become entangled with the water surface. These very
commonly swallow water and air until the ventral diverticulum becomes enormously distended. Even as a normal result of engorgement and digestion, as the gut is reduced in size
and with oviposition the ovaries are emptied, the ventral diverticulum comes to occupy a
large part of the abdomen, extending to segment 3 or 4 or beyond.
The functions of the diverticula were not at first very evident and considerably divergent
views on the subjecthave been given. That when mosquitoes are fed on sugary fluids these,
unlike blood, pass,not into the mid-gut, but into the diverticula was first shown by Nuttall
and Shipley (1903), and is now generally accepted. Also the result of the observations by
Wright (1924), Kadletz and Kusmina (1929), MacGregor (1930, 193I), Bishop and GilChrist(1944), and more recently of Trembley (1952) and of Day (1954), has been to establish
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that when the mosquito feeds normally on blood this passesdirect to the mid-gut. Whether
blood is ever taken into the diverticula is lesscertain and recorded findings in this respectare
sometimesconflicting. Roy (1927) statesthat when the mid-gut is full, blood may be passed
into the diverticulum. This, however, is against usual experience. Fifty females were
allowed to gorge for 5 minutes and killed and examined within a further 3 minutes. All stages
of gorging were found including many that had gorged and left the arm. In none was
blood found in the diverticulum and in all fully gorged specimensthe clear space at the
base of the abdomen occupied by the air-filled ventral diverticulum was evident to external
examination.
MacGregor (1930, 193I), however, found that when fed artificially by the method of
Kadletz and Kasmina (1929) with blood mixed with honey the fluid passedalmost entirely
to the diverticula, if fully fed both to the dorsal and ventral diverticula, otherwise to the
ventral diverticulum. In normal feeding blood passed directly to the mid-gut, but with
interrupted feeds it may go to the diverticula.
Bishop and Gilchrist (1944, 1946) have studied the imbibition of different fluids in the
case of mosquitoes fed through an animal membrane and directly from open drops. In
these experiments it was found that whole blood and red blood corpusclesin saline, when
ingested through a membrane, go directly into the mid-gut which becomes fully distended.
Haemoglobin in plasma or distilled water is ingested to a lesser degree and, in feeding
through a membrane, plasma alone rarely. But if they are ingestedthesepassto the mid-gut.
Solutions containing glucoseor honey are seldom imbibed through a membrane. But if they
are, they passto the mid-gut or diverticula, only the diverticula, however, being distended.
Feeding from an open drop, blood is rarely ingested, but if it is it passesto the midgut. Haemoglobin in plasma or water is rarely ingested, but if it is it passesto the mid-gut.
Solutions containing glucose or honey are readily ingested and pass mainly to the diverticula which become fully distended, though traces may be found in the mid-gut. In this
last respect it may be recalled that it was noted by MacGregor (1930) that traces of fluid
when the diverticula are full may pass into the mid-gut, the point at which they do so
being shown, if formalin be added to the fluid, by immediate death of the insect. Summarising, Bishop and Gilchrist conclude that it is the nature of the food, not the method of
feeding, which determines its destination.
Day (1954), who found that sugarsare diverted to the diverticula and blood to the midgut, suggeststhat such discrimination is carried out by reason of the sensory papillae of
the buccal cavity (seedescription of the buccal cavity given in ch. XXVI, p. 571 and description
of the sensorypapillae in ch. XXIX, p. 664) transmitting impulsesthrough the stomogastric
system causing relaxation of the cardiac sphincter in the case of blood and of sphincter
fibres at the neck of the ventral diverticulum for sugar.
Wright (1924) suggeststhat the diverticula in Diptera were originally food reservoirs,
this function being largely suspendedin the caseof blood-sucking females. To act as storage
receptaclesfor certain forms of food is not, however, the only function these curious thinwalled yet muscular organs appear to serve. Mention has been made of the fact that in the
act of engorgement the ventral diverticulum passeswell into the abdomen. It seemsvery
possible that this is a protective device. The newly gorged insect with an amount of blood
that may be equal to or even greater than its own weight is in a position where trauma
may readily occur. When, too, as digestion proceeds and the gut shrinks and eventually the
ovaries are emptied, the ventral diverticulum comesto occupy a large part of the abdomen.
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it appears to play the part of an adjustable air cushion in the abdomen that might well
be purposive in effect.
Even the small dorsal diverticula may not be without some function. These lie in a very
narrow space between the massive dorso-ventral wing muscles of the two sides and are
further restricted by the anterior-posterior wing muscles above and the thoracic ganglia
below. It is possible, therefore, that some cushioning may here also be present.
Wright, commenting on the view that the diverticula may act in a fashion to lighten the
body for flying, turns such a view down since the diverticula being filled with air cannot
lighten the body. They might, however, increasethe ratio of resistanceto the air and weight
in the same way that birds possessair cavities in the bones.
Reference has been made to males and females found lying moribund on the water with
their diverticula swollen with fluid. It would appear that the insectsare unable to prevent
fluid passing up the blood channel as a purely mechanical process or that some form of
sucking action by the moribund insect leads to this result. The causeof the condition which
is very commonly seen is not known.
Thus

(e) SALIVARY

GLAND

SECRETION

A number of observations have been made on the salivary glands of mosquitoes and their
secretion. The first to describethe glands appearsto have been Macloskie (1887). Since then
they have been further described, especially as regards the glands of Anopheles,by many
authors.* The glands consist on each side of three acini, two lateral and one median, the
lateral acini in the body lying one above and one below the median. In Anophelesthe
median acinus is shorter and more saccular than the lateral acini and differs from these in
appearance. In Culex and Ak;desthe difference is little marked (Fig. 66 (6)). Like the glands
of Culex the central duct of each acinus in A?des aegypti is not enlarged towards the end
of the acinus but remains uniformly narrow to its termination. According to Metcalf
(1945) the intra-acinar salivary ducts are lined with chitin. Compared with the large glands
of Anophelesthose of AFdesaegypti are small. The most recent method of dissectionof the
glands is described by Shute (1940).
The nature of the salivary secretion differs in different species. Nuttall and Shipley
(1903), experimenting with an emulsion of the glands of Culex pipiens, found that this did
not prevent the clotting of human blood. Cornwall and Patton (1914), trying the action on
blood of an emulsion of the salivary glands of two species of Anopheles (A. rossi and
A. jamesi-probably A. subpictusor A. vagus and A. annularis), found that these gave
strong and immediate agglutination and that the blood failed to clot. A very complete
study was made by Yorke and Macfie (1924) of the salivary secretion of Anophelesmaculipennis, Culex pipiens, Theobaldia annulata and At?desaegypti. With Anophelesglands they
obtained complete and immediate agglutination. With Culex, Theobaldia and AL;des
aegypti there was no trace of agglutination against human blood or that of a number of
animals. In no case was there haemolysis, but in Anopheles there was a definite anticoagulation effect on human blood. The glands of A. aegypti gave neither agglutination
nor anti-coagulation effect. Two hours after feeding, the blood in the mid-gut of Anopheles
was agglutinated and unclotted. In Ai;desaegypti it was coagulated and not agglutinated.
Shute (1935) found that broken up in saline, citrate or defibrinated blood the glands of
* Christophers (1901), Grassi (1901), Nuttall and Shipley (1903), Goldi (1913), Perfilev (1930), Shute (1940)
and others.
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A. maculipennis(vars. atroparvus, messeaeand type form) caused agglutination of the red
cells of man and of most animals and birds tested. The male glands did not agglutinate, nor
did the glands of A. claviger (bifurcatus), A. plumbeus, Culex pipiens, C. fatigans, several
speciesof Ai;des,including Aedesaegypti, Theobaldiaannulata or Taeniorrhynchusrichiardii.
Later (1948) he found that the glands of A. stephensidid not agglutinate. Due to the agglutinating action of the salivary secretionin A. maculipennis,oocystsin infected specimenstend
to be congregated in the posterior portion of the gut. If, however, the mosquitoes be kept
head downwards for 24 hours after the feed, the oocysts are in the anterior portion of the
mid-gut. In A. stephensi,the salivary secretion of which does not agglutinate, the oocysts
are scattered over the gut.
Metcalf (1945) in A. maculipennisfound the pH of the median acinus to be 6.87.0, whilst
that of the lateral acini was 6.0-6.2. Agglutination was caused by the median acinus only.
Tests for amylase, protease and lipase were negative. Both lateral and median acini, but
especially the latter, contained a thermostable anti-coagulin; the median acinus also contained a thermolabile agglutinin, lacking or in very small amount in the lateral acini.
Blood in the stomach of Agdes aegypti was coagulated but not agglutinated 15 minutes
after a feed.
Gordon and Lumsden (1939) allowed A. aegypti to bite for interrupted periods of
10 secondsand found the reaction to the tenth bite as marked as that following the first.
Since Boyd and Kitchen (1939) found sporozoites in the tissuesin the neighbourhood of
the bite they consider it probable that injection of the salivary secretion takes place into
the tissuesand not into the blood stream. This has since been observed to take place by
Griffiths and Gordon (195 1) (see section b).
(f) AMOUNT

OF BLOOD

TAKEN

Fulleborn (1908) gave the blood taken by a gorged female A. aegypti as 1.1 mg. BonneWepster and Brug state that this is probably too small. Darling (1910) weighed Anopheles
albimanusbred in the laboratory 24 hours old with the mid-gut empty and with a moderate
blood feed, the weight being respectively 08 and 1.6 mg., evidently a very small mosquito,
but taking its own weight of blood. Caught specimenswith much blood in the gut but
undeveloped ova weighed 1.8 and 2.1 mg. With some blood in the gut and half-developed
ovaries the weight was 1.9 mg. and with much blood and developed ovaries 3.5 mg. Taking
the specific gravity as 1.050 he calculated that the volume of blood was 0.76 cmm.
A considerable number of observations on the weight of blood taken by Aedes aegypti
have been given by Roy (1936) in his work on the relation of the blood meal to development
of the ovaries. The weight of a 3-day-old A. aegypti as determined on 137 mosquitoesbefore
and after a blood meal in mg. was as follows.
Unfed females
Same fed
Amount of blood taken

Mean
l-32
2.07
0.75

Maximum
2-32
3.16
O-84

Minimum
0.86
1.06
0.20

He also gives a detailed statement of the mean weight of blood taken by mosquitoes of
different weight. The majority weighed 1.34 mg. and took as blood meals a mean of
under 2 mg. On the average the mosquitoes took a blood feed lessthan their own weight,
but 53 out of 137 took one greater than their own weight.
In the present author’s material the mosquitoes were evidently larger, as also the amount
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of blood taken, but about the same proportion of weight of mosquito to blood taken holds
good as in the fifty-three more active feeders in Roy’s seriesas shown in Table 32.
In the series given in the table the mosquitoes were weighed immediately following the
feed, that is as soon as they could be anaesthetisedand placed in the weighing bottle. In
every caseall the fed mosquitoes in the cage were taken. The operation served to show that
the passing of drops of fluid during and after feeding was by no means restricted to the
few drops seenwhen the mosquito was actually feeding, as during weighing droplets of this
fluid were always found covering the glassof the weighing bottle and in one sampleweighed
the weight of fluid amounted to O-1 mg. per mosquito. The control unfed mosquitoes were
from parallel series reared under identical conditions to those fed. It is clear, therefore,
that a fifth-day A. aegypti female when fully gorging takes more than its own weight of
blood and may take nearly twice this.
Table 32. Weight of mosquitoesand of blood taken
Age
Date
16. viii. 46
16. viii. 46
11. vii. 46
11. vii. 46
19. viii. 46
5. vi. 46

d&
0
0
1
1
4
5

Degree
of
gorging
Full
Partial
Full
Full
Full
Full

(g) RATE

Number
fed
28
13
90
90
84
159

Mean
weight
fed
5.07
3.43
5.57
5.58
5.80
6.35

Control
unfed
2.31
2.31
2.20
2.20
2.67
2.14

Weight of
blood
taken
2.66
1.12
3.27
3.48
3.13
4.21

Proportion,
weight of
blood to
that of
mosquito
1.13
0.48
l-49
1.58
1.17
1.97

OF DIGESTION

The blood meal is very rapidly digested. Some of the fluid of the ingestedblood is absorbed
and evacuated during and shortly after the feed in the shape of droplets of clear urine. The
weight of such droplets is quite considerable. Those left on a weighing bottle after weighing
a number of recently fed females weighed about 0.1 mg. per mosquito. An equal amount or
more is probably evacuated during the feed, and copious secretion of urine continues for
some time after.
By the second or third day a considerable amount of brown faeces is passed and the
mosquito has already lost much of its gorged appearance and much of its extra weight.*
Nine mosquitoes on the secondday after engorgement gave a weight of only 2.33 mg. mean
weight which is about the weight of the newly emerged mosquito. After 48 hours at 25” C.
the gut usually still contains a much reduced quantity of altered blood, but this disappears
by about 52 hours from the feed. The mid-gut is always completely free from all trace of
blood before oviposition occurs. During this time in addition to the dark faecesthere are to
be seen on the tube in which the mosquito is confined droplets containing white deposit.
This deposit commonly settlesto the bottom of the drop leaving clear fluid above. Under
the microscope characteristic ball-shaped crystals of urates are seen.
For further information on digestion and changes following a blood meal see under
D
‘ igestion’,
ch. XXXI, p. 707.
* Gillett (1956) has recently shown that elimination of the blood meal by defaecationusually occursfrom 28 to
32 hours after feeding in mosquitoeswhich develop oocyststo stage 3 only, whereaselimination of the blood meal
is delayed for a further 7-10 hours in mosquitoeswhich develop oocyststo maturity.
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When offering the arm to a cage containing several hundred females and a like quantity of
males the former have for the greater part settled on the skin and are actively engorging
within some 2 minutes. The males do not settle at this time, or only an occasional one does
so. The males, however, become extremely active, flying in a dancing-like fashion to and
fro, backwards and forwards and sideways in an irregular lurching manner. The most
conspicuousmovement is backwards and forwards flight at an angle of about 30” to the
horizontal through a distance seemingly of some 4 or 5 inches, reversing without turning
the direction of the body. When glimpsed in this flight the insect’s body appears to be held
at a slope from head to tip of abdomen of about 30” to the horizontal, that is much the
same as the angle of flight. Whilst thus flying they give rise to a shrill humming noise.
This activity is kept up almost indefinitely so long as the arm is present and even when the
majority of the females have left. When the arm is withdrawn the dance ceases.When
after some 15 minutes many females have left the arm the males often settle on the skin
and walk about on this. They may be seenapplying their proboscis tip with the long palpi
to the skin, possibly taking up sweat or fluid voided by the females when feeding.
Flight of the males, though it appears continuous, seemsto be taken up in relays, there
being always a number of males settled on the roof of the cage, but on watching the
individuals they remain resting only for a time; others on the contrary are settling to rest.
The excitement does not seem to be especially associatedwith copulation and there is no
conspicuousappearance of females entering the crowd as describedfor swarmsin the open.
A certain number of males do, however, when on the arm solicit females who are still
sucking, but are usually rebuffed.

(i) REACTION

FOLLOWING

BITES

Where there is nothing to cause interference with feeding A. aegypti for the most part
completes gorging where it first alights and without making any secondpuncture. Gordon
(1922) makes the observation that unless disturbed A. aegypti never bit twice. A certain
proportion, however, even if not disturbed, do puncture more than once. Usually the total
number of wheals after a large feed is about 25 per cent in excessof the number biting. In
Table 33 are given examples where counts have been made. In all casesthe temperature at
which feeds were made was 25” C. and the exposure 15 minutes. Care was taken that no
movement of the arm or other disturbing factor was present.
It might seem that the results here given, showing an excessof wheals over the number of
mosquitoes, were in contradiction to previous results given where the reverse was shown.
Table 33. Number of wheals following feeds by mosquitoes

Date
16. viii. 46
11. vii. 46
17. viii. 46
19. viii. 46
13. iii. 46
Total

Age in
days
0
1
1
3
6

Number
fed
41
92
82
84
84
383
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Proportion
Number of wheals to
of wheals mosquitoes
47
l-14
105
l-14
102
l-24
111
1.32
111
1.32
476
l-24

REACTION

FOLLOWING

BITES

The difference, however, is owing to the fact that in the test for biting rate only 15 seconds
was allowed for the biting, whereas the present figures relate to conditions where the
mosquitoes were given full time to complete their feeding.
As already noted it is necessarybefore a wheal is produced on a susceptibleindividual
for a certain time to elapse from the first commencing to puncture. This appears to be
about 6 seconds. Bites in which the mosquito has left under 6 secondsin the individuals
under observation have not usually left a wheal. The size of the wheal. other things being
equal, is proportional to some extent to the time taken in the feed. Thus bites of short
duration in which the insect is disturbed or prevented from remaining due to presence of
a repellent may be very small, whilst a full-time bite gives a good wheal. A certain time is
taken before the wheal develops. This may be from 5 to 15 minutes depending upon the
individual and other circumstances. After expiry of this time a tingling sensation is felt
and an urticarial-like wheal appears as a small discrete papule. The tingling felt is distinct
from that due to the action of the mouth-parts in puncturing, which may or may not be
felt at the time of the bite. The papule increasesin size with typical urticarial appearance
and may reach a centimetre or more in diameter. In some individuals the wheal is more
diffuse, forming a soft indefinite swelling. This urticarial wheal usually subsidesafter an
hour or so. What has been described may be called the ‘initial reaction ‘. At some later
time, usually 12-24 hours, a more diffuse type of papule develops, which may have a tiny
superficial bleb and is itchy. This, which may be termed the ‘ secondary reaction ‘, may last
a variable time up to 48 hours or more and is liable to exacerbation from time to time, as,
for example, when the bitten person is warm in bed. This stage, especially if a bleb forms,
is liable to become excoriated or may even become septic.
Immunity to the secondary reaction is soon developed. Such immunity is to a large
extent local to the area frequently bitten, but apparently not entirely so. In the case of the
writer, who after some years’ constant biting by the specieshas become entirely immune to
the secondary reaction, there still remains a large degree of susceptibility to the initial
wheal.
A description of the reaction of man to the bites of A. aegypti has been given by Gordon
and Crewe (1948). These authors state that the reaction in the majority of individuals does
not develop until some considerable time after the bite, such reaction being termed by the
authors ‘ the delayed reaction ‘. If persons showing a delayed reaction are irregularly
exposedto further bites, a proportion become ‘sensitised’, that is they show an ‘irnmediate
reaction’ and the delayed reaction ceasesto occur. If regularly bitten at short intervals,
they do not become sensitisedand the delayed reaction becomes progressively lessintense
and of shorter duration. If persons showing an immediate reaction are irregularly exposed
to further bites, the sensitivity persistsfor an indefinite period. If regularly bitten at short
intervals, however, the immediate reaction becomes progressively, though irregularly, less.
The desensitisationis highly specific, and persons sensitisedto AZdes, Culex and Anopheles
and subsequently desensitisedto Ai;des still gave an immediate reaction to Culex and
Anopheles.
Reaction and immunity to mosquito bites have also been investigated by Brown,
Griffiths, Erwin and Dyrenforth (1938), who describe Arthus’s phenomenon, namely
wheals followed by blebs with subsequentnecrosis and scarring following introduction of
glandular substanceinto the skin.
The natural assumption would be that these effects following the bite were due to the
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salivary secretion injected during the act. Schaudinn (1904), however, ascribed them to the
products of yeasts and other micro-organisms which are always present in the diverticula.
Leon (1924) came to the same conclusion, since he obtained no effect from the glands but
did from the diverticula. Roy (1927) punctured the skin with a fine needle and rubbed gland
substanceand diverticula suspensionover the puncture. He also obtained results (though
small) from thediverticula but none from the glands. Hecht (1928), however, has found yeasts
present in the diverticula only when mosquitoes are fed on sugary fluids, whilst secondary
papules follow implantation of the glands, the effects of the bite being due, not to contents
of the diverticula, but to the salivary secretion.
The ‘initial reaction’ is here referred to as a ‘ wheal’, this describing its characters
precisely. Wheals are of great value in quantitative testing work with AL;desaegypti, and in
the testing of repellents their number and distribution on the experimental skin area in
relation to the number of females usedhas been the most precise of all methods of assessing
protection. No difficulty in the author’s experience has been found in those partaking in
the experiments not being ‘sensitised’ or in loss of sensitisationfollowing biting, and the
extent of the latter after working with the speciesfor more than a year with almost constant
biting was only a matter of degree.
It seems possible that there may be two distinct processesoperating to produce the
‘ initial’ and ‘ secondary’ reaction. The secondary reaction is presumably due to the injection into the tissuesof the salivary secretion. In view, however, of the mechanism of biting
by what must amount to a considerable degree of cellular laceration through the action of
the maxillae, it is thought the initial reaction might be the result of such trauma with the
usual liberation of histamine. There would not seem to be anything contradictory in this
to the views put forward by Gordon and Crewe, desensitisationthen being development of
immunity to the products of cellular trauma, not to an effect of the salivary secretion.*
For the treatment of ordinary mosquito bites little has been advocated beyond the usual
methods of allaying irritation by cooling lotions, application of ammonia, rubbing with
grass or other household remedies. The subject has been dealt with to some extent by
Howard (1917). W. R. Shannon (1943) has advocated administration by mouth of thiamin
chloride (SO-100 mg. on the first day, followed by 10 mg. daily) to allay irritation and to
diminish tendency to be bitten. But thiamin chloride (vitamin B, hydrochloride) was not
found protective by Wilson, Matheson and Jackowskie (1944). See also Goldman,
Thompson and Trica (1952) on cortisone acetate. A preparation, ’ anthisan cream ‘, by
May and Baker, is on sale for irritation from mosquito bites. I have been informed by
Mr Mattingly that he understandsthat a very dramatic reduction of swelling and irritation
can be obtained by the application of certain antihistamines, for example Pyranisamine
maleate, and that this and other more recent compounds are available in proprietary
form, for example anthisan.
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(a)THE
DISTINCTION

SEXES

BETWEEN

THE

SEXES

The male,asin the majority of mosquitoes,is distinguished
from the femaleby the plumose
antennaeand the largehairy palpi, which in AFde,saegypti are about as long as the proboscisin marked contrastto the very shortfemalepalpi only about a quarterof the length
of this organ. In addition the male differsfrom the female in the absenceof mandibles,
narrowerwingsin proportionto their lengthand narrowerscalingof theseorgans,a more
developedfringeapicallyand absenceof scaleson the fringemargin,the presenceof larger
ungueson the fore-and mid-legsand a differentungualformula. The male differsalso,not
only in possessing
the large gonocoxites(claspers)and other charactersof the male hypopygium, but in the large and well-developedeighth abdominalsegmentcontrastingwith
the small retractedpart in the female.
Of interestfrom the biologicalpoint of view is the marked and constantdifferencein
size,the femalebeingnearlytwicethe weightof the maleand muchmore bulky and robust.
The differencein sizebeginsto beapparentin the fourth instarlarva, is markedin the pupa
and is presentin about the samedegreein the imago.
The sexesdiffer alsoin many pointsof behaviour,in the blood-suckinghabit, in length
of life, in the speedof flight and in the note emitted in the hum.
In all data regardingthe imagoit is necessary
thereforeto giveseparatevaluationfor the
sexes.Since,however,the femaleis more important asa blood-suckinginsect,asa carrier
of diseaseand as an insectuseful for experiment,it has receivedmore attention in the
literaturethan hasthe male, most observations
wheresexis not mentionedrelatingto the
female.
PROPORTION

OF

THE

SEXES

A characteristic
of A. aegypti to whichattentionhasbeendrawnby a numberof observers
is
preponderanceof the number of malesover that of femaleshatchingout. Rees(1901) is
quotedby someauthorsas referringto A. aegypti whenhe notesthat maleshatchout first
and in greatestnumbers. Actually in his paperhe refersto ‘mosquitoes’, but it is probable
that hewasheredealingwith thisspecies.Gordon (19228),however,definitelygivesfigures
for the species,namely a total of 142 malesto ninety-eightfemales(59.2 per cent males)
with maximum food supplyand 105 malesto ninety-one females (53.6 per cent males)
with a minimum of food. Young (1922) givesthe relativenumber of malesto femalesas
323 to 194 (62.5 per cent males). He notesthat preponderanceof malesappearsto be a
constantfeatureunder conditionsemployedin the laboratory.
Teesdale(1955),in two experiments
with ninety-sixand 134eggs,hatchedout respectively
seventy-seven
and 121adults,sixtymalesand seventeen
femalesand seventy-six
malesand
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forty-five females in the two series, giving for the eggshatched out a percentage for males
of 77.9 and 62.8 in the two series respectively.
Mattingly (1956) found a proportion of five males to three females (62.5 per cent males)
and a similar proportion for all published records for aegypti-albopictushybrids.
That an increasedpercentage of males over females is not, however, confined to A. aegypti
or even to Ai;deswould appear from data given by Qutubuddin (1952). Out of a total of
4353 Culex fatigans bred out 2427 were males and 1926 females (56.1 per cent males).
Table 34. Proportion of females to males in thirteen cultures
Total
n
Culture
IlO.

1
2
3

4
5
6
7

8
9

10

11

12

13

Date

Male

Female

27. iv. 43
8. v. 43
9. v. 43
26. v. 43
27. v. 43
28. v. 43
25. v. 43
18. v. 43

865
1,050
177
324
73
8
1,142
530
835
1,634
71
8
1,021
66
1,686
252
23
1,056
719
97
12
1,081
350
0
30
946
14
1
1,749
54
6

542
140
700
100
106
91
846
395
558
607
504
84
432
478
316
422
401
65
554
566
346
26
270
700
328
309
537
23
135
1,180
83

5. vii. 43
6. vii. 43
7. vii. 43
22. vii. 43
24. vii. 43
2. viii. 43
3. viii. 43
4. viii. 43
6. ix. 43
7. ix. 43
8. ix. 43
9. ix. 43
14. ix. 43
15. ix. 43
16. ix. 43
17. ix. 43
25. x. 43
26. x. 43
27. x. 43
24. i. 44
25. i. 44
26. i. 44

Left
over

Percentage
females*

542

23

39.5

1,227

840

269

47.5

28
111
30
126

405
1,142
530
835

297
846
395
558

28
111
30
126

44.5
45.6
44.5
45.0

56

1,713

1,195

56

42.2

75

1,087

910

75

47.5

289

1,961

1,139

289

42.1

118

1,884

1,531

118

46.7

73

1,461

1,324

73

48.9

45

961

869

45

48.7

21

1,809

1,398

21

440

15,880

11,844

1,264

Left
over

Male

23

865

269

Grand total

Female

45.0

* In calculating the percentage for reasons given in the text the number of left-over larvae and pupae (including
undiagnosed dead) has been added to the females.

In Table 34 are given the results of counts carried out in 1943-4 as a routine in setting
out standardised tests in connection with work on repellents (Christophers, 1947). It will
be seen from the table that in all thirteen counts recorded, amounting in all to 27,724
mosquitoes, males were consistently more numerous than females, though the percentage
was not so high as counts already noted. These counts were carefully made from cultures
obtained from standard egg-pots (seeunder chapter v describingtechnique), the number of
pupae and any unchanged larvae or dead larvae being also counted after making up the
day’s experimental cages. The eggsin the pots were massed eggs,the larvae being reared
5oo

THE

SEXES

from overnight hatching. Previous repeated trials had shown that with the technique
adopted very few eggs failed to hatch as shown after replacing pots to hatch.
Taking all the cultures 27,724 pupae gave 57.3 per cent males. Dead or unpupated
larvae numbered in all 1264 and as noted elsewherethe majority of suchlarvae would almost
certainly be females. Adding these to the females gives a percentage of 54.7 males. The
lowest percentage of males was in experiment 11 (51.1 per cent) and the highest in experiment 1 (60.5 per cent).
As will be seen later in chapter XXXI such a preponderance of males has considerable
interest from the genetical point of view and an accurate figure is very desirable. If, however, a really accurate determination is to be made, some important precautions are necessary. Rearing conditions should be such that practically all eggsused will safely reach the
adult stage or be capable of having the sex determined. If the proportions in the offspring
of single females are being determined, it would be necessaryto see that all the eggs of a
given ovulation are laid. Such a careful appraisal does not appear to have so far been made.
For the present it can be said that males predominate to the extent of from approximately
55 to 65 per cent.
ORDER

OF

HATCHING

OF

THE

SEXES

Mention has been made that Rees (1901) not only noted that males were in excess,but that
they hatched out first. Bacot (1916) also states that males are usually a day quicker in
development than the females, and the same is noted by Gordon (19223) and by Putnam
and Shannon (1934), as also probably by others. Such observations are in accordance with
the counts made of male and female pupae on the first, second and subsequent days of
collection as given in Table 35, where the results of routine counts made in connection with
the testing of repellents during 1943-5 are given.
Table 35. Counts of female and male pupae collected
on successivedays
Day of
collection
First day
Second day
Third day
Fourth day
Left over
Total

Females
2,130
4,476
2,223
674
997

Males
10,547
1,452
167
42
-

10,500

12,208

But though the male larva reaches full development and pupates a day earlier than the
female larva, the male pupa as will be seenfrom figures given under the pupa requires almost
the same time from pupation to emergence as the much larger female pupa.

BEHAVIOUR

OF

THE

SEXES

Behaviour of the male and female imago differs in a number of respectsother than in those
directly connected with sexual activity, for example in their behaviour in the presenceof the
host during feeding, in the character of their flight and in their general behaviour in a
room. Thus males will hover about a person sitting in a room quite openly and in a different
manner to the surreptitious approach of the female.
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A careful experimental study of the sexual behaviour of A. aegypti is given by Roth
(1948). The swarming of males so conspicuouslyevident in many Chironomidae, Tipulidae
and some mosquitoes, such as Culexpipiens, is not a feature with Ak;desaegypti, though a
modified form of swarming has been described, for example on a small scale in a corner
of the laboratory. As in some other speciesmales may show sensitivity to the wing note of
the female. Roth and Willis (1952) note that males will respond to a tuning fork held close
to the cage, clinging to the cloth so that females can be more conveniently captured. The
effective vibration is between 320 and 512.

(b) COPULATION
THE

ACT

AND
OF

FERTILISATION

COPULATION

Translation of a passagein which Godeheu de Riville (1760) describesthe act of copulation
in what was presumably A. aegypti is given by Howard, Dyar and Knab. Another early
description is given by Low (in Theobald, 1903) who states that as soon as the insects
emerge from the pupae, even on the first day, they begin to copulate, the males flying after
and chasing the females until they catch them, the pair then flying about joined together.
A male was observed to copulate with a female several times. The time occupied was a
minute or less.
Marchoux, Salimbeni and Simond (1903), describing copulation in A. aegypti, say that
the male seizesthe female in flight-belly to belly-and keeps in this position by means of
legs hooked to the thorax and by fixing its claspersnear the vulva, the act lasting about a
minute, the mosquitoes continuing in flight.
MacGregor (1915) states that almost as soon as they can fly copulation occurs, usually
in mid-air, either completely so, or more usually the female settled on the muslin, the male
with the back and legs pressed against the support and the abdomen arched. He states
that males do not alight on resting females. Bonne-Wepster and Brug (1932) state that in
captivity copulation always began with both parties on the wing. It may be finished in the
air or against the wall of the cage. In the latter casethe female pressesthe male against the
cage. These authors never saw a male alight on a resting female. Hovanitz (1946) states
that in A. aegypti copulation is most frequent at rest after flight, common partly in flight
and partly at rest and least common in flight.
Our own experience is that copulation takes place quite commonly with the female at
rest. It also takes place very commonly on the wing, especially when a number of the
mixed sexesare disturbed and take suddenly to flight. Seemingly in the latter caseit occurs
at random as the insects fly about, a couple appearing to meet in air and then often
tumbling together on to the floor of the cage. It is common at such times to see two, or
even three, males clinging to the same female, the agglomeration tumbling about or flying.
When coupling occurs with the female at rest the pair usually shortly take to flight. The
act lasts a very short time and often seems more in the nature of a ‘pass’ than a true
pairing. It never lasts more than some seconds.
In copulation the bodies are opposed. Howard, Dyar and Knab (19 12) state that in
mosquitoes with simple claws in the female (Culex, Anopheles) the position in copulation
is end to end, the pair facing in opposite directions, whilst in those forms in which the
female claws are toothed copulation takes place face to face, the pair clasping each other
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with their claws. In A&Yesaegypti the bodiesare opposed,the legsof the male claspingthe
female and the abdomenof the male archedupwardsand claspingthe tip of the female
abdomen. A good pictureof a couplein copulationis givenby Wesenburg-Lund(1943).
It is difficultto seewhat takesplacewhen copulationbeginsin flight. When the female
is at restthe male alightsalongsideand insertshimselfbeneathher, usuallypassingin from
the side,and claspsher with his body opposedat a little distance.The couplethen usually
fly off. A very full descriptionof copulationin A. aegypti is givenby Roth (1948) in his
paper on the sexualbehaviourof A. aegypti.
TIME

AT

WHICH

COPULATION

OCCURS

Most authorsnote that copulationoccursearly and independentof a blood meal. Macfie
(1915) saysthat the speciesin captivitypair very soonafter emergence,sometimesassoon
as rested. In our experiencecopulation is at a maximum in the first few days after
emergence.It may be so activeon the secondor third day that it is difficult to capturea
female with a test-tubewithout includingone or more males. At suchtimes it occursin
burstswheneverthe insectsare disturbedand take to flight. Later it becomeslessnoticeable, though liable to occurso long as malesare present.
Copulation is not particularlynoticeableat feedingtime when the femaleson, say,the
fifth day from emergencecollectat once on the arm and the malesbecomeexcitedand
active,flying backwardsand forwardswith a shrill hum in the upperpartsof the cage. At
most, towardsthe end of the operation,when malesbeginwanderingover the arm, some
may molesta femalethat is still feeding,often to be rebuffed. Even whennearly all, or all
the femaleshave left the arm to settleaboutthe cagethe malesstill maintain their to-andfro flight without copulationto any extenttaking place.Whether this would happenwith
femaleskept apart from malesto feedingday is not known. On removal of the arm the
malesceasetheir activity.
FERTILISATION

The usual test of fertilisation is that the spermathecacontainsspermatozoa. Little is
known asto detailsof the processby which the spermatozoabecomepackedin the organ.
Very rarely a massof spermatozoaon sectioningmay be found in the atrium and most
probably spermatozoapassup the spermathecalductsby their own activity.
Once fertilisedA. aegypti is capableof laying fertile eggsfor someconsiderabletime.
Macfie obtainedfertile eggs37 daysafter the last possibledate for copulationand Bacot
after 62 days. In Bacot’sobservation,eggslaid subsequent
to thiswerenot fertile. Fielding
recordsthat a female which laid 752 eggsduring 72 days of life, feedingsixteentimes,
originally segregatedwith two malesand with no other chanceof copulation,gave eggs
that were 80-90 per cent fertile.
Roy (1940)hasshownthat in Anophelesthe presenceof spermsin the spermathecamay
act as a stimulusto ovarian development.More recentlyGillett (1955)hasshownthat in
a certainstrainof A. aegypti mating may be a necessarystimulusto full developmentof
the eggsand oviposition(seechapterII under ‘strains‘).
At 20-25” C. Marchoux et al. (1903) found fertilisationto be the rule. Below 20” C.
the proportion unfertilisedwas considerable.
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(c) OVIPOSITION
THE

ACT

OF

OVIPOSITION

Mitchell (1907) and also Howard, Dyar and Knab (19 12) give a translation of a description
of the act of oviposition by Agramonte.
The mosquito alighted upon the water, whichwas ina small beaker inside the jar, with legs spread
apart. The abdominal segments being bent forwards and downwards, she dipped her whole body
until the last segment touched the surface of the water; then she rose, walked on a few steps, and
dipped again. This she would do repeatedly (14 to 22 times), when she would remain for a slightly
longer time with the last abdominal segment touching the water, and would allow a minute egg
to issue forth upon the surface. In this way she laid at the rate of 3 eggsper minute, resting quietly
after every sixth or eighth egg for about 30 seconds when she would resume the process.

Fielding (1919) states that the favourite position is resting on the side of the receptacle
with the tip of the abdomen just touching the water. Eggs were often laid on the water as
females moved about on it. Up to fifteen eggsmay be laid in a batch.
Owing to the habit of A. aegypti laying eggsa few at a time at intervals and the inconspicuousnessof the newly laid eggs, which are almost invisible on white filter paper, it is
not easy to observe females in the act of oviposition. It has, however, been observed on a
number of occasions. On most of these the female was one isolated in a specimen tube.
After remaining for some days, following upon feeding, almost entirely at rest near the top
of the filter paper slip or on the muslin cover of the tube the insect shortly before ovipositing
begins to move about in a restlessway. Shortly after this ovipositing begins.
The insect during the act has much the same attitude as when resting, but the abdomen is
from time to time bent downwards in a curved manner and is moved about to touch the
wet surface. Each time the tip touched the surface an egg was seento have been deposited.
The action was a rather unexpected one from the deliberate manner in which the abdomen
was used first to touch one place and then another, much as an elephant might use its
trunk. Without the body moving, eggswere laid at spots 2 or 3 mm. apart, the abdomen
moving laterally quite distinctly to do this. After laying four or five eggs the body was
often raised and the abdomen straightened out, whilst the apex was vigorously rubbed by
the hind-legs. The abdomen was then lowered as before and the depositing of eggs continued. After laying a group of about twenty eggs the female in each case moved to
another part of the tube. The eggswere found to be adherent to the glasswhen the film of
liquid was dried off.
SELECTION

OF

A SITE

FOR

OVIPOSITION

Two issuesare here concerned, namely (1) choice of the type of site, and (2) choice of the
position where the eggsare to be laid. The first relates to the type of breeding place selected
by the insect and has already been discussedwhen dealing with the nature of the breeding
places made use of by the species. The second is concerned with exactly where in the
chosen receptacle the female places her eggs. It is mainly the second issue which can be
studied in the laboratory and with which we are here concerned.
In the laboratory A. aegypti at full maturation of the ovaries will, under almost any
conditions, deposit its eggs freely on any water or wet surface that may be available. It
appears never to lay on a dry surface and in the absenceof water or a wet surface will hold
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its eggs.* The wet surface may be glass, earthenware, filter paper, sponge or the floor of
the cage wet with seeped or spilled water.
They may be laid (1) on the surface of the water; (2) at the edge of the water, almost
invariably on the wet surface just above the edge. Which of these sites is chosen depends
largely upon the nature of the receptacle. If this is of glass, the majority of the eggs are
laid on the water. If of unglazed earthenware, they are laid along the edge. Hence if
floating eggsare required, a glasspot should be placed in the cage and vice versa. Howard,
Dyar and Knab say that A. aegypti lays on the surface of the water only in captivity, glass
being an unsuitable surface. Probably glass is too smooth to give the foothold that
earthenware gives. That in the caseof the earthenware pot both water and wet earthenware
surface are available points to the fact that the insectsprefer the latter. The accumulation
of a line of eggs at the water’s edge is not as sometimes thought the result of eggs being
drawn into this position by capillarity. Actually Agdeseggsare not very apt to be drawn to
the edge by capillarity, though empty shells and collapsed eggs are. The eggs are so laid
in situ by the female and are retained in position by their sticky chorionic pads until when
dry they are firmly cemented in place by this same structure.
Obtaining eggs on wet filter paper may be a convenient method for enabling small
samplesof eggsto be used in experimentation. Floating eggscollected on cover-glassesor
slidesmay also be useful for some purposes. But as noted in the section on technique the
most suitable method and one with many advantages for obtaining and storing eggsis by
the use of unglazed earthenware pots. Also, it may be noted from what has been said about
hatching that filter paper, where eggs are employed for critical hatching data, requires
to be usedwith much caution. Recently the effect of the physical charactersof the container
on oviposition and the desirability of using a rough porous surface have been emphasised
by O’Gower (1955) in respect to A. scutellaris.
Eggs are invariably laid with the ventral surface, that is the surface furnished with the
peculiar refractile bodies, upwards. When not over-crowded they are mostly laid in lines.
Very often inspection showsthat the line has followed a streak in the glass,or that the eggs
have been laid along the edge of the filter paper strip where this meets the glass. In this case
the eggsare almost invariably cemented to the glass,not to the paper. Usually the eggsare
laid lenthwisein the direction of the line, but not necessarilyall pointing in the samedirection.
A point frequently referred to in the literature is the question of the choice for oviposition
of the suitable fluid. It is commonly stated that this is by preference water containing
organic matter, as against clean water. Beattie (1932) found the largest number of eggson
test bottles containing leaf infusion (8309 eggsfrom forty-two layings, as against 1241 eggs
with twenty-nine layings with distilled water). In the laboratory, however, females appear
to lay without any hesitation on clean tap-water and as a routine our pots have always
been boiled and well scrubbed and placed in the cage with fresh clean tap-water. There are
certain advantagesin cleanlinessin this respect and, to avoid unnecessaryfouling by preoviposition defaecation, the potsfor oviposition are freshly changedafter this hastaken place.
It is doubtful indeed if there is any very marked selection of the character of the water
if other conditions are suitable, except in respect to strong salinity or other objectionable
feature. Fielding, for example, notes that eggs may be laid on 40 per cent sea-water.
Wallis (1954), studying the oviposition activity of mosquitoes including A. aegypti, found
* Incidentally if it did so the eggs would certainly perish; see description of changesfollowing oviposition in
ch. VI (d).
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that the female could still detect an objectionable amount of salt when the movements of
the abdomen were restricted and the palps, proboscis and antennae were coated with wax,
and consideredthat, in general, sensitivity was located in the tarsal segments(seech. XXIX).
RELATION

OF

BLOOD
OVARIAN

MEAL

TO

FERTILISATION

AND

DEVELOPMENT

The blood meal has little or no relation to copulation or fertilisation. Marchoux, Salimbeni and Simond state that a blood meal is not necessaryto fertilisation. Macfie (1915)
states that fertilisation can take place without feeding. Howard (1923) says that virgin
females will feed, but that fertilised females are more greedy. Brug (1928) states that unfertilised females suck blood as readily as fertilised and, contrary to the statement by Macfie,
(19 15) they also lay eggs (unfertilised).
That for ovulation a blood meal is necessaryis now generally accepted. It seemsto be
immaterial at what stage of life the blood meal is taken. Bacot records that a female fed
56 days on honey and white of egg laid fertile eggs 4 days after the first blood meal.
Fielding, who failed to obtain eggsfrom females fed on a variety of foods other than blood,
also found that egg production ceasedon substitution of banana for blood. Gordon (1922)
offered fifty-four females serum, washed red cells and whole blood and found eggs produced only on the last-mentioned.
That more than one blood meal is necessarybefore A. aegypti can develop its eggshas
been sometimes stated. Whilst this is obviously incorrect where a full blood meal has been
taken it raises the question how much blood is necessary.This has been very fully investigated by Roy (1936) whose work on the weight of blood taken at a meal has already been
referred to. This author compared the number of eggswhich were laid following imbibition
of different amounts of blood. The data given in Table 36 are taken from his paper.
Table 36. Number of eggs laidfollowing upon d@erent amounts
of bloodfeed (from data given by Roy)
Range
blood
(mg.1
OGO.5
06-1.0
1.1-1.5
16-2.0
2.1-2-s
26-3-O
3-l-3.5

Number
of
females
21
28
35
34
11
6
2

Mean
weight
blood

~mg.)
0.38
0.77
1.22
1.79
2.17
2.72
3.2

Total
Ilumber of
eggs laid

Mean
number of
eggs laid

0
197
1197
1699
544
404
171

0
7.04
34.2
47.03
49.45
67.33
85.5

Number
of times
no eggs
laid
21
21
2

Number
of eggs
per mg.
9.14
28.06
27.77
22.71
24.77
26.72

The table shows very clearly that to obtain a mean of 85.5 eggs, which it will later be
shown is about the normal, a full meal of 3.0-3.5 mg. blood is required and that for any
eggs at all at least 0.5-1.0 mg., or on the average 0.8 mg., of blood is necessary.
Further, small amounts of blood in successivefeeds were capable of producing eggs
only when the weight of blood taken at the third feed exceeded 0.5 mg. The number of
eggs under such conditions was, however, as a rule small. In one batch mosquitoes given
feeds from 0.13 to O-45 mg. produced no eggs. But seven females given over 0.47 all
produced some eggs. The author considered that these minimal amounts were necessary
to stimulate the ovaries and that excessover this goes to form eggs. In chapter xxu in
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the section on hormones are recorded recent findings that a hormone secreted in response
to nervous stimuli aroused by blood entering the gut, or stretching the gut wall, is necessary
for initiation and promotion of ovarian development and Roy’s minimum dose may be
such a stimulus. For the present it will suffice to note that successfuloviposition is dependent on sufficient blood to enable the ovarian follicles to develop to full maturity and
that this entails for a normal oviposition 30-3.5 mg. of blood, or in other words a full
meal.
Among recent papers dealing with nutritive requirements for development of the ovaries
and oviposition are: Greenberg (1951), Dimond et al. (1955, 1956), Lea et al. (1956),
Woke (1955), Woke et al. (1956). All deal with A. aegypti.
TIME

FROM

BLOOD

MEAL

TO

OVIPOSITION

Most references on this point are of a rather general nature. One of the most detailed of
early statements is that of Marchoux et al. (1903) who gave the following data for different
temperatures.
29-30” C. 48 hours, almost alwaysby third day, sometimesfourth.
25-27” C. Fourth to fifth day.
20-25” C. Fourth day, sometimesseventhto ninth.
Under 20” C. May be retarded 26-7 days.
A complicating fact is that, unlike many culicines, A. aegyptidoes not usually lay all its
eggs at one act of oviposition. Buxton and Hopkins (1927) note that in nature it usually
deposits about twenty eggsat any one time. In captivity, too, it is not unusual for a female
to take several days to lay all the eggsof one batch. Normally, however, after a full gorge
on human or rabbit blood, mature fertilised insects under laboratory conditions, once
oviposition is started, commonly lay all their eggs within the space of at most a few
hours.
The time after a blood meal when eggs are laid depends upon the temperature and to
some extent on the conditions under which the gravid female is kept. Two methods of
observation are open to be used, namely (1) when large numbers of the insects are fed in
cages; and (2) when single females after feed are isolated in tubes with a strip of filter
paper and a little water.
In the first case, at a temperature of 25” C. and 70 per cent relative humidity, egg-laying
in the author’s experience usually begins on the afternoon of the third day from feed,
counting the day of feed as 0. Feeding was usually carried out between 2 and 4 p.m. on
the human arm with cages of some hundreds of females and males on the fifth to the
seventh day from emergence, some 90 per cent of the females gorging. A large number of
such layings were carried out as a routine in the course of some years’ work on repellents
and records kept show that at the temperature and humidity noted at most one or two
females could have laid before 68 hours, the usual time for appearance of the first eggs
being about 70 hours. The great bulk of eggswere laid between 72 and 112 hours. Comparatively few were laid from the sixth day onwards. A few observations of this kind have
been made with cagesin an incubator at 28” C. In some casesoviposition began as early
as 48 hours and was practically completed by 96 hours.
Single females in tubes mostly began to oviposit some time during the third day (6%
75 hours) when kept at 25” C. At 23” C. there was a marked delay, making the time of
commencing oviposition commonly a little under 4 days (80-90 hours), and at 18” C.
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the time was about doubled, retained eggs (see chapter VII) being for the first time
noted.
In all the above observationsthe females were fed on fifth to seventhday from emergence.
When females are fed on the second day from emergence, as previously noted, they do not
engorge so fully and as was to be expected oviposition was delayed. Not only was there
delay but considerable irregularity, which was very noticeable compared with the very
constant results from later-fed females.
In all the above the mosquitoes were largely in the dark, being in a constant-temperature
room with artificial light left on only when in occupation. Since these observations were
made, an important research on oviposition time has been undertaken by Haddow and
Gillett (1957) showing that the time of day, and thus the time from the blood meal, is
largely determined by the effect of light. With normal daylight and darkness these authors
found a marked peak of oviposition in the late afternoon, that is taking 4 hourly periods
starting at 6-Oa.m. (sunrise) the peak was in the period 2.0-6.0 p.m. When subject to
continuous artificial light (closed room with 4-foot fluorescent daylight-type tubes) oviposition was without any marked peak period, and when illumination was made opposite
to the normal day and night the peak occurred at 2.0-6.0 a.m.
Regarding the time from blood meal to oviposition in these experiments cages with
females (20) and males (lo), emerged on the same day, were fed at 8.0 a.m., 4.0 p.m. and
12.0 midnight forming two series each of three cages so fed. The first series were kept at
27” C. and 70 per cent relative humidity under continuous artificial daylight as noted
above. Oviposition began respectively in the three timed feedings at 58, 55 and 52 hours.
The second serieswas kept at a temperature of 23” C. and a humidity much as in the first
series, but under normal daylight and darkness. The time of beginning oviposition was
respectively in the three timed feedings at 77, 73 and 83 hours from the blood feed, that is
at 1.Op.m., 1.Oa.m. and 11.O a.m. respectively. The authors summarise their conclusions
as follows :
Under conditions of almost constant temperature and humidity, but with normally fluctuating
daylight, A&Ieesaegypti shows a regular cycle of oviposition, with one peak of major activity,
which occurs in the afternoon. Under controlled conditions with constant light, this pattern
breaks down and laying becomes aperiodic. Where the hours of light and darkness are artificially
reversed (by means of daylight-type fluorescent lamps), the cycle also is reversed. Darkness delays
the onset of oviposition. Light is the master factor, and there is a strong suggestion that the peak
of oviposition is associated with the onset of light, and, furthermore, that the underlying mechanism
t
may be hormonal.

Gillett (1956a) has distinguished as between ‘ ovarian development’ or development of
the oocytes in the ovarioles; ‘ ovulation ’ or passing of a ripe oocyst into the oviduct ; and
‘ oviposition ’ or egg-laying. The times of initiation and completion of these, especially of
the first and third, are each liable to be dependent on circumstances,for example ovarian
development as recently shown is initiated by certain stimuli and hormonal effects, and the
period to completion is dependent on temperature, amount of blood taken, age of the
mosquito when fed and other conditions. Ovulation doesnot necessarilymean oviposition;
and oviposition, besidesbeing dependent on full ovarian development, may quite well be
affected by many conditions, including as shown above by ‘ light ‘, but such also may well
include ability or inclination of the insect to find a satisfactory site for the act. Regarding
the terms used it might be preferable to make ‘ ovulation ’ equivalent to completion of egg
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formation, which would of course be indicated by passage of at least one egg into the
oviduct, but might be arrived at without this happening. From the data given by Haddow
and Gillett’s observations an estimate of the time to completion of ovarian development
might be made as 55 hours at 27” C. (mean of the times in continuous light) and 73 hours
at 23” C. (time when those fed at 4.0 p.m. laid at optimal time 4-5 p.m.) in this number of
hours. Those fed at midnight (83 hours) it may be presumed were waiting overnight for
appropriate light conditions (11-12 noon).
Under normal favourable conditions oviposition once started is commonly completed
in the laboratory in 5 or 6 hours. At 28” C. thirty-nine out of forty-four (89 per cent) of
females completed oviposition in 6 hours or less. At 25” C. thirty-six out of fifty-four
(66 per cent) and at 23” C. eight out of twenty (40 per cent) did so in the same time. At
18” C. the time taken for completion of oviposition from the start was a full day or
more.
Usually oviposition has been found to be complete on dissectingthe mosquito after a
reasonable time had been given for completion of the act. Short of dissection a guide to
completion is the condition of the abdomen, which on completion of egg-laying is thin and
cylindrical, with the ventral scleritesdeeply folded under the tergites, so that the prominent
lateral silvery spots on the sternites, so conspicuousin the distended abdomen, are quite
hidden. A useful guide to the impending commencement of oviposition in a cage of fed
mosquitoesis the passingof dark faecesstaining the filter paper fans or soiling the receptacle.
Gillett (19563) has noted that mosquitoes that do not develop oocytes beyond stage 3
usually eliminate the blood meal by defaecation at 28-32 hours from the feed, whereas
those that develop eggsto maturity do so 7-10 hours later.

DATA

REGARDING

SUBSEQUENT

EGG

BATCHES

Since more than one batch of eggsis normally laid in the lifetime of the female, provided
there are further blood meals, the total number of eggslaid by one female may be considerable. Macfie (19 15) records instances of fifteen and ten ovipositions, the first at
intervals of 3 days by a female that lived 50 days, the secondat longer intervals by a female
that lived 60 days. Fielding records a female which laid 752 eggsin 72 days. In the first
31 days it fed eight times and laid 437 eggs (55 eggsper feed), in the next 3 1 days it fed
six times and laid 260 eggs (43 eggsper feed) and in the next 10 days it fed twice and laid
55 eggs. Owing, however, to heavy mortality at oviposition the number of females with
such numerous ovipositions is small and even after the first oviposition there is a considerable reduction in numbers. Howard, Dyar and Knab note that the French Commission
(Marchoux et al.) found that out of 100 females only thirty laid eggs a second time and
twenty-one from three to seven times. The largest number of ovipositions observed in a
single female was seven. H. A. Johnson (1937) records females producing viable eggsto an
age of 6 weeks.
The data given in the previous subsection relate to the time of oviposition following
upon the first blood meal. Owing to the fact that after oviposition the follicles next following on the shed follicles are to a certain extent advanced in development, the time for
these to reach maturity is, in the case of Anopheles, somewhat shortened as compared
with that for the first oviposition. Whether this occurs in A&les aegypti has not been
ascertained.
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OF EGGS LAID

Very varied estimates of the number of eggslaid at an oviposition by A. aegypti are given
in the literature. Among earlier records are the following.
Marchoux et al. (1903)
Otto and Neumann (1905)
Howard, Dyar and Knab (19 12)
J. R. Taylor (Havana)
American Commission
French Commission
Goeldi
Boyce (1911)
Howlett (1913)
Macfie (1915)
Buxton and Hopkins (1927)
Connor (1924)
F. H. Taylor
Roy (1936)

First batch up to 100. Later batchesbelow 30
20-40 or more
35-l 14
40-l 50
First batch 70-95; max. 144; later batchesmax. 30
50-100
27-97
About 50
100 to as few as 7
20 on each occasionin nature
35-150
up to 80
Average max. 76

What at first seemsvery puzzling is that so many of these determinations are far below
the number of follicular tubes in the ovaries. The ovaries of A. aegypti, like those of other
mosquitoes, consist of a number of ovarian tubules in which successivefollicles develop
into eggs, the lowest in the tubes simultaneously undergoing full development whilst the
next follicle behind remains undeveloped until after oviposition and another blood meal.
In normally fed females many dissectionsfollowing a blood meal at different intervals of
time have invariably shown all the lower follicles simultaneously developed. The number of
such follicles in the two ovaries is approximately 120. The number of eggsfollowing a full
blood meal should therefore be about one hundred. In Culex molestusa different condition
may be found, namely that only a proportion of the lower follicles show development.
This has not been seen in AL;desaegypti, but may possibly occur under some conditions.
In most of the above estimatesthe number of eggs at an oviposition clearly relates to the
number laid under observation, no indication being given whether this might differ from
the total number of oocysts developing to maturity, as might be shown by dissection.
In Table 38 is shown the number of females out of thirty observed that laid eggs in
numbers between 85 (the lowest) and 125 (the highest). The mean was 115 eggs. The
results were verified by dissection, the ovaries being found empty of developed follicles
(eggs) except in a few instances where one or two retained eggswere found. To explain
the very low figures for the number of eggssometimesgiven it must be supposedeither that
the eggscounted did not include all the eggsformed, or that only a proportion of the lower
follicles underwent development, or more probably that eggs were retained (see later).
There does not appear to be any close relation between the number of eggsand the size
of the female. This would appear from the figures by Roy given in Table 39 and my own
results as given in Table 37.”
* The number of eggslaid in relation to the amount of blood ingestedhas recently been the subject of investigation by Woke et al. (1956). A single first blood meal was taken at different days from emergencebetween the
fifth and twenty-eighth days. The blood taken rangedfrom 0.1 to 4.8 mg. and the eggslaid from 0 to 136. The means
for feeds on fifth to fourteenth day were 89, 85,95 and 86. The number of eggsrose with O-5increment of blood
from 0 in a correlated curve to 99 beyond which the curve levelled off. Postponementof the first feed to 28 days
led to a lower number (mean 56). Size of mosquito did not affect the number.
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Table 37. Numberof eggslaid byfemalesof direrent weight

and winglength
Weight of
female after
oviposition Wing length Number of
eggslaid*
(mm.)
(mg.1
2.01
3.33
126
2.04
3.37
100
2.08
3.55
126
2.30
3.48
116
2.30
3.37
117
2.32
3.48
132
240
3.48
114
243
3.41
133
2.49
3.62
123
264
3.48
120
* In all casesovaries examined. An occasionalretained egg in a few casesincluded.

Table 38. Frequency
distributionof numberof eggslaid
Number of eggsper batch
Number of mosquitoeslaying

80-9
2

90-9
2

100-9
4

1lo-19
14

120-9
8

130-9
0

Table 39. Numberof eggslaid byfemalesof d$Cerent
weight

(from datagivenby Roy)
Class
(mg.1
Below 1.0
1.1-1.5
16-2-o
2.1-2.5

EGG LAYING

Mean weight
unfed
(mg.1
0.85
1.35
1.82
2.17

Mean number Total number
of females
of eggslaid
42
3
44
16
57
6
36
2

BY UNFERTILISED

FEMALES

The laying of eggsby unfertilised females was stated by Macfie (1915) not to occur. That
unfertilised females do lay eggs, however, is now generally recognised, the points at
issuebeing the degree to which they do so and circumstancesassociatedwith this. A very
complete study in this respect has been made by Lang (1956) and by Wallis and Lang
(1956) who have compared egg production in continuously mated females with that by
virgin females. The following are the chief conclusions arrived at:
1. There is no difference in the engorgement rate at the feed.
2. Continuously mated females produce more eggs than virgin females, one-third of which
failed to lay.
3. The average time for oviposition for virgin females was longer than that for mated females
and more variable. Of forty-six mated females 89 per cent oviposited within 7 days. Of 128 virgin
females only 55 per cent oviposited within this period. With partial or continuously mated females
maximum oviposition was within 7 days, but only 60 per cent of virgin females gave maximum
oviposition in this period.
4. Dissection of ovaries 2-3 days after feed provides a rigid assay for presence of an ovarian
stimulation factor in an experiment.
5. Feeding on sucrose did not provide a stimulus, showing that it is unlikely that distension of
the abdomen acts as a stimulus, which is more likely to be from some chemical in blood.
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Many interesting facts regarding the effect of mating and other stimuli connected with
oviposition have been recently given by Clements (1956) and by Gillett (1955, 1956) (see
section on hormones in chapter XXXI).
RETAINED

EGGS

That eggsmay be retained beyond their natural time is commonly shown by females that
have not had accessto water. Goeldi (1905) notes that eggsmay be retained 23-102 days
and still laid. Woke (1955) records that female A. aegypti forced to withhold oviposition
by absence of water for from 5 to 90 days from the blood meal may still oviposit when
given moist filter paper.
In the author’s experience dissection of females isolated in tubes that have been considered as having completed oviposition has rarely shown any considerable number of
retained eggs. Under 2 per cent usually show one or two eggsstill retained in the common
oviduct or cavity of the ovary. That such eggsare mature is shown by their appearance and
the fact that on exposure they darken and become quite black as in the normally laid egg.
In females from cages the presence of a few retained eggs has been more frequent (up to
21 per cent).
Among a small number of females fed and kept at 18” C. two were found which had laid
respectively 20 and 50 eggs, but in which 94 and 73 fully matured eggs were found still
largely in position in the ovaries. On exposure the majority of these darkened only
slowly, showing that they were mature.
It should perhaps be mentioned here that all eggs when first laid (see ch. VI (d)), and
whilst still white, measure only about 0*5-O-6 mrn., whereas the same eggswhen darkened
give the usual measurement for eggsof about 0.6-0.7 mm. Failure of retained eggsto meet
normal eggmeasurement does not therefore invalidate the fact that they are fully developed.
In many casesretained eggshave already within the body partly or fully darkened.
OVARIAN

CHANGES

In the unfed 5-day female the ovaries, when dissectedout and allowed to lie in salt solution,
measure about a millimetre in length and in the insect are situated in the hinder parts of
the fifth and sixth segments. On the fourth day after the blood meal, just before oviposition,
they measure up to about 3 mm. and almost completely fill the abdomen from the first to
the seventh segment, though the swollen abdomen is never so distended as after a full
blood meal. At this time the gut is empty and even the ventral diverticulum occupies a
very small space.
At oviposition the follicles, now in the form of eggs, occupying the lower ends of the
follicular tubes, pass one by one into the oviducts with the micropilar end directed posteriorly and the rather concave ventral surface directed inwards. They are fertilised as they
pass the opening of the spermathecal ducts, some dissectionssuggestingthat as they pass
this point a single spermatozoon with its head directed forwards lies at the opening ready
to perform this function.
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The speed of flight of a number of insectsas recorded in the literature is given by Wigglesworth (1942). This varies in the list given from 06 (Chrysupa) to 15.0 (Sphingids) metres
per second. Speeds given for the bee vary from 25 to 6-O metres per second and for
Diptera from 2-O (Musca) to 140 (Tabanus). For further examples see especially Magnan
(1934), also Demo11(19 18). In many casessuch estimatesof speedshave been arrived at by
observation alone.
Seen clearly in a beam of light or against a suitable background, estimation of the
cruising speed of the unfed female Ak’des aegypti has given values between 05 and 1-Ometre
per second (50 and 100 cm./sec.). It is thought that the male has in general a more rapid
flight than the female. Accurate determination by such method is, however, difficult.
Observations based on experimental conditions have been given by Kennedy (1940). As
shown by this author the flight of the female is largely controlled by visual responseto the
background. In a wind tunnel in still air over a background of moving shadow stripes the
mosquitoes flew in the same direction as the movement, often faster but never more slowly
than the stripes. In a gentle wind of 40 cm./sec. over a stationary background the mosquitoes made headway and were never carried backwards. A minority of individuals
temporarily swept in the direction of the wind sometimes turned in mid air and flew up
wind again. When disturbed the mosquitoes (females) flew directly against a 40 cm./sec.
wind to settle on the netting on the upper end of the wind tunnel. As the wind grew
stronger, more and more mosquitoes alighted, those still flying in 100 cm./sec. wind maintaining their position until they suddenly alighted on the floor without being carried
backwards. With winds over 150 cm./sec. they were made to alight and could not take off.
Kennedy notes that Afridi and Abdul Majid (1938) found that Culex fatigans refused to
take off in a wind of 10 miles an hour (about 450 cm./sec.). These results indicate an
average speed of about 50 and a maximum speed of 150 cm./sec.
The effect of such visual control of speed according to Kennedy would be likely to
cause the speed to be greater when flying at a distance from the ‘ground’. When close to
the ‘ ground’ (not above 10 cm.) and with quite gentle winds the speed did not exceed
30-40 cm./sec. When well up in the air, however, the mosquitoes should be able to fly to
the limit of their capacity (150 cm./sec.). When flying the length of the tunnel without air
or stripes movement the average speed was about 17 cm./sec., the highest being 37 and the
lowest 9 cm./sec. The author terms speed so controlled the ‘ tolerated image movement ‘.
The flight of males during feeds has some features of interest. The rate of flight is such
that at 10 inches distance the insectsin flight can be glimpsed, but little or no detail made
out. Flight is backwards and forwards in a plane at an angle of about 20” to the horizontal,
the head facing upwards in the plane. There does not appear to be any turning for the
515

33-2

FLIGHT

backward movement, though this requires confirmation. If so, this must mean that the
male can fly at an almost equal rate in reverse. Though the flight is kept up continuously for
half an hour, should the arm still be in the cage, not all individuals are in flight for such a
period, as numbers are constantly dropping out, settling on the sidesof the cage and after
a time taking wing again.
RANGE

OF

FLIGHT

Though AL;desaegypti has considerable powers of rapid and directive flight, it is not, like
certain salt-water breeding mosquitoes and many anophelines, recognised as a species
having a tendency to travel considerable distancesand is largely restricted in its activities
to haunting rooms of dwellings and such-like places, normally making short flights and
frequently settling. Soper (1935) notes that though the speciesmay fly long distances in
exceptional circumstances,its flight is normally limited to within 25-30 yards of its breeding
places. Hinman (1932) statesthat the speciesis incapable of flying more than a few hundred
yards. Cumming (193 l), dealing with the speciesin connection with control of yellow fever,
gives flight (dispersal) as 400-1000 metres. Shannon and Davis (1930) also state that
A. aegypti is capable of sustainedflight over water of 1 kilometre. A good summary is given
by Whitfield (1939).
Dispersal as shown by capture of stained liberated mosquitoes is much lessthan some of
these estimates. Shannon and Davis released 20,000 stained specimensin a small village.
Two were recovered in houses more than 300 metres away and ninety-five at smaller
distances. Less than O-4per cent were recovered, the latest capture being 13 days from time
of liberation. Shannon, Burke and Davis (1930) liberated 3500 stained mosquitoes in one
house. Dispersion to other houses began within 24 hours. By the end of a week over
90 per cent had disappeared from the house of release. At the end of two weeks lessthan
1 per cent were found. Bonnet and Worcester (1946), in Hawaii, give the result of capturing
marked A. albopictus,a speciesof somewhat similar habits to A. aegypti. They found the
maximum distance covered in 21 days to be 232 yards, the mean distance for all captures
being 68.7 yards. In 5 days the mean distance was 36.3 yards, in 10 days 113.8 yards and
in 15 days 103 yards. Wind had little effect, the insects flying into the wind when velocity
was low; otherwise they clung to vegetation. Wolfinsohn and Galun (1953) liberated 28,000
laboratory bred gravid females towards evening in an area in Palestine free from wild
A. aegypti or of dwellings likely to cause attraction and searchedfor eggsin 150 jars. They
found eggslaid up to 2.5 kilometres from the liberation point, all within 45” of the direction
of the wind.
METHODS

USED

IN

MARKING

MOSQUITOES

FOR

DISPERSAL

STUDIES

The chief difficulty in determination based on liberation of marked mosquitoes has always
been (1) the very small numbers recaptured, and (2) the unknown extent of possible lethal
action of the means taken for marking. The most commonly used method of marking
has been that first used by Zetek, namely dusting of the mosquitoes with aniline dyes, some
of which were clearly harmful. Shannon and Davis found spraying with 1 per cent gentian
violet caused death, but 1 per cent methylene blue was used successfully. Griffiths and
Griffitts (193 1) used a 2 per cent water solution of yellowish eosin distributed by an
atomiser. Bonnet and Worcester have experimented with auramine 0, pyrazol red, gentian
violet, malachite green, methyl orange, toluidine blue, chloramine red and pyrazol violet.

SPEED

AND

RANGE

Chloramine red was the only one that proved successful. See also Clarke (1943 a, b), Eyles
and Bishop (1943).
To avoid toxic effects Majid (1937) used a metallic marking. Mosquitoes not exceeding
200 are transferred to a small lamp shade (6+ inches high by 3 inches diameter opening at
base), the top and bottom closed by netting. ‘ Gold’ powder, as used in Press work for
decorative writing was then insufflated by a dusting tube made from a corked 3 x 1 inch
specimen tube fitted with a rubber ball bellows and inlet and outlet tubing. The marked
mosquitoes are readily recognised after capture.
Hassett and Jenkins (1949) use radio-active phosphorus, third and fourth instar larvae
being transferred to culture medium containing 10 pt./ml. radio-active phosphorus (P”“).
Second instar larvae reared in culture fluid containing Na,HP320 in from 0.05 to 10 ,x./ml.
were all greatly retarded in development, but at 1 pt./ml. adults emerged after 15 days and
varied in radioactivity from 6761 to 10,132 cpm. Third and fourth instar larvae in 10pt./ml.
begin to emerge in 6 days. For converting curies to grams, etc., see Morgan (1947).
Bugher and Taylor (1949) also used radiophosphorus and radiostrontium (Srag) as
Na,PO, and SrCl,. Use of 10-20 radioactive mpc. per C.C.in the larval bath gave a radioactivity of 2-16 mpc., using 5 larvae per C.C.There was no absorption by pupae. In the
mosquitoes 40 per cent of radioactive substancewas in the legs, practically none in the
wings.
For dispersal of A. aegypti by man see under ‘ Geographical distribution’, p. 41.

(b) MECHANISM
GENERAL

NATURE

OF FLIGHT

OF

FLIGHT

MECHANISM*

Movements of the wings in flight have been studied, especially in the bee and wasp, by
(1) observation of the movements of the wing as seen in the dead insect (Stellwaag) ;
(2) observations made on the stationary insect with the ends of the wings gilded (Marey);
(3) study of cinematograph records (especially Bull, Magnan and Voss); (4) observing the
movements under the stroboscope as dealt with in later subsections, and other recent
methods (Sotavalta, Hocking).
To a large extent the mechanism concerned in flight is very similar in the majority of
insects including the mosquito. The main action is the up and down movements of the
wing brought about through the powerful indirect wing muscles in the thorax acting
indirectly on the wing by leverage. In addition, to ensure forward progress, the wing is
also to some degree rotated on its long axis and/or so composed with a thickened anterior
and more flexible posterior portion that some degree of propeller-like action results. Some
arrangement has also usually to be made to bring the wings into position for action and for
flexing and disposing of them when they are not required.
The wings of the mosquito and the structure of the parts concerned in flight have already
been described in chapter XIX. It is necessaryhere only to note how the parts are used.
What is required of the wings is (1) the main up and down movement, (2) some rotation
of the wing in its long axis or other adaptation required for progressive flight, and (3)
* A considerableliterature existsdealing with insect flight, seeespeciallyMarey (1895), Bull (1904, 1909, 1910),
Stellwaag(1910, 1916), Ritter (191I), Voss (1913, 1914),Buddenbrock(1930, review), Snodgrass(1930, how insects
fly), Magnan (1934), Wigglesworth (1942). Very complete monographswith bibliographieson insectflight are given
by Sotavalta (1947) and by Hocking (1953).
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extension and flexion with adjustment of the wings to the resting position. The part played
by the halteres and other considerations connected with flight are dealt with later.
UP

AND

DOWN

MOVEMENT

OF

THE

WING

Through the structures at its base the wing has the arrangement of a lever, the long arm
being the wing itself and the short arm the bent down root of the wing. The power is
applied at the articulation of the wing with the edge.of the scutal flange (Fig. 58 (I), (2),
(3)JI). With the wing extended, thus bringing the lever system into action, pressure downwards by the scutal flange will cause the wing to be lifted in the upstroke. Similarly any
raising of the flange by return to its original position will produce the downstroke. It is
easy to show this effect of the flange by pressingwith a needle on the tergum when the wing
is extended.
The wing, however, is not free to move in all positions equally. The base of the wing on
its upper surface ends at its inner margin in an irregular knuckle-like ridge. Between this
and the edge of the scutum is a deep sulcus,the inner wall formed by the smooth surface
of the scutal flange, the outer by the downward-projecting base of the secondaxillary. This
arrangement limits very largely the wing movement to that on a hinge-like line. It also
largely prevents movement of the wing upwards beyond a certain point, as will be very
evident on attempting to raise the extended wing in a freshly killed insect much beyond the
horizontal plane. It will also be found difficult to extend the wing forwards beyond a
certain point. This is becauseas the wing is pushed forwards the free inner end of the costa
will be seen to engage in the hollow of the tooth-shaped humeral plate (Fig. 57 (8) sep)
and this in turn to abut against the tegula, movement being further restricted by the limpetshaped sclerite referred to in the description of the parts as the basalare (Fig. 58 (1) bas).
Only in a backward direction and to some extent downwards after some anti-clockwise
rotation is the wing free to move in any marked degree. Clockwise rotation, that is rotation
forwards, is much more restricted. Nor is the lever action of the up and down movement
entirely a good simile, for the movement of the wing in flight is somewhat vibratory, that is
the terminal portion of the wing has the appearance in flight of moving through a considerable arc, whilst the basal parts show only very slight movement, suggestingrather what is
seen with the vibrating limb of a tuning fork.
ROTATION

OF

THE

WING

The parts concerned in rotation of the wing on its longitudinal axis are largely the second
axillary and the remigium. The remigium is a very complex structure. As already noted it
seemsessentially to consist of two partially fused veins, a dorsal radial element more or
less superposedon a subcostalelement, though the parts are far from being merely an unmodified continuation of the respectiveveins in the wing field. These continue basally in a
normal manner up to the point where the splinter-like articular sclerite of Prashad links
on the sabroid of the remigium. It is on the two elements of the remigium that the seriesof
ridges and hollows describedby Shipley and Wilson (19 18) asa possiblestridulating organ in
Anopheles maculipennis occur. These are consideredby Prashad to be concerned in rotation,
the ridges and hollows preventing the two parts of the remigium from moving longitudinally on each other. If this be so, the poor development of the ridges in AL;desaegypti
as compared with that in A. maculipennis may be related to the much larger wing and
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greater powers of flight in the latter species.That some rotation of the parts in the base of
the wing takes place is shown by the shift in position of the second axillary (epaulet) on
manipulation of the wing.
EXTENSION

AND

FLEXION

The folding mechanism of the wing, as indeed its full extension, is in some considerable
degree at least automatic and due to the structure and elastic nature of the parts. If the
extended wing be gently pushed back, there is, after moving it to a certain point, a sudden
jerking back of the wing towards, and even completely up to, its resting position. Similarly
a touch on the half-closed wings may throw both wings into the completely extended
position, an action very familiar when mounting mosquitoes. The main ‘joint’ of the wing
in this movement seems to be the flexible articulation of the remigium with the second
axillary (epaulet). In the action the connexion is wrenched round and the epaulet rotated
forwards. When flexing the wing from the fully extended position the free basal end of the
costa lies anterior to the base of the remigium. But as the wing moves backwards there
comes a point where the membrane linking the end of the costa to the humeral plate (subepaulet) slips over the bend made by the remigial joint, thus removing the costa as a bar to
further bending. The mechanism indeed suggeststhat did the costa not end freely in membrane it might well embarrassworking of this movement. When the wing is fully bent back,
that is, fully flexed, the second axillary-remigial joint (epaulet) projects forwards forming a
kind of knuckle. The free end of the costa then forms an additional small knuckle external
to this (Fig. 57 (8)).
The horizontal backward movement of the wing at full flexion is also terminated by a
kind of locking device. This is largely brought about by the squama. As the wing closes,
the outer squama merely follows the movement of the posterior border of the wing and
so comes to lie over the bent-in inner squama. The movements of the inner squama are
more difficult to follow. In the extended wing the inner squama is bent down in its inner
half to form a flat depressedarea linking on to the axillary cord (Fig. 58 (4), (5) sq). With
flexion of the wing the greater part of the inner squama is folded back and completely
hidden beneath the outer squama. So folded, it lies packed away in a hollow behind the
posterior border of the scutal flange. The folding is seemingly not passive, but accurately
regulated by the elasticity of the parts to which the sclerites of the inner squama give
precision in the folding, the elastic border and ribbed axillary cord keeping the edgesfirm
and rigid.
When the wings are fully flexed there is left behind the scutellum a triangular uncovered
area consistingof part of the postnotum and some portion of the first abdominal segment.
Over this space the rather long fringe scalesat the base of the wing project. On the outer
squama there are no long fringe scales, thus leaving room for the fringe scales of the
posterior wing border and the scutellar chaetae.
As the wings closein they passvery neatly one over the other, slipping into place without
any interference. It was thought interesting to know whether one wing was always the
upper one or not, if not, what was the proportion in which right or left wing overrode. In
thirty-eight females examined at random eighteen gave the left wing over the right and
twenty the right wing over the left. These mosquitoes were then individually re-examined
after being allowed to recover from the anaestheticand fly for a time. This gave almost equal
numbers in which the overriding wing was changed or was still the right or left as the case
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might be. It was also found that it was not necessarythat the wing first closed should be the
covered one. As often as not the second wing to close slipped beneath the already closed
wing; this without the least hesitation or interference.

(c) THE

HALTERES

Well behind the wings lie the halteres. The structure of these organs in the mosquito has
been minutely described by Prashad (Prashad, 1916). They consist of a round knob-like
head and narrow stalk and a somewhat pyramidal base attached by a linear hinge-like
joint which allows movement only in a fixed plane. The direction of the hinge-line is very
close to that of the sulcusand articular ridge of the base of the wing. It follows that the
halteres, which vibrate through a considerable arc, do so almost exactly in parallel movement with the wings. When the wings vibrate the halteres do so too, stopping immediately
the wings stop. This can be readily demonstrated on a female mounted as for the stroboscope or merely pinned through the tip of the abdomen. The nature of the senseorgans
on the base of the halteres is described in chapter XIX when dealing with structure of these
organs.
That the halteres are essentialto flight in that they allow of co-ordinate movement of the
insect is now well known. It is not difficult to touch the halteres of an anaesthetisedinsect
with a fine needle wet with liquid glue and to fasten them down to the abdomen without
injury to the insect. Such an insect on recovering from the anaesthetic will fly but in a
wholly incoordinate manner as will be well demonstrated on a large sheet of paper, the
insect flying up only to dash itself violently to the ground.
For information on the function of the halteres and bibliography see especially Pringle
(1948).
(d) WING-STROKE
THE

FREQUENCY

FLIGHT

NOTE

The wing-stroke frequency in insectshas been studied by a number of observers, some of
whom have given data regarding mosquitoes. In respect to mosquitoes determination of
the frequency has for the most part been deduced from the note emitted by the insect, or as
it is commonly called the ‘hum’ of the mosquito.
Recently a very complete study of flight tone has been made by Sotavalta (1947). The
method used has been mainly the acoustic method, that is, matching the note by ear. For
this the author usesa covered glasscylinder 10 by 15 cm. high, through the cover of which
are fixed the cup of a binaural stethoscope,a thermometer and two glasstubes by which
temperature and humidity can be adjusted, the latter being read by a small hygrometer on
the bottom of the cylinder. Two notes may be given by insectsunder certain circumstances,
namely the true frequency note (flight tone) and the ‘whining tone’ on the average an
octave higher. The latter can be elicited by cutting the wings short. It is interesting to note
that Rudolfs (1922) records a shrill note when certain mosquitoes are subjected to some
essential oils (angry note). The highest flight notes are given by small midges (up to c”’
equivalent to 1046 vib./sec.). They have a proportionately large thorax to allow for the
necessarymuscles. For Culicidae spp. the author gives about 300 vib./sec. for the female
and 500 for the male. The rate alters with the temperature. The note is also changed by
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load, by fixing the insect and by fatigue. Goeldi (1905) refers to alteration of the note as a
result of dilatation of the abdomen by food. In Anopheles Nuttall and Shipley found the
tone raised in proportion to the extent of gorging.
Table 40. Recorded flight note and wing vibration per second
of d#eren t mosquitoes

Species

r
d
143 l:l

Note with approximate correspondingvibrations per second
A

g

f

171 192 2;;

b
’
d’
241 2c56 287

’

3;2

f’

g’

’

6’

n

n

d”

6i4

x

-

342 384 4;7

483

5f2

574

-

-

-

-

-

Female
Anopheles
maculipennis
(2)
maculipennis
(4)
maculipennis
(7)
punctipennis(4)

-

-

-

-

-

-

TheobaIdia
annulata(1)
SPP.(7)

-

-

-

-

-

-

-

-

-

At?des
aewpti (3)
SPP.(7)
Culex
pipiens(1)
pipiens(7)
~PP.(6)
Culicidae
SPP.(7)*
SPP.(7)1
SPP.(5)

-

X

-

X

X

X

X

X

X

X

-

X

-

-

X

X

X

x------

X

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

X
X

X

X

X

X

--------------

-

X
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X

X
-

X

-

_

-

-

-

-

-

X

X

X

x-------

X

X

X

X

X

X

x-----_-

X

X

X

X

X

X

X

X

-

x---

-

_

-

_

x-----

x-------_-

Male
Anopheles
maculipennis
(2)
maculipennis
(7)
Theobaldia
annulata(1)
SPP.(7)
AL;des
aegypti(3)
SPP.(7)
Culicidae
SPP.(7)*
SPP.(7)T

------_-__-

-

-

-

_

_

_
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)(----

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

X

X

X

X

X

X

X

X

X

X

X

X

X
X

X

-

-

-

-

-

-

X

X

X

X

X

X

X
-

X

X

-

(1) Landois (1867). (2) Nuttall and Shipley (1902). (3) Goeldi (1905). (4) Weber (1906). (5) Howard et al. (1912).
(6) Voss (1913, 1914). (7) Sotavalta (1947).
* In nature.
7 Under different temperatures,7-39” C.

In Table 40 are given the notes recorded by different observers for various speciesof
mosquitoes. In the table, in order to give a general figure for Culicidae, the frequencies,
whether given by the author as notes or as vib./sec. are entered as crossescovering the
range recorded. For exact details, references should be consulted in original. The allocation of frequencies to the notes is on the basis of the scale given below. It will be evident
from the table that, excluding the very high notes given by Landois (possibly the whining
notes) the extreme range for the female mosquito extends through about the two octaves
c to C” (128-512 vib./sec.), the more usual records being from f tof (170-340 vib./sec.).
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For the male the range is between b and d” (240-570). The large species (Theobaldia) tend
to give a lower note. The only author giving data for kdes aegypti is Goeldi (1905)
who records c’ for the female and a’ for the male, or about 256 and 430 per second
respectively.
It is perhaps desirable to give a brief explanation of the notation systemwhich to a nonmusician is apt to be confusing. For an account of the different systemsseeCatchpool and
Satterly (1944). Middle octave notes are recorded as c, d, e, f, g, a, b, those of the next
higher octave as c’ - b’ and for the still higher octave c” - b”, the octave below the
c - b being given as capitals. In relation to the written clefs the note for the first line of
the treble clef is e, that for the third space from the bottom being cf. In the bass clef the
top line is A, one line above being c (Fig. 62 (5)). The exact number of vibrations corresponding to these notes differs according to the standard of pitch in use, C” in English
concert pitch being 546, in the Old Philharmonic 540 and in the tonic sol-fa 507. For
ordinary scientific purposes C”is commonly taken as 512 which gives convenient numbers
(powers of 2). The notes intermediate between the octave notes are also somewhat dependent upon the scale in use. But the usual equal-tempered scale is based on the series
1, 22112,24112, 25112, 27/l”, 29112, 211/12, 2, or in actual figures in the proportions, 1, 1.122,
l-260, 1.388, 1*498, 1.682, 1888, 2. Using these proportions and approximate figures the
value of the notes likely to be required in the present connection will be as follows:
Lower octave (c)
Middle octave (c’)
Upper octave (c”)

c

d

e

f

g

a

b

128
256
512

143
287
574

161
322
644

171
342

192
384

213
427

241
483

These figures have been used in the table, any notes recorded as flats or sharps being
given under the note.
Notes can be obtained, sometimes of great strength, by confining mosquitoes in tubes
about an inch in diameter and of different lengths closed with a piece of large mesh
mosquito netting held in place with a rubber band. The note is best taken when the mosquito is flying near the netting, that is at the mouth of the tube. The tubes are advantageously
placed on a sounding board. A powerful note, for instance, is given by the newly gorged
female A. aegypti when segregatedin this way in a 3 by 1 inch specimen tube. The note
calculated at a wavelength of four times the length of the tube,* the rule for a closed tube,
should be at 25” C. 1151 vib./sec. Actually it was thought to be about middle g or about
380 vib./sec. In such casesthe note heard may not be the fundamental but some harmonic
of this, indicating a possible serious source of error in deducing vibrations from the note.
See also Nuttall and Shipley (1902), who while giving the male note as 880 consider this
possibly an overtone and that the real vibration rate was 440. See also Hannes (1926) who
found in the bee that the wing gave rise to two pressure waves, thus doubling the note
frequency but not the wing beats. It should be noted that by frequency, when speaking of
wing beats, is meant the double vibration, that is down and up stroke counted as one.
Other methods than that of the note emitted are available for determining the wing beat,
namely (1) in the caseof a large insect recording on a blackened drum, (2) observation with
the stroboscope, and (3) use of the oscillographic method.
* The number of vibrations per second is given by velocity of sound divided-by length of wave (in this case
12 inches).The velocity of sound at 0” C. is 33,170 cm./sec., 54 cm. (1.8 feet) being allowed for each degree of rise
in temperature. One-third of the diameter of the tube is added to the length of wave (four times the tube length)
as a correction.
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Very valuable observations on flight mechanism and wing stroke frequency can be made by
the use of the stroboscope(seeChadwick, 1939; Williams and Chadwick, 1943; Laird, 1948).
When the instrument is adjusted to near the wing vibration (or its harmonics) the wings
appear in slow motion, every movement under the binocular being clearly displayed. The
stroboscope can also be used to determine the wing stroke frequency, since the points at
which the wing is seenstationary or in slow movement as registered by the instrument gives
the frequency, or harmonics of this, at those breaks in the light corresponding to movements of the wing. For such observations Laird (1948) usesa mosquito which, after being
lightly anaesthetised, has been mounted on a suitably bent piece of wire with a minute
portion of quick-drying cement at its end pressed against the front of the mesonotum
(Fig. 62 (I), (2)). It is important that the wire be so placed that it does not enter the field
of vibration of the wings or affect the position assumed by the legs during flight. When
under observation the legs must not be allowed to touch any support or the wings will
cease to vibrate. Where observations are to be made on the effect of different gases,
temperatures, etc., Williams and Chadwick mount such insects on a supported strip
inserted into a length of Pyrex tube provided with a tap at each end.
The instrument available to the present author has been the Stroboflash, type 1200 A,
made by the Daws Instruments, Ltd., Harlequin Avenue, Great West Road, Brentford,
Middlesex. The duration of the flash is given as 5-10 micro-seconds.The maximum number
of vibrations on the scale is 14,600 per minute (about 240 per sec.), readings being given
in hundreds. For any higher rate it is therefore necessaryto use the lower harmonics of
such rate, this explaining why in what follows it has been necessaryto deduce the number
of vibrations from the harmonics instead of arriving at these directly from the readings.
Whilst in use the mosquito can be studied under the low-power binocular placed near the
face of the instrument in a darkish room or even roughly shadedfrom too much extraneous
light by a dark cloth or other device. I am much indebted to Mr C. H. Moore of the
Zoological Laboratory, Cambridge, for instruction in its use, as also for help in respect to
the observations on the oscillograph given in the next subsection.
For mounting, an ordinary quick-drying cement as sold for mending glass, china, etc.,
considerably diluted (l-10) with solvent (ethyl acetate) worked very well. But it was found
that on a thin wire the diluted cement tended to collect, due to capillarity, in a drop above,
instead of at, the actual end, whilst a thicker wire was clumsy. Much better results were
obtained by using a long, thin bent entomological pin, such as is used for mounting
Lepidoptera. The rounded head of the pin when touched in the diluted cement maintained
a terminal film that adhered readily to the mesonotum giving a minimum but effective
area of cemented contact. Insects so mounted would frequently continue to vibrate the
wings without cessationfor an hour or more, provided their tarsi did not contact any solid
body. The best results were obtained when the insectswere originally very lightly anaesthetised using the collecting tube with funnel for giving a graduated dose as described in
the chapter on technique. Table 41 gives the results obtained, the readings being repeated
approximately on several occasions.
The readings given in the table are those of the scale on the instruments, namely vibrations per minute/loo. The figures for ratios give in each case the ratio to the figure next
below, for example, the first entry in the table is 1lo/73 = 1.51. Now the true number of
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vibrations with its harmonics are in the proportions 1, l/2, l/3, etc. and these treated as
above for ratios give 2, 15, 1.33, 1.25, etc., the first harmonic being 15. The figures in the
first column of the table are therefore clearly not the actual vibrations, but the first harmonics of these and the real number of vibrations, as given in the last column of the table,
are twice this. The number of vibrations for the female is therefore 367 at 18” C. and
427 at 25” C. That for the male at 18” C. is 467. The corresponding notes would be g’,
a’ and b’. Since the determinations have been made on the fixed insect, they might be
expected to be somewhat higher than for the free flying mosquito, the rate for the fixed
insect according to Sotavalta being that for an insect with maximum load (see also Roth,
1922).
Table 41. Readings (vibrationsper minute/100) when wingsappeared stationary
or nearly so with ratios as explained in the text
Sex
Female

Temperature
(” C.>
18

Female

21

Female

25

Male

18

Readings and ratios
*

r
Readings
Ratios
Readings
Ratios
Readings
Ratios
Readings
Ratios

110
1.51
115
1.44
128
l-51
140
1.47

73
1.33
80
85
1.42
95
1.36

53
1.25
60
l-25
70
1.25

,
40
1.20
48
1.20
56
1.22

33
40
46
-

First
harmonic Vib./sec.
vib./sec.
wing
183.5
367
191.7

383

213.3

427

233.3

467

During such observations it was noticeable that as a rule the vibration rate was not
throughout always entirely uniform, there being periods of ‘ blur’ indicating temporary
changes in the rate.
At those points at which the wings appeared stationary, or nearly so, the halteres also
came into view moving synchronously in slow movement with the wings. They moved
through a considerable arc, nearly touching the abdominal surface at each end of the
swing.
OSCILLOGRAPHIC

OBSERVATION

Another method open to the study of frequency is the use of a mosquito mounted as before
and set with the pin carrying the mount against a crystal as used for wireless,the vibrations
being projected and studied on the screenof the oscillograph. When so connected in circuit
a female A. aegypti showed smaller waves imposed on the 50 cycle per secondwaves of the
normal supply. These smaller waves numbered about 8 to the cycle, indicating a value of
about 400 vib./sec. Oscillographic observation therefore confirms the order of about 350400 vib./sec. for female A. aegypti independent of any question of harmonics. For a useful
small guide to the oscillograph see The Cathode-Ray Tube Handbook by S. K. Lewer,
Pitman and Sons, Ltd., London.
MATHEMATICS

OF FLIGHT

That there is a relation between the weight of the insect and the number of wing strokes
and also between these and the area of the wing has been noted by several observers.Thus
for Culex pipiens Prochnow (1907) gives
Weight
Wing area
Wing length
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4-O mg.
1 l-0 mm.2
5-l mm.

WING-STROKE

FREQUENCY

Magnan (1934) givesan index, usually about 1.5 (varying between 0.7 and 2-2) for length
of wing (in metres) multiplied by vibrations per second. If this held good for AL;desaegypti,
and taking the wing length as 3.40 mm. and vibrations as 360, the index would work out as
1.22 which would conform to the relation.
A very complete study of the mathematics of flight in insects is given in the monograph by Sotavalta (1947) and subsequentpapers (1952-1955).
(e) OTHER

OBSERVATIONS

ON THE

WINGS

IN

FLIGHT

Interesting observations on the movements of the wings can be made on mosquitoes
mounted as described. In such a mosquito raised so that the tarsi are not in contact and
examined by unaided eye or under the low-power binocular the extent and direction of
movement of the wings can be to a large extent determined by the b‘ lur’ made as the
wings vibrate. Viewed from in front or behind, this blur is triangular. It is at once clear
that the extent of movement in the mosquito is far lessthan that figured in text-books for
such insectsas the wasp. By means of a micrometer scalein the eye-piece, the length of the
wing and the extent of the vibratory movement can be measured. The extent varies somewhat in different insects and at different times, but is on the whole reasonably constant.
Taking the precaution to measure the excursion accurately in its plane of movement this
for a normal sized female in good condition is about 2.5 mm. Since the wing length is
about 3.5 mm., this gives an angle of about 45” (sine about O-7), or possibly slightly less
since the extent of the blur may be slightly increased as the effect of some rotation of the
wing on its long axis.
Since the wings are articulated not very far below the level of the dorsum of the thorax
the insect with vibrating wings viewed from in front or behind gives the appearance shown
in Fig. 62 (4), that is rather like an aeroplane with high-level wings. The extent of the stroke
appears to be about the same above and below the horizontal line through the basesof the
wings.
Viewed from above it is seen that the wings when vibrating are not set accurately at
right anglesto the body but are sloped somewhat backwards, the angle which the two wings
make with each other being about 140”.
Viewed from the side this latter fact, as also the relatively high position of the wings, is
very evident (Fig. 62 (2)), the blur of the wings in movement being directed backwards and
upwards in much the direction that the proboscis is directed forwards and downwards.
In estimating the degreeto which the wings are directed forwards at the end of the stroke,
much depends upon the attitude adopted by the insect when flying. If the insect is poised
with the abdomen horizontal, the wings would be working almost exactly up and down.
But with the body tilted as it appears to be when flying there would be considerable forward
movement during the down stroke, much as is depicted by Stellwaag for the bee (see also
Wigglesworth, 1942, p. 89).
This raises a curious point, which at first might seem to point to some error in the
observations, in that if the downstroke is directed forwards this should, like a man rowing,
propel the insect backwards. After noting this apparent discrepancy I have been informed
by Dr Sotavalta that several observers have noted this fact and that the downstroke acts
in sustaining the insect, it being the upstroke that propels the insect forwards.
Much information on subjectstouched upon above and others relative to insect flight,
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includingreferences
to the mosquitoand midgesandto recentauthors’works,will befound
in later papersby Sotavaltathan that given in the text above.These are given with the
titlesin the list of references.
They includethoseconcernedwith wing-strokefrequencyand
various factors, such as temperature,air pressureand other matters in relation to this
(1952a, b; 1953); a very useful paper on reservesand energyoutput (1954a) with one
giving a descriptionof a simpleenergymill (1955); two on musclestructureand thoracic
temperature(19543, c); and one on the source of sensory impulses (19544.
See also
Haufe (1954).
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Figure 62. Flight.
A female ACdesaegypti as seen under the stroboscope showing attitude when, from the tarsi
making contact or other cause, flight movements have ceased. Freehand drawing.
The same specimen when in the act of flight. The area of the moving wings is only approximately indicated.
The same mosquito viewed from the dorsal aspect showing: a, upper limit of movement of the
wing; b, lower limit of same.
Wing movement with the mosquito tilted to bring the plane of movement horizontal, that is
showing maximum excursion. a, upper limit of movement of wing; b, lower limit of same.
The angle between a and b as determined from camera lucida drawing is 45”. The lines indicate
the sine (approx. O-7).
Treble and bass clefs showing notation and corresponding vibrations of c, c’ and c”. For
intermediate values see text.
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(f> ATTITUDE

IN

FLIGHT

When an insect, mounted as for stroboscopic observation, is placed so that the tarsi do
not touch any support, it frequently happens that the wings will vibrate for short periods
followed by others in which they are folded as at rest. In a normal insect any intermediate
state is unusual or at the most of momentary duration. In the two statesthe arrangement
of the legs is entirely different. When the wings are closed the legs usually are held more or
lesshanging down, either motionless or to a certain extent moving about. The halteres like
the wings are motionless, their tips usually just visible beneath the costal edge at about the
humeral cross vein. When the wings are erected and vibrate the whole appearance of the
insect changes. The fore-legs are brought up in a very characteristic way and the mid- and
hind-legs raised and held straight out more or less approximated to the abdomen so that
their tips lie beyond and behind this structure. In other words the insect adopts what
amounts to a stream-line attitude. This is particularly striking in the case of the fore-legs.
These are sharply bent with the tibiae closely approximated to the femur which latter is
held close against the thorax, the tarsus being raised somewhat in a praying attitude,
being directed upwards and forwards in a curve roughly parallel with the antennae. As
the wings stop, all this changes,the legs dropping, to be raised again when the wings restart
vibrating. It is not necessary that the stroboscope should be used to see these changes
which can be readily seen under the binocular or with the unaided eye.
If an insect, mounted as for the stroboscope, be held, not in the usual position, but
markedly sideways,it usually stopsvibrating the wings and scrambleswith its legs, and this
even if the change be made quite slowly. It has already been noted that A. aegypti when
at rest is sensitive to changes in orientation and tends to re-orient itself if the displacement is at all appreciable. The same sensitivenessis associated with attitude during
flight. Some trials with complete reversal, that is with the insect held completely upside
down, showed that the wings in this case might sometimes continue to vibrate. In all
other casesthere was strong objection to vibrating the wings in a position at a marked angle
to gravity. For reference to attitude of insectsin flight seePoujade (1884), Stellwaag (1916),
also chapter XVII (f) on specific gravity of the imago.
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(a) REACTION

TO LIGHT

AND

BEHAVIOUR

VISUAL

RESPONSE

Though the lateral ocelli of the larva and pupa remain present in the imago they are clearly
obsolescentand it is improbable that they are functional. The dorsal ocelli, assumingthat
the bodies described in the frontal region of the imago are these, would also appear not to
be functional. The effective visual organs consist therefore solely of the large compound
eyes. As previously noted, in Aedes aegypti these are not noticeably larger in comparison
with the size of the body in the male than in the female, nor do they extend dorsally and
ventrally more than in this sex. Though, as shown by Kennedy (1940), different portions of
the compound eyes respond somewhat differently to visual stimuli, there is little anatomical
evidence of difference and the difference in size of the facets noted by Sh8zo Sat6 (1950)
in Culex pipiens var. pallens appears to be much less in Ai;des aegypti (see chapter XXVIII
on measurement of facets).
A. aegypti in habit is more diurnal than nocturnal and is widely recognisedin the tropics
as the ‘day biting mosquito’. Nevertheless, it shows a marked preference for shade and
dark corners and in general avoids bright light and open spaces. It will feed, however,
readily in moderate or bright daylight at any time of the day. In the laboratory it will feed
readily in complete darkness. This has been found to be so by Bishop and Gilchrist (1946)
when feeding on the chicken and we have found that it will do so on the human arm and
so far as could be ascertained with no delay in numbers settling or gorging.
Response of mosquitoes in general to light is commonly negatively phototactic. Yet
Holmes (1911) found with Culex pipiens and C. territans that they kept on the side of the
cagenearestthe window or in a dark room followed the light and that tubes can be held with
the opening away from the light without the mosquitoes escaping.They were still positively
phototactic after being kept some weeks in confinement. The light reaction, however, was
mixed, that is, they selected dark corners but at the same time were photo-positive. Some
species of Anopheles are at night definitely positively phototactic in so far as they will
settle on an illuminated sheet, for example A. hyrcanus(Stephens and Christophers, 1902),
or are activated and fly towards a light (Christophers, 1914 ; Bentley, 1914), or are seen in
the morning flying at window panes. Yet the majority of the species are powerfully
attracted by dark doorways which they enter for day resting places and thus in this respect
would appear to be negatively phototactic. De Meillon (1937) notes that A. gambiae gave
both positive and negative reactions to light. Hundertmark (1938) found that by day
45 per cent of A. maculipennischose black to various shades of grey and grey to white,
whereas at night the responsewas reversed, 62 per cent choosing white.
The responseof Ai;desaegypti to light has been carefully studied by Kennedy (1940), who
has given the reactions of suspended females to a horizontal beam of light varying in
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intensity from 3 to 3 100 metre candles. The insectsexhibited negative phototaxis, the most
frequent readings being orientation at 180” from the source of light. Departures from this
exact angle suggestedthat the insects did not receive rays falling on the postero-lateral
parts of the eyes. Very similar results were obtained by Rao (1947) with mosquitoes (Culex
molestus and Anopheles maculipennis) rendered flightless by clipping the wings. In all
casesthe insectsmoved away from the light. Observing cagesof A&Yesaegypti at different
temperatures between 19” and 28” C. the writer has found any reaction to light, whether
diffuse or a beam of artificial light, to be mildly negative phototactic, that is, the insects
tended to settle on the sides away from the light. But when flying there was no obvious
drift. Yet in a test tube held as describedby Holmes, A. begypti of either sex will keep flying
towards the light, and though it may escapeif the tube is left open too long, in the main it
attempts to fly through the closed end of the tube. Further, if it does escape it then flies
towards the window. The reactions of the adult A. aegypti to light are therefore mixed
and seem more related to some objective of the insect than to an invariable taxis such as is
so conspicuouswith the larva and pupa. The facts might, to some extent, be sumrnarised
by saying that in seekingto escapethe insect flies towards the light, but in seekinga resting
position it selectssituations in the shade. There is another important reaction which will be
dealt with later, namely orientation and movement towards a dark object or area, especially
if this be in motion. It was of interest to note on one ocasion that when a beam of winter
sunlight entered a cage situated well back in a room the mosquitoes, which for some days
had been normally resting, kept up a continuous flight showing no particular relation to
the direction of light, that is, they were merely activated.
That dark objects such as clothes hanging on a wall are attractive to A. aegypti, so that
in nature they are found often in numbers resting by preference in such situations, is a
common observation in the tropics. A similar responseis displayed in the laboratory when
a dark object, for example a dark stripe on a pale ground is presented to them. Kennedy
(1940), using a singlestationary vertical stripe, found that the majority of suspendedfemales
oriented themselves to face the stripe. This occurred with all widths of stripe subtending
visual angles from 45” to 315”. With two stripes the insects oriented themselvesto one or
other, not to between the stripes. Rao (1947) obtained very similar resultswith mosquitoes
(Anophelesmaculipennisand CuZexmolestus)rendered flightless by removal or fixation of
the wings. Such mosquitoes moved towards a single dark stripe. When two stripes were
present movement was to one, not between. Reaction was invariably positive, no matter
how feeble the illumination, and was effective for stripes as narrow as a visual angle of 8”,
but not narrower, Stripes directly behind were not reacted to unless they subtended an
angle of 135” from the front. When one eye was blinded, circus movement took place
towards the blind eye. If a stripe comes into the field of vision of the functional eye, the
mosquito, however, turned sharply towards this. The author stressesthat there was never
any indication of positive phototaxis. The mechanics of orientation seemed to be in conformity with current ideas of negative phototaxis. There was no evidence of photohorotaxis (Kalmus, 1937; orientation to light-dark margin).
Seemingly somewhat opposite to the above Sippell and Brown (1953) found a mirroring
surface more attractive than a dull one, a black enamelled surface more attractive than a
flat black one, a silvered mirror more attractive than polished metal.
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How far does Ai;des aegypti distinguish colour? Preference for particular colours has
usually been determined on coloured cloths. Nuttall (1901) found that with Anopheles
maculipennis dark blue was preferred to green, yellow, red or white. Le Prince (see Herms,
1940) found no clear preference with A. quadrimaculatus. The colour preferences of
Agdes aegypti using coloured cloths has been investigated by Brett (1938). Adult females
2i days from emergencewere used at temperatures between 21.7” and 23.3” C. and relative
humidity 55-84 per cent. The mosquitoes were in cages about one foot cube with glass
tops and netting on three sides.The fabrics were introduced stretched over the investigator’s
hand at a distanceof about 0.8 cm. Fifty females were usedin each test and the proportions
settling on each colour as against black and white respectively determined. The author’s
results arranged in order of contrast to black are given in Table 42 (see also Brown, 1954).
Table 42. Colour preferences of Aedes aegypti as determined by Brett
re-arranged in order of contrast to black

Colour
Pure white (MgO)
Yellow
Light khaki
Green
Blue
Khaki
Grey
Heliotrope
Brown
Red
Pure black

Proportion Proportion
Reflection
to black
to white
factor
(percentage) (percentage)
100
48.2
27
50
40.3
28
45
9.3
31
59
7.5
32
58.5
14.6
32
60
17.8
35
56
10.0
40
57
7.6
40
62
10.4
43
69
2.08
-

It would seem that in Nuttall’s observations what was being tested was colour preference for ‘ settling to rest ‘. In Brett’s casethe presenceof the human hand close beneath
the cloth must clearly have acted as a stimulus to feed and what was being tested therefore
was colour preference for ‘ settling to feed’, possibly a different reaction. In such a case
it seemscertain that the colour choice would be secondary to the urge to feed, the main urge
being to settle with some predilection for the exact situation modifying this. From the
table the general trend would appear very largely preference for the colour with the greatest
proportion of black and least reflection factor, or in other words the greater amount of
shadow. A somewhat similar condition is commonly observed when feeding on the
human arm, more mosquitoes settling on the more shadedparts (seealso Smart and Brown,
1956). The choice of dark blue in Nuttall’s series could be explained in the same way.
Without more evidence of colour selection as apart from the amount of light reflected, it
would not seem that either of the above series of observations offers definite proof that
mosquitoes possesscolour sense.
The effect of colour as displayed in different coloured lights has been studied by Headlee
(1937). Traps with white light (25 watt frosted globe), red light (neon), greenish yellow
(mercury) and blue (mercury argon) caught respectively 1621, 1096, 582 and 599 mosquitoes, or taking white light as one, in the proportions respectively of 1.0, O-676, O-359
and 0.369. In terms of energy received the relative attractiveness would have been in the
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same order 1.0, 6.1, 12.3 and 21*5. Preference for the traps was, therefore, in reverse order
to the amount of energy given out. The author, however, found that different speciesbehaved very differently in their preference for certain colours of light and the reactions of
A. aegypti are not given. Recently a study has been made of the comparative attractiveness
of coloured lights of equal intensity to specific species of mosquitoes by Bargren and
Nibley (1956), but I have not as yet been able to see these authors’ paper. On the whole,
it would seem uncertain whether mosquitoes, or A. aegypti in particular, possessa sense
of colour as usually understood.
MOVEMENT

With moving stripes Kennedy found that the mosquitoes oriented themselvestowards the
following edge and were affected by moving stripes up to 90”, following a retreating stripe
and turning towards an advancing stripe when it passed this angle. Such observations
when extended indicated the importance of the visual background in the orientation and
behaviour of the insects when in flight. With free-flying mosquitoes in a wind tunnel
Kennedy found that females flew consistently up wind, keeping position or making headway so long as a background of stripes moving below was present, but not in darkness. In
the absence of wind with a background of moving stripes they flew in the same direction
as the stripes or ahead of the movement. Kennedy considered that the lateral ommatidia
initiate the responsesto light and to moving objects working in a different way from the
dorsal and ventral ommatidia which are concerned in upwind orientation. Sippell and
Brown (1953), studying the responsesof the female A&&s spp., note that movement nearly
doubles attractiveness of animals or inanimate objects.
The importance of visual stimuli from movement, especially of dark objects, will be seen
from what is said in section (f) of this chapter regarding the means by which A. aegypti
locates its victim.
(h) REACTION

TO

SMELL

That smell is an important guide to mosquitoes in searching out their prey has been very
widely assumed. Smell undoubtedly plays a large part in reactions of many insects, for
example, the blowfly is attracted by putrid odours and fruit-flies by various chemical
compounds. It is somewhat surprising, therefore, to find that a number of workers who
have experimented with mosquitoes in this respect have obtained either negative or
indefinite results with materials that might have been expected to give marked attraction
through smell. Thus Rudolfs, dealing with speciesof A&&s, found that sweat and sebaceous
secretions were little attractive. Sen (1918) found the blood of the goat after shedding
was not attractive to A. albopictus. Howlett (1910) also found fresh blood did not attract
A. scutellaris. Reuter (1936) found that acids in human sweat did not attract Anopheles
maculipennis. Crumb (1922) found mixtures of the components of perspiration and of
blood produced only faint erratic response from Culex. Van Thiel (1935) found acids of
sweat unattractive.
Hackett (1937) considered, however, that Anophelesmaculipenniswas attracted by the
smell of cow-dung. Haddow (1942), experimenting in Kenya, by counting the bites of
Anopheles received by five washed and five unwashed native children sleeping naked in
clean blankets in similar huts found that the unwashed children received more bites. He
also thought that dirty clothing acted as an attraction. Some evidence that the olfactory
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senseplays some part with A&Zesaegypti is given by Lumsden (1947) using closed receptacles with air at known temperature and humidity. Goeldi (1905) found sweat to be
attractive, but did not exclude the possibleeffect of warmth and humidity. Human breath
has been noted to be very attractive which can be very readily demonstrated by breathing
on the gauze of a cage containing A. aegypti, but the same objection lies that exhaled breath
is both warm and humid. An olfactory sensein A. aegypti is noted as possibly present by
MacGregor (193 1) in that the insect is able to determine the nature of a fluid immediately
the tip of the unsheathed proboscis (fascicle) either touches or comes into close proximity
to the surface of such fluid, the author concluding that the perceptive senseis therefore of
an olfactory nature. Even so this would appear to be a reaction connected with the actual
act of feeding rather than one by which the insect is attracted to its host.
Willis (1947), using a special form of olfactometer designedto avoid the effect of temperature, carried out critical experiments to test the reaction of A. aegypti, among other things,
to odour of the human arm. The olfactometer was a modification of that used by Hoskins
and Craig (1934) and by Wieting and Hoskins (1939), in which air is passed through
warming and humidifying parts and is presented to the mosquitoes as two equal and
similar gauze covered funnels, the number of mosquitoes clustering on the respective
gauzesindicating the attractiveness of any odour as compared with a control. In this case
an arm was inserted in one of two thin celluloid cylinders inserted into the respectivecircuits.
Two speciesof mosquito were used, namely Anophelesquadrimaculatusand AL;desaegypti.
The authors obtained what were considered to be positive results from the counts, in that
the numbers on the gauze receiving air coming from the arm was greater than that on the
control gauze receiving only air of the same temperature and humidity. The counts are
given in Table 43 (see remarks, however, later).
Table 43. Results by Willis of observationsrelating to
Aedes aegypti and arm odour
Temperature
air-stream
(” C.)
34
2426
36-5
34
34
34

Total response
Air flow
100
100
100
100
100
100

Ailexhaust
300
300
300
300
200
250

Number
of tests
40
10
10
10
10
10

w
Test
2498
195
463
546
534
420

Control
947
180
369
353
380
369

Attraction
to odour
(percentage)
73
52
56
61
58
53

Schaerffenberg and Kupka (195 1, 1952) claim that blood gives off a volatile substance
which attracts Culex to feed. This they claim attracts the mosquitoes from a distance and
can act through a membrane.
Apart from human scent certain gasesand substanceshave been recorded as attracting
mosquitoes. Several observershave considered that CO2 had an attractive effect and might
be responsible for making human skin attractive. As noted by Willis, however, Rudolfs
does not describe an attractive responseto CO, but states that it makes mosquitoes restless. He found CO, not attractive to A. aegypti at one per cent in air and at 10 per cent it
repelled. Crumb found admixtures of various amounts of COZ with air bubbled through
warm water and directed into a cage containing Culex pipiens had no observable effect.
The attractive effect of CO2 to Anopheles maculipennisatroparvus has been studied by
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Van Thiel(1937, 1947), and by Van Thiel and Weurman (1947), and in respect to different
species of mosquitoes by Reeves (1951, 1953), some attractive effect being noted (see also
Dethier, 1954). On AL;desaegypti the effect of CO2 has been determined by Willis and Roth
(1952) using a small and a large olfactometer. In the small olfactometer a stream of air
with from 0.1 to 500 per cent CO, repelled most individuals. In the large olfactometer only
a small number of the mosquitoes participated, but some were attracted. The authors concluded that at least some females of A. aegypti respond positively to stimulation by CO,.
It would seem that recently CO, has been regarded as being more of the nature of an
excitant than an attractant and the idea that it is the cause of females being attracted to
human skin seems improbable. Another substance found to have some attraction by
Wieting and Hoskins (1939) was ammonia in concentration of O-012per cent. At concentration 0.03 it strongly repelled (see also Laarman, 1955).
Very numerous volatile substances,on the other hand, repel mosquitoes. How far this is
through smell or otherwise is not at present known. Some of such substancesare not unpleasant to human smell, for example the citronella-like compounds, which nervertheless
are strongly repellent.
On the whole the evidence that smell is an important stimulus in the attraction of
A. aegypti to feed is not very strong. The careful experiments with this speciesby Willis
(1947), though they showed some attraction from the human arm ascribed to smell, did
not indicate any powerful effect such as clearly activates A. aegypti in its normal reaction
to human skin. Thus it will be seenfrom Table 43 giving this observer’s results that, of the
six recordings, two gave only 52 and 53 per cent favouring the arm screen and three only
56-61 per cent, results quite unlike what might be expected in any experiment where an
arm, or even a warm object, is offered and where under reasonably good conditions some
90 per cent of the females in a cage would have been on the attractive object within
15-30 seconds.

(c) REACTION

TO SOUND

Hearing in mosquitoes, using the term as indicating perception of air vibrations, so far as
described, has been mostly in relation to the antennae with their large globular basal
segment containing Johnston’s organ. Mayer (1874) states that the fibrils of the male
antenna vibrate to certain notes when the vibrations are transverseto their length, but not
in the direction of their length. Rotating the stage of the microscope until the fibrils
ceased to vibrate located the tuning fork to within 5”. The mechanism of locating the
female was thought to be as follows. The antennae of the male have a range of motion in
a horizontal direction so that the angle between them can be varied considerably. The
song of the female vibrates the fibrillae of one antenna more forcibly than those of the
other. The insect turns his body in the direction of the antenna whose fibrils are most
affected and thus gives greater intensity to the fibrils of the other antenna. When the effect
on the two antennae is equal, the insect is pointing in the direction of the female. According
to Child (1894) vibrations are transmitted by movement of the antenna1 shaft to the
membrane closing in Johnston’s organ. For a description of Johnston’s organ and related
parts see under senseorgans (ch. XXIX).
Assuming the above to be correct, it is not clear why the female should possessa
Johnston’s organ almost as developed as the male, though it is true that the antenna1
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fibrils are far less developed. The answer might be that, whilst the male antenna may well
be concerned in detecting the presence of the female, in certain circumstancesJohnston’s
organ has other functions of an auditory nature applicable to both the male and the
female.
Many accounts are given of mosquitoes being trapped or killed through use of a buzzing
or musical note. Shipley (19 15) refers to an account by Howard of an engineer who found
mosquitoes being attracted in large numbers by the buzzing of a particular electric machine
and designed a method of destroying the attracted insects by electric contact. The same
author also refers to an account by Sir Hiram Maxim of a lamp, which, through buzzing,
attracted mosquitoes, all males. See also Kahn, Celestin and Offenhauser (1945).
That hearing may play some part in attracting the female mosquito to feed has been
suggestedby Grassi (1900) who noted that people talking were more bitten by Anopheles
than those keeping silent. Ordinary noises, however, which it was thought might attract
Anophelesfrom breeding places to villages, failed to attract in an experiment undertaken
by the present author and Dr Bentley (Christophers, 1914; Bentley, 1914); these authors
used a long tunnel with netting closing each end. When a light was shown at one end
the mosquitoes rapidly flew the length of the tunnel (some yards) and congregated on the
netting at the lamp end. Noises such as might be expected to originate from habitations
failed to cause any such response.
(d) REACTION
THE

EFFECT

TO HEAT
OF

WARMTH

Howlett (1910) found female Stegomyia to be attracted and excited by a warm test tube.
Other speciesof mosquito showed a similar reaction, and he gave his opinion that temperature was a dominant factor in the attack of mosquitoes. A similar reaction was later
described for Anophelesby Marchand (19 18) who showed attraction by glassplates heated
to 1” C. above body temperature. Howlett’s observations,however, went further than this,
for he noted that if the tube was inclined the effect was much greater than if held vertically,
from which he deduced that the effect was not due to radiant heat but to heated currents of
air. Crumb (1922), under the title of ‘a mosquito attractant’, described the effect of air
bubbled through warm water and directed through a funnel upon the muslin of cagescontaining Culex pipiens. As the temperature rose slightly above that of the surrounding air
a beard-like appearance was produced due to the mosquitoes being attracted and pushing
their proboscis through the cloth of the cage so long as the moist current of air flowed.
There was no specific optimum temperature, but response occurred between 90” and
110” F. (15-30” F. above the temperature of the surrounding air). At 120” F. (49” C.) less
interest was displayed, below 85” F. (29” C.) there was very little, if any, response.
Petersen and Brown (1951), studying the attractive effect of warmth, found that the
number of female A6!des aegypti attracted to a billiard ball warmed to 100-l 10” F.
(38-43” C.) was twice that attracted to the same ball 20” F. cooler. Smart and Brown
(1956), studying the attractiveness to A. aegypti females of the human hand, found the
hand of warm-skinned Caucasianssignificantly more attractive than those of cool skinned
ones. Warmer skins, even if of lighter hue, were more attractive than cool and the artificially cooled hand lessattractive than the normal hand. Experimenting in the open with wild
AZdesspp. Brown (1951) found that warmth increased the attractiveness of a robot sothat
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at 98” F. (36” C.) three times as many mosquitoes were attracted as when at M-65” F.
(10-18” C.). Van Thiel(l935, 1937), when testing the attractivenessof sweat to A. aegypti,
found none of the sweat acids attractive but warmth was so, and though COz increased
attractiveness of warm moist air it did not bring about reaction in unwarmed air.
Another direction in which the effect of warmth is evident is in the need of warmth in
blood or other fluid as a stimulus to feed. Bishop and Gilchrist (1946), when feeding
A. aegypti through a membrane, found that it was necessaryfor effective feeding that the
fluids behind the membrane should be warm. Further, for effective feeding it was necessary
to have a difference in the temperature of the fluid and the environmental temperature.
Their results in this respect are shown in Table 44.
Table 44. Eflect of d$erence in temperature of environmentand fluid in attraction
to feed of Aedes aegypti (Bishop and Gilchrist, 1946)
Temperature Temperature
of
of
environment
fluid
Difference
(” C-1
(” C.)
(” C.)
24
0
24
28
28
0
37
0
31
42
18
24
42
14
28

Number
used
430
439
393
436
403

Number
gorged
26
35
74
224
285

Percentage
gorged
6
8
19
51
71

Lea et al. (1955) found that temperature played a considerable part in causing A. aegypti
to feed on artificial media such as titrated blood. For this purpose they used a U-shaped
tube the two ends of which were outside the cage so that the tube could be kept warm by
circulating water at 115-120” F. (40-49” C ), the food material being given on cotton
(without sugar) placed on the tube within the cage.
That it is the effect of warmth which dominates the behaviour of A. aegypti in being
attracted to feed is familiar to those using the speciesin many ways. If into a cage of
resting A. aegypti is introduced a container warmed to about 40” C. it does not take very
long before the majority of the females will be clustered about the object in an excited
manner thrusting with their proboscis as though attempting to puncture and behaving
generally as they would have done had the object been a human arm. It is easy to show that
in the case of an arm placed in a cage of the mosquitoes visual attraction is not what is in
action. If the arm is placed just below a sheetof glass,there is no settling until the glasshas
had time to warm. Then, too, it is easy to demonstrate with a cage of the mosquitoes that
there is a considerable difference in the rate of settling whether the operators arm be warm
or cold. When a rubber glove is worn with someof the arm skin also exposed,the mosquitoes
at first when the arm is introduced settle on the glove as well as the arm. If the glove is thin
often as many will settle on this as on the skin, only leaving the glove when they find it is
not giving what is required.
Not only is there very strong evidence that warmth attracts A. aegypti in a very pronounced way in the urge to feed, but there has not been describedin the literature any other
attractive influence so active and characteristic in its results. Certain requirements must be
met such as that the mosquitoes must be of an age to be ready to feed, are not already fed
on blood or sugar and other common-sense precautions and the conditions regarding
temperature must be those, as shortly to be described, actually involved in bringing about
the necessarystimulus.
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ACTS

AS AN ATTRACTANT

In the last section it has been noted that for temperature to be effective as a stimulus to feed
there must be a difference in the temperature of the attractive object and that of the general
environment. Further than this Petersen and Brown (1951), studying the effectivenessof
warm bodies to A. aegypti, found that such attractiveness was eliminated by the interposition of an air-tight window that allowed almost all the radiant heat to passthrough but
prevented heat convection. These authors thus concluded that radiant heat in itself was not
the attractive factor and that heat was effective through the formation of warm convection
currents, curiously enough what Howlett had shown in his simple experiment with a warm
test tube. There can indeed be no doubt that the effective factor (disregarding for the
moment certain visual reactions at a distance discussedlater) causing A. aegypti to attack
to feed are warm convection currents set up by the host. Experience with the speciesover
a number of years indeed has shown that this sensitivenessto convection currents is very
highly developed in the speciesand amounts almost to a special sense. What sensilla are
responsibleis not at present known, but the abundance of such sensory organs about the
coxae and associated structures (see ch. XIX (g)) suggeststhat these might be concerned.
It is easy to give demonstrations of the sensitivenessto such currents. Thus, if a hand be
held against the glassside of a cage of hungry A. aegypti, females will soon begin to collect
in flight, not opposite the hand, but a little way above this where the warm glasshas evidently set up ascendingconvection currents of warm air. If in a cage the arm be exposed
enclosed in a box with gauze top and sides, it will be noted that the females congregate
above rather than at the sides, even if the arm be placed much nearer the sides than the
top. Again the females settle rapidly on a white cloth stretched a little distance over the
arm since this gets warmed or allows warm air to passthrough. The mosquitoes, however,
take very little interest in such a cloth without the arm, even if it has been well rubbed over
the arm, so that it can scarcelybe smell that has affected them. The possibility of CO, being
the attractive factor is not ruled out, but from what is said later this is unlikely to be the
main reason for the behaviour described.
Very interesting in the above connection are the results obtained by Mer et al. (1947) on
the attraction of Anopheleselutusby human beings.These authors summarisetheir findings
as follows : (1) the air expired by human beings attracts mosquitoes; (2) not only expired
air, but also factors emanating from the rest of the human body (though probably with lesser
intensity) attract ; (3) in absenceof horizontal air movement attraction is exerted in a vertical
direction, too, the attracting factor probably being carried upwards with the column of
warm air rising from the human body; (4) the mosquitoes were attracted from distances
of from 30-330 cm. in an exposure time of 15 minutes.
Whilst the above authors credit the attractivenessto some content of the air currents it
clearly might have been the air currents that were the cause of the attraction. Very similar
experiencesare described by Haddow in AL;dessimpsoniattacking human beings (see (f>.*
Whilst, therefore, A. aegypti displayssuchbehaviour in perhaps an unusually pronounced
fashion, the same effect seemsto be very general in mosquitoes. The effect of moisture by
itself and in combination with warmth is dealt with in the next section.
It should perhaps be mentioned here that Parker (1948, 1952), unlike most observers,
* A very comprehensiveand thorough study of the common European Anopheles,A. maculipennisatroparvus,
dealing with host behaviour, is given by Laarman (1955), with an extensivebibliography.
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found in his experiments no attraction from a warm dry object and that a cold moist
surface was attractive. Since some importance has been attached to these results some
remarks seem called for. The author’s tests were carried out in an apparatus consisting of
a tube 15 cm. long by 5 cm. in diameter. The experiments were carried out in a surrounding
environment, of 25” and one of 28” C., the latter a rather high temperature for such trials.
The mosquitoesusedin each experiment were of mixed agesand included in almost all cases
those of ages from 2 days, or even in some casesone day, from emergence. It is possible
that the small narrow tube acted as a closed spaceand taken along with what was possibly
not good material gave these unusual results.

(e) REACTION

TO MOISTURE

Crumb (1922), in his experimentswith Culexpipiens, used air bubbled through heated water.
The attraction observed was, therefore, caused by the warmth or by the moisture or by a
combination of both. Human breath, which was also observed to attract, similarly has
moisture and warmth. Crumb used boxes with a hole 2 inches square cut in the lid and
covered with cheese-cloth with wool behind. When the cloth was moistened with warm
water mosquitoes were attracted. They were not attracted to an identical box moistened
with cold water.
Ordinarily a cold damp object causes no attraction to Ai;des aegypti in the sense of
attraction to feed. Obviolusly it might attract it to obtain water and it seemsdesirable here
to call attention to the need when using the word ‘attraction’ to define clearly what is
meant. Here the term is applied to a condition in which the mosquitoes are activated and
actively attracted, characteristically exhibiting hurried prospecting combined with prodding
when on the attractive surface, that is, briefly ‘attraction to feed’. In a cage provided with
a moist pot or moist filter paper fan, a proportion of the mosquitoes will always be found
resting on such an object and in a sensehave been attracted. Or mosquitoes may settle on
a darker part of a cage in preference to a lighter part or on one colour rather than another.
In none of these conditions do they exhibit the characteristic behaviour of mosquitoes
‘attracted to feed’. Yet in giving the result of experiments on colour, smell or other conditions the word attraction, often suggestingattraction to attack, is commonly used for any
condition where more mosquitoes are found in one place rather than another and where
possibly something quite different to attraction to feed is involved. With recognition of a
difference between attraction to feed and other influences bringing about settling it would
seemthat moisture unassociatedwith warmth plays little or no part in the first. Associated
with warmth and especially considered as a condition favouring warm convection currents
of air, moisture clearly may be expected to play a considerable role. How far such may
depend on a separate sensory stimulus for warm humid air and warm dry air is a matter
for determination by carefully designed experiment.
The extent to which humidity at different temperatures affects the biting of A. aegypti
has been investigated by Lewis (1933) whose results are given in condensed form in
Table 45. Here both warmth and humidity are concerned. But the mosquitoes in the
experiments were in a small enclosed atmosphere and the conditions were therefore akin
to those obtained by Bishop and Gilchrist when there was no difference of temperature
between the environment and the object and they relate therefore more to the effect of
539

SPECIAL

SENSES

AND

BEHAVIOUR

a humid environment on the mosquitoes than on the effect of moisture in the present sense
as an attractive agent to feed in the open.
Brown (195 l), in field experimentswith female A8desspp., found that moisture on clothing
increased attractiveness of a warm object 2-4 times when air temperature exceeded 60” F.
(15.6” C.) but decreasedat lower temperatures. Thompson and Brown (1955), studying the
attractiveness of human sweat, found sweat from the armpits of Canadian males superficially attractive when tested in the olfactometer if in sufficient concentration. Attractiveness of moist clothing was not increased by addition of simple sweat. Volatile acids from
sweat had a repellent effect. Smart and Brown (1956) found the hands of individuals with
low moisture output more attractive than those with high and hands with free perspiration
less attractive than normal hands. Some determinations by the present author (Christophers, 1947) using an apparatus designedto measure attraction and repellency are given in
Table 46. In these there was little effect in substituting wet for dry filter paper pads over
the attractive warm object (warm container). Reference may also be made to the findings
of observers that moistening the skin or a membrane with saliva increased, or did not
increase,attractivenessto feed. The presentauthor has found that moistening the arm sometimes appeared to increase the rapidity of settling, but no constant effect could be shown.
Table 45. Number of Aedes aegypti females feeding at d@Eerent
temperaturesand humidities(Lewis, 1933)*
Temperature
(” C.)
15
20
25
30
35
40

Relative humidity (percentage)
A
-l
0
60-70
77-88
91-95
0 (27)
5(37)
6 (34)
12 (33)
33 (43)
11 (36)
17 (35)
38 (39)
11 (36)
17 (36)
0 (24)
-

c

* The figures in brackets are the numbers of mosquitoesused, those not in brackets the numbers that fed.

Table 46. Index for attraction of AEdes aegypti using wet or
dry filter paper over warm container
Alignment of
container
Horizontal
Vertical
Vertical

Position of
filter paper
to container
Lateral
Below
Above

Index
wet
2.8
2.4
2.2

Index
dry
2.5
2.0
2.4

For nature of index see Christophers(1947).

If, as here suggested,convection currents arising from the object are the chief stimulus
to attack to feed, it is probable on purely physical grounds that moisture would have some,
but possibly a variable, effect. It is a well-recognised fact in meteorology that it is the
presence of aqueous vapour in the air which largely causes columns of air to continue
ascending, dry air through adiabatic adjustment soon coming to equilibrium. Presumably
what happens on a large scale may also occur to some extent with such a source as the
human body. Being invisible, such currents are probably much more extensive than is
generally appreciated. Haddow (1945), dealing with A. simpsoni,a diurnal speciesvery
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like A. aegypti in its habits, notes that it attacks the head and shoulders by preference and
people standing to those sitting, as also persons sitting to those lying. This is compatible
with stimulation by convection currents from the warm human body, the bulk of which is
towards the upper part and currents of which would be more concentrated in an upward
direction standing than in any other situation. Some further observations on such currents
will be found in the next section where some observations on A. aegypti in a free state are
given.
Perhaps here it may be desirable to note that whilst mosquitoes in general appear from
the literature to be largely attracted to feed by warmth, it would not be legitimate to
assumethat all speciesare alike in the degree to which this occurs or in absence of other
sourcesof attraction or degrees of such. In many respectsA. aegypti is a peculiar species
in its markedly domestic and in its diurnal habits and even in the way in which in freedom
it attacks. Whilst therefore the importance of convection currents in its behaviour has
been emphasized, it does not necessarily follow that this applies to all mosquitoes. Nor
contrariwise does proof of other factors being more dominant in other speciesnegative
conclusions drawn regarding A. aegypti.
(f> STIMULI

CONNECTED

WITH

FEEDING

It seems probable that a number of stimuli and their responses are concerned with
A. aegypti attacks and feeds and there may be distinguishedas possibly distinct: (1) stimuli
leading to the location of the victim at a distance; (2) stimuli leading to attack and settling
to feed; (3) stimulus to puncture; (4) stimulus to suck and pass to the gut.
From observation of the free insect and what has previously been said regarding its
reactions it seemsprobable that A. aegypti, in locating its victim, may be guided in the first
place by visual response, namely attraction to dark and especially moving dark objects.
It does not take long for an escapedinsect in an ordinary-sized room to be found hovering
in the initial stagesof attack and it is thought that the insect in such circumstancesmakes
prospecting flights with periods of rest until, from visual stimuli or the encountering of
attractive currents of warm air, it comesto recognisethe presenceof a prospective host. The
same behaviour is characteristic of males which locate and remain to hover about any
occupant though they do not often settle and do not bite.
It is not impossible,however, that apart from any visual stimulus random flight may bring
the insect within range of warm convection currents. Females liberated one by one at a
lower corner of a net 6 feet by 3 feet by 6 feet high in a room warmed approximately to
28” C. were observed to fly upwards at a slant until they approached the netting. They
then usually coasted at a .height of about 5 feet from the ground slowly along the netting
or made a diversion across the net. Eventually, usually flying at about 5 feet from the
ground, they came into the neighbourhood of an observer seated in the net and at once
when this occurred they made preliminary attack manceuvres,their rapid movements then
being more difficult to follow. The impression gained was that the first indication of the
existence of a victim was the presence of an aura compatible with the existence of convection currents arising from the body as a whole. Usually under these circumstancesthe
mosquitoes located the observer within from 4 to 20 seconds. They did so equally when
he was enveloped in a white cloth (see the very similar account given for Anopheles by
Mer et al. referred to in section (4).
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Having located its victim the insect from this time onwards is concerned with ‘settling
to feed’, taking flights, however, for safety if disturbed and reapproaching over and over
again if necessary,usually from the dark side. There would appear to be a good deal more
in the behaviour at this time than merely automatic response to a simple stimulus. If
seriously threatened by movements of the victim it will usually retire for a time and may
commonly be found resting on some nearby surface, a feature in its behaviour which often
enables a particularly evasive pest to be captured, a towel or handkerchief being flapped
vigorously and the insect then looked for on the nearest wall. It is interesting to contrast
this caution with the behaviour of a female that has begun to feed and has been interrupted
in an early stage of gorging. Such an insect then cares nothing for danger and will precipitate itself recklessly and without caution upon its victim. It was by using such mosquitoes
that Gordon and Lumsden (1939) were able to get Ai;des aegypti to feed on the web of a
frog’s foot under the conditions of their experiments. A contrast in the opposite direction
is seen when the skin is smeared with a repellent. The insect may, if a strong repellent is
used, remain resting on the cage with no attempt to investigate. Or with a less strong
repellent it may ‘prospect ‘, giving rise to the curious soft t‘ouches ’ which it has been thought
are due to the trailing hind tarsi (Christophers, 1947). With a weak repellent it may essay
to feed but leave the arm before gorging, or it may approach from a vantage point, inserting
its proboscisover the protective edge of clothing or other object. Under normal conditions,
however, sooner or later the free insect, as it does in a feeding cage, ‘ settles to feed’. It
may do so on the clothing, much as it does often on the glove in the feeding cage, leaving
this, if it is not satisfactory, for a place where it can find skin or sensewarmth through thin
clothing. As already noted stimulus to s‘ ettle to feed’ in a cage is mainly, if not entirely,
thermal and there is no reason to doubt that it is the same stimulus which causesthe free
insect to attack and attempt to settle where it can feed.
Bishop and Gilchrist (1946) ascribe the effect of attraction by a warm object to a heat
gradient. It is not very clear what physical condition would correspond to such a term.
There would appear to be two conditions relative to heat set up by such a body, namely
radiant heat and air warmed by contact. The human body is a considerable mass at a
temperature of about 37” C. usually some degrees warmer than the surrounding air and
convection currents must inevitably be set up. From facts already given it would seemthat
it is these currents, rather than radiant heat, which form the stimulus. If such a conclusion
is correct, and having regard to the rapidity and certainty with which the response is
evoked, the insect must possesswhat practically amounts to a special sensein this respect.
In regard to puncturing one might provisionally assume that, having reacted to the
stimuli which bring the hungry mosquito to settle on its prospective host, there is still a
further stimulus required to cause the female to puncture. Such an insect will, however,
even if it cannot reach the skin to puncture it, that is, if stopped from doing so by netting
a few millimetres distant, will vigorously thrust its proboscis through the netting with all
the vigour of an insect on the skin though it has not touched this. Further, A. aegypti
females will persistently prod, as if attempting to puncture, warm glass or other material
where there can be no other stimulus than a thermal one. It would seem, therefore, that
the attempt to puncture is part of the same chain of behaviour set up by the original
thermal stimulus, though this may be completed or reinforced possibly by actual contact
with the warm body.
Having punctured, however, there is evidence as already described in ch. XXI (d) that the
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taking in or refusal of fluids encountered and their despatch respectively to the mid-gut
or to the diverticula lies with the insect now to decide. Sen (191 S), dealing with A. albopictus, a closely related species,considered that though warmth actuates the mosquito to
bite it does not encourage it to suck. Probably the author came to this conclusion because
he found that shedblood had no attraction. MacGregor found that in artificial feeding the
nature of the fluid could be detected through some sensepossibly of an olfactory nature
when it touched or approached close to the end of the hypopharynx, suggestingthat the
two small sensory pits on the termination of this organ have an olfactory or gustatory
function, there being no other senseorgans in this situation.

(g) STIMULI

CONNECTED

WITH

OVIPOSITION

The essentialrequirement for oviposition in the caseof A. aegypti is water. Even in captivity
in tubes females of the specieswill die before they will lay eggs except on water or a wet
surface. The behaviour of the female in respect to water finding for this purpose has been
investigated by Kennedy (1941). As with Anophelesand Culex the only evidence obtained
of a directed reaction (taxis) contributing to water finding in a small space such as a cage
was random movement. The behaviour in the three cases, however, differed somewhat.
Anopheks on encountering water breaks into a hovering flight laying its eggs during the
‘oviposition dance’ or while settled on the water. Culex stops dead on the water and lays
its eggsthere. AFdes aegypti acts like Culex but with some fidgeting about. As previously
described, AZdes aegypti, when confined in tubes, remains quiet and at rest until oviposition approaches when it becomes restlessand wanders about the tube. According to
Kennedy the only direct form of attraction was a contrasting dark appearance (black
paper on a white background) or a reflecting surface (mirror, or covering a dark target
with glass). Water itself in dishes caused no attraction to Culex at a distance of over
10 cm., either above or from the side. Actual contact with water was the chief stimulus to
oviposition. No eggswere laid by AL;desaegypti in absence of such contact.
It is doubtful, if water is available, whether in the laboratory the fully gravid female
A. aegypti pays much attention to any particular time of day or temperature for oviposition.
Macfie (1915) found oviposition had usually taken place overnight before 6-7 a.m., over
50 per cent of females having laid before 8 a.m. It is to be noted, however, that the night
hours are very long in proportion to the short hours of the working day, being usually
double or more. Muirhead Thomson (1940) refers to Buxton as saying that A. aegypti
oviposits (in nature) at dusk in the morning or evening, or during a dull day and that
experiments showed that darkness was more attractive than light. Jobling (1937) found
that A. aegypti would oviposit in complete darkness.
Haddow (in lit.) has recently given the present author figures obtained as a result of
hourly counts of eggslaid by A. aegypti in cages in the laboratory of the Virus Research
Institute, Entebe. The heaviest laying was in a peak period in the late afternoon at a time
of rather low and rapidly falling intensity of light, 1675 eggs out of a total of 1922 being
laid between the seventh and thirteenth hour from sunrise. In the present author’s experience oviposition has chiefly been in relation to the time at which the mosquitoes were
fed. No particular difference was noted in the case of isolated females kept in the dark or
exposed to artificial light. Pots in cagesin positions least exposed to light as a rule, however, showed heavier egg laying than those in the same cage in a less protected position.
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In regard to temperature Hecht (1930) found that A. aegypti laid most eggsbetween 20”
and 30” C., but the temperature choice was less sharply defined than with Anopheles.
Oviposition, according to Gutzevich (193 I), does not occur below 16” C. With the present
author it has taken place at all temperatures between 19” and 28” C., the only difference
noted being some spreading of the time taken at the lower temperatures.
There are many referencesin the literature to the varying attractivenessof different media
for oviposition by Aedes aegypti. Buxton and Hopkins (1927) found infusions of hay, rice
or bran very attractive for females in nature. There has never been in our caseany hesitation
of females in captivity in laying on or around clean tap-water. The masses of eggs,
amounting to 10,000 or more in a pot, were laid on clean water and the pots for technical
reasons were perfectly clean and free from organic matter and newly placed in position
after fouling by the pre-oviposition defaecation. More important than the nature of the
fluid, provided this is not objectionable, is the nature of the receptacle (seeunder ‘ Selection
of site for oviposition’, ch. XXII (c), p. 504).
In regard to salinity Macfie (1915) notes that A. aegypti shows a selective choice for
tap-water over salt solutions and that females will not oviposit at all on 2 per cent salt, or
will do so only after much delay. Fielding (19 19) f ound eggslaid on 70 per cent sea-water
(about 2 per cent salt), but in higher concentrations none were laid. Woodhill (1941) states
that A. aegypti distinguishesbetween water containing 5,10,17*5 and 35 parts per thousand
of salt and will not lay on water containing 35 parts. Roubaud and Colas Belcour (1945)
note that all types of water, tap, pure, distilled, or diluted sea-water are utilised with no
particular preference, though eggs on sea-water remained white and the chorion did not
harden (see ch. VI (d)). Of 17,940 eggslaid 28.9 per cent were on tap-water, 28 per cent on
3 1 per cent sea-water, 22.2 per cent on 42.6 per cent sea-water, 17-Son 62 per cent sea-water
and 3.1 per cent on undiluted sea-water. These authors consider that the only influence
affecting oviposition is hygrotropism, which affects both males and females and apparently
is governed by a special sensibility of the tip of the abdomen in respect to unfavourable
substancesin the medium. Howlett (19 19) found sodium citrate and tartrate had an
attractive effect for oviposition of A. albopictus.
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The conditions which mainly determine length of life of Agdesaegypti in the laboratory are :
accessor not to water; low or high humidity; whether fed or not; whether fed on blood
with resulting oviposition; whether given only raisins, banana or sugar solution.
The presenceof water for the insectsto drink is important as otherwise extreme mortality
may readily occur, even in high humidity. A cage containing about 600 mosquitoes was
accidentally left at 25” C. and 70 per cent relative humidity, but without water. In this
cage all mosquitoes were dead in 4 days, whereas there was negligible mortality in two
similar cageswith water.
A high humidity is favourable even up to approximate saturation (80 per cent relative
humidity or more) at 28” C. It was found that placing porous pots of water in the incubator
to bring about an almost saturated atmosphere reduced mortality at time of emergence
almost to nil and insects at high humidities are very active provided the temperature is
25” or over. In the absenceof high humidity life is much shortened if the temperature is at
all high. At relatively low temperatures, for example 18-20” C., duration of life, however,
may often be very considerable even with low humidity and insects may be kept alive if
given water, even without food, under such circumstancesfor weeks. At a temperature of
25” C. and 70 per cent relative humidity with water provided there is relatively little
mortality among females before the seventh day whether fed or not. Bacot (19 16) gives
the duration of life under these circumstances without food as averaging 6-8 days,
maximum 12 days. There is usually, however, considerable mortality in males even shortly
after emergence, especially at relatively high temperatures (28” C.) and in the absence of
high humidity. After the seventh day from emergence, mortality among unfed females
and in males increasesrapidly and there is heavy mortality by the tenth day, few surviving
the fourteenth day at 25” C. even at high humidity and with water provided. A few males
may be present up to the end.
If given a blood meal within the first 7 days there is usually little mortality until after
oviposition, when it may be considerable as at subsequentovipositions.
When given regular blood meals or food such as fruit or glucose solution life may be
very considerably prolonged. Fielding (19 19) gives the following :
Not fed
Lived up to 7 days
Fed on sugar
Lived up to 20 days
Fed on milk and sugar
Lived up to 19 days
Fed on banana
Lived up to 68 days
Fed on blood
Lived up to 93 days
Bonne-Wepster and Brug (1932), however, state that life is longer where the insects are
given sugar and water as food instead of blood. In this case there is not the mortality
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following oviposition. Connor (1924) states that 70 per cent of females die after the first
batch of eggs has been laid.
Most accounts of very prolonged life relate to females that have been allowed to feed
on some form of sugary substanceor fruit, with or without occasional blood feeds. Such
records probably almost always relate to some few individual mosquitoes that have
survived and become conditioned to the environment. Marchoux, Salimbeni and Simond
give for females up to 106 days, males 50 days; survival of one mosquito for 154 days is
recorded by Guiteras, as quoted by Howard (1923) ; MacGregor (1915) gives females up
to 4-6 weeks, males 10-21 days; Macfie (19 15) found no female living beyond the sixtysecond day, maximum for males 28 days; Bacot gives a maximum of 74 days if water is
not available for oviposition. Beeuwkes, Kerr, Wetherbee and Taylor (1933) give the
maximum for females as 131-225 days, with average of 70-l 16 days, and for males
maximum of 82-135 days with average of 40-61 days. The most detailed data of a statistical
kind are given by Putnam and Shannon (1934). These authors give two series, namely
(A) one of 118 females offered frequent and regular blood meals, and (B) one of 190
females given only honey and water. The longest lived female, was among those not fed
on blood. The weekly mortality was as follows:
Weeks 0
1
2
036
A
B
01001030

3
1

4
10

5
10

6
9

7
12

8
8
1

9
8
37

10
12
41

11
10
20

12
13
32

13
7
12

14
5
31

15
3
10

16
1
0

17
1

From these figures it would appear that there was very little mortality among the honeyfed mosquitoes until the ninth week when heavy mortality began. In the blood-fed series
mortality was more uniformly distributed. Since there were more than half as many again
mosquitoes in the second series, the final result in longevity was not very different.
Macdonald (1952 a, b, 1957), making an analysis of available data, gives the expectation
of life of a mosquito (Anopheles)aspn/ - log spor pn/ - 2.303 log p, using the ordinary form
of logarithm, where p is the expectation of life through n days, together with a table of
data as calculated for a number of values ofp from which graphs may readily be drawn and
interesting effects studied. Some data on survival for Anophelesmaculipennisatroparvus
are also given by Laarman (1955), p. 31. Kershaw, Chalmers and Lavoipierre (1954)
found that for Ai;des aegypti under laboratory conditions there is a general pattern of
survival, namely, that the rate of mortality increases with age in such a manner that its
logarithm is directly proportional to age. This, the authors point out, is in accordance with
the rate in man in adult life and some mammals, the rate of mortality following the
Gompertz function (Gompertz, 1825; Gaddum, 1945; Brues and Sacher, 1952). A. aegypti
were maintained by them at a temperature of 77” F. (25” C.) and relative humidity of
71 per cent and offered a blood meal daily, as also glucose and water. In two series of
observations dealing respectively with ninety-two and thirty females 50 per cent survived
in both series to the sixtieth day and a female in the first series survived over 100 days.
Curves given by plotting the logarithm of the percentage of survival against time in days
were convex to the origin with increasing declination. The Gompertz function was derived
from the curves by fitting tangents to points on these and measuring their slope. This gave
the rate of mortality at the points of contact by using the equation:
lu _
-

2.303(log,,No- log,,N)
1
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where p is the mortality, N, and Nt the numbers at times 0 and t respectively and t the
time. If the survival curve is a straight line with an unchanging rate of mortality, the
Gompertz function is a horizontal straight line; if the survival curve is convex to the origin
with the rate of mortality increasing with age (and provided the rate increases regularly
with age), then the function is a straight line at an inclination. Curves for Anupheles
hyrcanus, A. gambiae and A. funestus are also given, based on data available from the
literature.
The long periods given above show how very considerable the length of life of A&les
aegypti under carefully controlled conditions may be. They are, however, much beyond
ordinary laboratory experience. They showwell, however, that if it is desiredmerely to keep
insectsalive the simplestmethod is to provide some form of sugary food, thus avoiding the
rather heavy mortality that is apt to occur at oviposition. This is usually done by providing
raisins or glucose in water. But a very clean and satisfactory method in practice is to
maintain a supply of pieces of apple on which both sexesfeed greedily. For reasonsgiven
elsewhere,however, it is usually undesirable, except for some special purpose, in critical
experiments or testing to use insectsthus kept alive and standardisedconditions are much
more precisely attained by employnig recently reared insectsof known age from emergence
(which should always be given) and fed only on water (Christophers, 1947).
The length of life of A. aegypti in nature has been little investigated. This is given by
Korovitskii and Artemenko (1933) at Odessa out of doors for females as on the average
15 days (maximum 42 days), in basements18 days (maximum 62 days) and in warm rooms
as 10 and 24 days respectively for the mean and maximum. Here, however, the speciesis
at or near the limit of distribution as largely determined by temperature. A point that is
borne out by experience in the laboratory is that longevity tends to be greater at some
suitable lower temperature than at that which is optimum for activity of the species.

(b) EFFECT

OF LOW

TEMPERATURE

Because of its medical importance many observers have investigated the effect of low
temperatures upon adult A. aegypti. Temperatures below 0” C. appear to be fatal to the
speciesif continued even for a short time. Flu (1920) found temperatures below freezing
certain to kill the adult in 24 hours. At such temperatures the insect is completely immobilised and it is only a question after exposure whether recovery takes place at a warmer
temperature. At 4” C. insects exposed for 1 hour survived; longer exposures killed
(Otto and Neumann, 1905). At 7-9” C., however, these authors kept A. aegypti alive for
82 days. After 30 days half the females were still alive.
The point at which A. aegypti is rendered quite inert and incapable of movement is
about 10” C. At various temperatures between this and 15” C. they are in greater or less
degree torpid. Howard (1923) says that between 54” and 57” F. (13-14” C.) they are
torpid, fly with difficulty and are no longer firm on their legs. Lewis (1933) notes that at
10” C. the mosquitoes become dormant after a few days. Touch will only stimulate them
to move if warmed. At higher temperatures they can always be induced to fly until within
a few hours of death.
A good deal of the immediate effect depends upon the suddennesswith which the
temperature reduction takes place. Mosquitoes taken out of the incubator at 28” C. into
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a cold room ceaseflying at once and cling to the sidesand roof of the cage,or if the
temperatureis under 15”C. they fall completelyinert to the bottom of the cage. At
13”C. the presentauthor has found that A. aegJjptimaintainedfor daysround about this
temperaturestill maintain their normal restingpositionand if seriouslydisturbedmove
their legs slowly in an attempt to walk. If detachedfrom their position they fall. At
14”C. if detachedthey flew but quickly resettled. At 14.5”C. they flew on minimal
disturbanceor evenvoluntarilyand without beingdisturbedthey often walked slowlyand
awkwardlyand raisedthemselveshigh on their legsas if stretchingtheir limbs. At 15”C.
behaviourin respectto flight and attitude wasmore or lessnormal.
The point at whichfemalesceaseto feedor oviposithasbeengivenby Gutzevich(1931)
as 16”C. Howard saysthat below 62” F. (17”C.) A. aegypti is sluggishand will not feed.
Marchoux,Salimbeniand Simond(1903)statethat between19”and 25” C. theyareslowto
bite and below 15”C. they do not bite. Reed and Carroll (quotedby Howard, Dyar and
Knab) state that A. aegypti will bite at 62”F. (17” C.) and above, but that they never
succeeded
in gettingit to bite below this temperature.
Pairing, accordingto Gutzevich, does not occur below 18-19”C. The same author
notesthat above 25” C. malesare active and femalesrarely escapefertilisation. At 2025” C. fertilisationis still the rule. Below this temperaturethe proportion fertilisedsinks
rapidly.
The effectof low temperatureiswell summedup by Howard, Dyar and Knab (1912),who
statethat adult A. aegypti exhibit greatestactivity around 82” F. (28’ C.). Below 62” F.
(17” C.) they are sluggish.From 54-57” F. (12-14” C.) they becometorpid, fly with difficulty and are no longerfirm on their legs. At 0” C. they die quickly. Below62” F. (17” C.)
they will not feed and below 68”F. (20” C.) they are seldomfertilised.
Davis (1932), testingthe ability of the speciesto maintain itself at low temperatures,
found that coloniessuccessfully
maintainedthemselvesat 18-19”C., but not below this
temperature.
(c) EFFECT

OF HIGH
THERMAL

TEMPERATURE
DEATH POINT

AND THE

The optimum temperaturefor the speciesis generallytaken to be 28” C. Any increase
above this appearsto be increasinglyunfavourable,and over 40” C. it is quickly fatal.
Mellanby (1932), speakingof insectsgenerally,statesthat at over 40” insectsdie from the
effectsof heat, below36”C. all insectssurvivedshortexposures.Theselimits applywell to
A. aegypti. Finlay (1886) givesthe following effectsof high temperatureon the species.
95-100” F. (35-38”C.)
102-105”F. (39-40” C.)
105-110”F. (41-43” C.)

Uncomfortable
Remainsmotionlessin apparentdeath
Apparent or actual death

Macfie (1920) found that adultsat 37” C. were not affectedas regardsactivity, but life
was shortened.There was reducedblood-suckingurge and fertility. After 5 minutesat
39” C. they were fairly active, at 40” C. profoundly affectedand at 41” C. or higher all
insectswerealmostinstantaneously
renderedinert. There wareno eventualrecoveriesafter
44” C. Davis (1932)saysthat temperaturesabove36” C. greatlyshortenthe life of adults.
H. A. Johnson(1935) gives somewhathigher figures. He found A. aegypti relative to
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other speciesof mosquito rather resistant. 106” F. (41” C.) did not cause rapid shortening
of life and the species could survive 30 minutes at 113” F. (45” C.) and 10 minutes at
117” F. (47” C.).
In determining the thermal death point the present author has used the apparatus as
shown in Fig. 22 (2). This consistedof a cylindrical lamp glassof thin glassabout 4.5 cm.
internal diameter and 15 cm. in length, closed below with a rubber bung and above with
a bung bored to take a short length of tubing a little over a centimetre in internal diameter,
a long piece of stout tubing and a thermometer. The long tube, closed below by netting,
was intended as an outlet and also as a convenient handle to enable the whole to be set in
a stand and sunk in a water-jacket with controlled temperature. The short tube was for
introduction of the mosquitoes. This was fitted with a smaller-sized tube plugged at the
lower end with wool to drop in and so, when mosquitoes had been introduced, prevent
any entering the tube during the experiment.
Mosquitoes, roughly to the required number, were drawn by suction into the receiver
of the collecting pipette shown in the figure. The collecting tube of the pipette was then
exchanged for a suitably bent tube. When transferring the mosquitoes they were first
gently blown into the upper end of the tube, temporarily closed with netting, and then
blown gently into the lamp glass through the short tube. In most of the exposures the
inner surface of the lamp glasswas covered with damp filter paper so that humidity was at
about saturation. Some observations were, however, made with the apparatus in a dry
condition, the effect as shown in the table being rather lesslethal. The results are given in
Table 47. As will be seen,the lethal effect varied with time of exposure. Full lethal effect
(100 per cent deaths as shown by no recoveries overnight) for an exposure of 3 minutes
required a temperature of 46-47” C. With 30 minutes’ exposure 43” C. sufficed. Lethal
effect began to be shown at 41” C. which temperature gave about 50 per cent deaths with
females after one hour’s exposure. The effect at 40” C. with the exposuresused was slight.
Knock down (heat stupor) with females began at 45” C. with 3 minutes’ exposure and
was complete at 46-47” C., the insectsbeing either motionless or showing only some slight
movements of the legs. Usually after short exposures some or even a large proportion
would later, at least partially, recover. Males appeared more susceptible to knock out
than females. For dry heat the effects were very similar, though possibly slightly less for
short exposures.
The thermal death point, basing this upon one hour’s exposure might be placed at
41-42” C. For rapid lethal effect in 15 minutes with no recoveries it was 44” C.
The temperature limit at which the specieswas able to maintain itself in a colony has
been studied by Davis (1932). At 36” C. colonies ceasedto maintain themselves.

(d) EFFECT

OF HUMIDITY

A high relative humidity not only favours duration of life, but also the general activity of
the insects. This is especially so when high humidity is combined with temperature approaching 28 “C. Thus in cagesof insectskept at temperatures of 25” C. or over and relative
humidity 90 per cent the increased activity is very marked and made evident by the loud
hum and the increased settling rate when food is offered. A very high humidity has been
found unfavourable by some authors. At the temperatures mentioned, however, it has not
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Table

Temperature
(0C.)

Time
exposed
in
minutes

OF

HIGH

TEMPERATURE

47. Eflect of high temperatureon the imago
Knock down*
A

r
No. of
mosquitoes

Partial

Complete

\
Still
active

Final result
L

c

AtIected

\

Killed

Minimal
lethal
temperature

Females
Sat. humidity
47
46
45
44
43
42
40
45
44
43
42
41
40
43
42
41
41
40
39

3
3
3
3
3
3
3
15
15
15
15
15
15
30
30
30
60
60
60

10
9
7
5
12
9
10
9
13
10
10
9
13
10
5
11
17
12
12

2
2
4
9
10
2
m
m
13
1
11
5
12
11

-

10
7
5
5
8
9
13
8
10
4
12
1

’

-

1
6
9
10
3
13
5
10

5
7
4
3
-

10
4
2
-

1
2
m
-

9
13
9
5
-

3

7
5
1
7

10
10
7
2

-

45
43
42
-

Low humidity (dry container)
47
43
42

3
15
15

13
12
10

m

-

-

10

-

13
10
8
3
8
2
-

-

-

7
8
15
-

-

13
12
-

4

13
8
-

-

13
1
6
2
7
-

-

43
-

Males
Sat. humidity
47
46
45
44
43
42
40
45
44
43
42
41
40
43
42
41
41
40
39

3
3
3
3
3
3
3
15
15
15
15
15
15
30
30
30
60
60
60

13
10
8
3
8
8
6
7
8
17
14
17
12
7
3

6
6
2
m
m
12
2

:
17
10

-

10
14
8

-

15
9

7
3
3
4
2
1

9
2
1
1
8
6

1
12
-

2
2
m
1
2
4
13
7

7
8
15
11
6
1
1
4
4
2

43
43
42
41
-

Low humidity (dry container)
47
43
42

3
15
15

6

10
14
2

* m = Majority.
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been found prejudicial to life and is especially favourable to emergence. Lewis (1933)
notes that at 23” C. the mean life of the unfed adult at 0 per cent relative humidity is
15 days and at 100 per cent relative humidity 7 days, and the data given for other percentagesby this author showsa steady increasein length of life as relative humidity is raised
towards 100 per cent.
A high humidity appears to be in general very favourable to the biting of mosquitoes in
nature. Rudolfs (1925) found a steady increase in the numbers settling in outdoor tests
from relative humidities below 60 per cent to a relative humidity of 96 per cent.
Accurate determination of the humidity in the open or in a room is best carried out using
the sling psychrometer. Where this is not possible, as in a cage, the wet and dry bulb is
used. For methods of using these and full tables for the purpose, seePsychromatic Tables
by Marvin (1941), published for the U.S. Department of Commerce Weather Bureau and
obtainable from C. F. Casella and Co. Ltd., Regent House, Fitzroy Square, London, W. 1.
For papers dealing with humidity in relation to insects and methods of producing fixed
humidities under experimental conditions see Buxton (1931, 1932); Buxton and Mellanby
(1934); Bertram and Gordon (1939).

(e) INSECTICIDES
Unlike the pupa and larva the imago is rapidly killed when brought into contact with such
fluids as fixatives, being killed almost instantaneously if submerged in alcohol. The adult
is also very susceptibleto the effects of volatile substancesand gases. A peculiar effect seen
on exposure of some adult mosquitoes to certain vapours, notably those of some of the
essential oils, described by Rudolfs (1922) is the casting off of limb segments(autotomy).
This author also notes a peculiar shrill hum given by mosquitoes when exposed to irritant
vapours, etc. Further the adult is very susceptibleto various insecticides,including not only
gasesand vapours but also such as act on contact with the cuticle. It is this last form of
agent that is chiefly used in operations against the adult insect.*
Insecticides may be classedas:
(1) Those of vegetable origin and especially in the present case pyrethrum and the pyrethrins.
(2) Miscellaneous poisonous substances that may be lethal to various kinds of insects, such as
arsenicals, fluorine compounds, mercury salts and such substances as creosote, carbolic acid, etc.
(3) Certain chlorinated synthetic compounds including DDT, gammexane and other contact
insecticides of a like nature.

Under the first heading are a number of effective insecticideswidely used in agriculture,
such as nicotine, anabasin, rotenone and derris. But the only one now used to any extent
against the adult mosquito is pyrethrum. In the form of the powdered flowers this has
long had a reputation as ‘ insect powder ‘. It is now commonly used as the extract or in the
form of, or in terms of, its active principles, pyrethrins I and II. These are respectively the
mono- and diesters of a carboxylic acid (chrysanthemic acid) with a base (pyrethralone).
For an account of its history, cultivation and other facts about pyrethrum see Gnadinger
(1933); also on this and other insecticides of vegetable origin the booklet issued by the
* For good general accountsof insecticidesand their use see Brown (1951), Busvine (1951, 1952), King (1950,
195l), Buxton (1945, 1952), and for accounts of their use against mosquitoes: Bates (1949); Muirhead-Thomson
(1951). Much of the older literature has been made largely obsolete by the discovery and use of recent types of
insecticides. Referencesto a number of the more important are, however, given in the text later.
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Imperial Institute (1940). For recent views on the chemical nature of the pyrethrins see
Busvine (1951, 1952).
The pyrethrins are also used as an adjuvant in sprays both for knock-down effect and as
an excitant to causeinsectsto take to flight and so increase the dose of insecticide received
(see under aerosols). Formerly pyrethrum was one of the commonest substancesburnt for
fumigation to act as a repellent to mosquitoes in the house.
Of the second classof substancesthat have been used against adult mosquitoes mention
may be made of an effective proprietary synthetic insecticide much used in sprays in
America, namely lethane (lethane 384 and lethane 60, see Plumb, 1944), also of another
proprietary substance,thanite (see editorial, Science, 95, no. 2473, Suppl. ; p. 10) which is
strongly lethal. Another well-known proprietary spray insecticide is ‘ Flit ‘, much used in
households against domestic flies. Kerosene, though not itself markedly insecticidal, is
much used as a basisfor insecticidal sprays, a role for which it is specially fitted by reason
of its great spreading qualities. Formerly sulphur, creosote, carbolic were burnt or volatilised as fumigants.
Insecticides of the third classare remarkable especially in three respects,namely (1) they
are intensely lethal on contact to insects, (2) being solids and but very slightly vaporisable
they remain unchanged for long periods during which they retain their lethal character,
and (3) they are relatively non-poisonous to man and mammals.
The first to be recognisedas possessingthese qualities and to be employed as a mosquito
insecticide was DDT. Its history has been frequently told (see West and Campbell, 1946).
Like most other modern contact insecticidesit is a chlorinated synthetic compound (2,2bis(p-chlorphenyl) 1, 1, I-trichlorethane). Its discovery as a substance with remarkable
properties was followed by that of another chlorinated synthetic compound, gammexane
(BHC, or more correctly gamma BHC, this being the only one of five isomers having such
properties). Its chemical name is gamma hexachlorcyclohexane.
Gammexane is some ten times more powerful in its effect than DDT, but slightly more
fumigant. Both are to some extent repellent, that is, causemosquitoes to leave after a short
contact, gammexane more so than DDT. But whereas after such contact with DDT
mosquitoes often escape a fatal dose, with gammexane, owing to its higher toxicity, the
dose received is usually fatal (Hadaway and Barlow, 1952). Gamma BHC may also, owing
to its fumigant effect, act lethally when it has been absorbed into a mud or clay surface.
Other powerful insecticidesof this type are: chlordane, dieldrin, aldrin, DDD, methoxychlor, all chlorinated hydrocarbons ; toxaphene, a chlorinated camphene; parathion, an
organo-phosphorus compound ; allethrin, a synthetic pyrethrin; and others. The following
is a list of the new insecticidesdiscovered later than DDT and BHC with a brief summary
of their chief characteristics taken from Busvine (1952).*
Chlordane. A dark brown viscous liquid soluble in oils. Effectiveness against Ai;des aegypti
compared with DDT as one, O-66. Oral lethal dose to rats, 200-500 mg./kg. Persistence in
residual film low. Chiefly used against the domestic fly.
AZdrin. Wettable powder. Effectiveness against A. aegypti, 2.6. Lethal dose to rats, 45 mg./kg.
Used also as larvicide.
Dieldrin. Wettable powder. Effectiveness against A. aegypti, 4-O. Lethal dose to rats, 5055 mg./kg. Used also as larvicide, considered a promising insecticide against flies and mosquitoes
by Rajindar Pal (1952).
* A review of the chemistry of insecticideswith bibliography is given by Martin (1956); seealso Brown (1951),
Metcalf (1955a).
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DDD. Similar to DDT, but toxicity to mammals low: lethal dose to rats, 2500 mg./kg. Useful
where toxicity is important, for example, cattle spraying.
Methoxychlor. Toxicity still less: lethal dose to rats 6000 mg./kg. Used as larvicide as less toxic
to fish.
Parathion. Strongly toxic to mammals: lethal dose to rats, 3.5-10 mg./kg. Used against bed-

bug. Also as larvicide and againstadult.
Toxaphene. Waxy solid. Low insecticidalproperties,but prolongedpersistencein film.
Allethrin. Similar to natural pyrethrins in action. Knock-down effect less rapid, lethality
about the same. EffectivenessagainstA. aegypti, 4-O. Also usedas larvicide.
WAYS

IN

WHICH

INSECTICIDES

ARE

USED

Insecticides directed against the adult mosquito may be used as: (1) fumigants ; (2) sprays;
(3) mists or aerosols; (4) residual films. There are also to be considered substancesthat,
without necessarilybeing fatal, protect againstthe bites of mosquitoes,namely (5) repellents.
At one timefumigalzts were the usual, if not almost the only, type of insecticidal action
taken against mosquitoes. They include : smoke; the burning or volatilisation of such
substancesas sulphur, creosote, etc. and especially the burning of pyrethrum, usually in
the form of cones of pyrethrum powder made up with nitre. Most of such measures are
more correctly described as culicifuges. Though not very powerful under ordinary circumstancesthey have a certain usefulnessas a household remedy. For further particulars see
Howard (191 I), Howard and Bishopp (1928), also Cove11(1941), who gives much information with recipes regarding all forms of anti-mosquito measures.
The term fumigant has, however, been used recently to indicate the effect where insecticides act at a distance, presumably by means of their vapour. Also the term ‘smokes’ has
been applied to certain fumigants driven off by heat in the form of solid particles (see
Busvine and Kennedy, 1949).
Most usually insecticidesagainst the adult mosquito have been used as sprays, either as
a direct means of attacking the insects, or for the purpose of laying down residual films.
For the first purpose a very commonly used medium has been kerosene in which the active
insecticide is dissolved. Where danger of fire exists, or for other purposes, other substances
may be used as the medium, for example, carbon tetrachloride. For automatic propulsion
the substance‘ Freon’ is used as, or added to, the medium, or compressedgasis used, giving
the ‘ insecticidal bomb ‘. For small automatic sprays ‘ sparklets’ (solid CO,) such as may
be used for making soda-water have been utilised.
The insecticide formerly mostly used was pyrethrum in the form of the extract dissolved
in kerosene (see Ginsburg, 1935; Symes, 1935; Hicks and Diwan Chand, 1936). Another
important insecticide used in this way is lethane, as also DDT or other new insecticide. Or
for reasons given later a small amount of pyrethrum extract may be added to the medium.
The following are given by Busvine (1951) as representative sprays:
0.1 per cent pyrethrins, or
5.0 per cent lethane 384, or
lo*0 per cent lethane (special), or
5.0 per cent thanite, or
0.35 per cent gamma BHC,
or
0.05 pyrethrins with 0.3 DDT, or
0.03 pyrethrins with 0.5 DDT.
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A modification of the spray is the recently developed mist or aerosol, the droplets of
the sprayed fluid being made sufficiently small to remain floating for some time in the air.
Examples of such given by Busvine are :
3-O per cent DDT.
5.0 per cent lubricating oil.
O-3 per cent pyrethrins.
dissolved in Frenon,
3-O perTent DDT.
15-20 per cent DDT solvent.
0.4 per cent pyrethrins.
l-2 per cent non-volatile oil.
75-80 per cent Freon.

For an account of the principles involved in the use of sprays and aerosols seeespecially
David (1946a, b), David and Bracey (1946), Goodhue (1942, 1946), May (1945), Brown
(1951), Kruse et al. (1951), Mackerras et al. (1950).
The degree of atomisation depends upon the nozzle design, the propulsive force, the
relative amount of air and fluid passing the nozzle and the viscosity and other physical
properties of the fluid. For optimal effect of an aerosol the droplets should be of sucha size
that they will remain for a time suspended.They should not be so small that they rebound
or fail to contact the insect. Velocity of the droplets and their uniform distribution is
important. Owing to the movement of the wings, etc., a mosquito during flight receives
a larger dose than when stationary. Since pyrethrum has an exciting action on mosquitoes
causing them to take to flight, this substancemay be used to increase the effectivenessof
other insecticides employed. Pyrethrum may also be added to give rapid knock-down
effect, its action in this respect being much more rapid than that of most other insecticides.
One of the most extensively used anti-malarial measuresis the employment of residual
films of DDT, gammexane or other insecticide of this type. A large literature relates to the
use and testing of such films, their physical characters, especially the nature of the deposit,
whether crystalline, size of granule, etc., their effectivenesson various backgrounds and
other points relating to their use (see especially the article by Hadaway and Barlow (1952),
and the references given by these authors ; also Gahan et al. (1948), who give data on
A. aegypti; Field (1950); Cutkomp (1947) ; Fay et al. (1947); Peffley et al. 1949); Reid
(1951)). Besides films laid down by spraying, the new insecticides can also be used as
insecticidal paints (Gilmour, 1946). See also ch. IV under ‘ Control and protection’, p. 84.

MODE

OF

ACTION

OF

INSECTICIDES

Entry of contact insecticidesthrough the cuticle has been especially studied by Hurst (1940)
and by Wigglesworth (1942, 1948), the latter with special reference to the structure of insect
cuticle. According to Wigglesworth oils passing through the lipoid layer of the cuticle
come into contact with water. Water is then liberated in the form of droplets which appear
on the surface of the cuticle (see chapter on physiology under ‘The integument’, p. 698).
Light oils passin more readily than heavy and entry is very slow with vegetable oils. Addition
of 5 per cent oleic acid to refined petroleum greatly increasesits rate of entry.
Hurst (1940) states that feebly dissociating compounds of high dielectric constant
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penetrate the cuticle more readily in presence of relatively apolar substancesof low dielectric constant. The toxicity of unsaturated compounds, such as are many insecticides,
may for this reason be increased by the addition of non-toxic paraffins and cycloparaffins.
Thus alcohol and kerosene separately have only a very slow effect on the larva of Cal&
phora. But together they are rapidly fatal.
Poisoning of the adult mosquito by DDT is chiefly displayed on the nervous system.
Mosquitoes that have received a dose when resting on a surface impregnated with DDT
soon become restlessand fly off. Later they show increasing incoordinate movements of
the legs with eventual stupor. In poisoning by pyrethrins the insectsappear to be brought
into a spasticcondition, the legs, especiallythe fore-legs, being held in a characteristic rigid
fashion and when attempting to recover their position when overcome they use movements
that strongly suggesta man suffering from spasticparalysis.
A review of the mode of action of insecticideswith four pages of bibliography is given
by Kearns (1956); see also Metcalf (1955a).

ACQUIRED

RESISTANCE

TO

INSECTICIDES

Mention has already been made when dealing with control measures(ch. IV (b)) of acquired
resistance against insecticides with a brief account of this condition. It remains to give
very briefly what is known of such resistance.
Acquired resistanceto insecticidesis not confined to mosquitoes or only recently known,
but has been encountered as far back as 1914 in the control of aphides and was known in
some other insects (Harrison, 1952). Nor is it confined to compounds of the hydrochlorinated type, though it is in respect to such that it has become recently more fully
recognisedand important from the widespread control operations now undertaken against
flies and mosquitoes. As previously noted it was first reported in mosquitoes from Italy
for a resistant strain of Culex and more recently for such a condition in Ai;des aegypti.
It has also more recently been recorded as present in some degree for several speciesof
Anopheks. The degree of resistance developed varies under different conditions but may
amount to complete innocuousnessto spraying with DDT and other chlorinated compounds. Brown (1956) notes that dieldrin-resistant flies may be 800 times more resistant
than the susceptiblespecies.
Such resistanceis now regarded, not as the result of acquirement of resistance by the
individual, but due to the development of a resistant population through elimination of
susceptibleindividuals and the hereditary passageof the character of resistance by those
remaining, the regular killing off of susceptiblestrains resulting in time in a population of
resistant strains. This original proportion of resistant individuals may be small but is
commonly present. Thus Brown (1956) notes that 5 per cent of flies in the Gambia are
naturally resistant and can by careful dosage be made the basis of a resistant strain. It is
not certain, however, that all populations contain such a resistant component. Acquired
resistancewith such an origin becomes therefore very largely a genetical problem and its
study from this point of view is now being actively carried on in a number of laboratories.
Three chances of development of resistance are hypothecated by Busvine (1957),
namely
(a) The frequency and importance of genes conferring resistance in the original
population;
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(b) the intensityof selection(that is the sizeof the populationexposedto the insecticide
and the proportion killed);
(c) The number of generationsper year.
The methodby whichresistance
is producedin the caseof DDT is thoughtto bethrough
possession
by the resistantinsectof an enzyme(dehydrochlorinase)
which convertsDDT
into a harmlesscompoundDDE ((2,2-bis-(p-chlorophenyl)-1
,dichlorethylene),the process
being known as dehydrochlorination.The enzymeis presentin all tissuesof the fly and
especiallythe integument. DDT does not induce mutation, but those with resistance
becomethe form of the insect left by elimination of non-resistantforms (Brown and
Perry, 1956).*
(f) REPELLENTS
Repellentsaresubstances
that canbesmearedon the skinwithoutbeingirritant or poisonous
and whichpreventmosquitoesbiting. They are usuallyoily fluidsand may be used‘neat ‘,
or in someform of cream. They are alsousedto impregnateclothingto afford protection
from bitesand also wide-meshnetting usedas a protectionto the face and hands. They
includea very largenumberof substances
of varied chemicalnature and differentdegrees
of effectiveness
dependingupon their essentialrepellentproperties,the time for whichthey
remain effectivewhen applied and whetherthey act at a distanceor only on contactby
the mosquito.
Substances
especiallyeffectiveare (1) certainnatural essentialoils, notably oil of citronella, or their essentialprinciples,or syntheticsubstances
of this type (for examplethe
very powerfully repellent substancehydroxycitronellal);(2) a number of the dihydric
alcohols(diols)amongwhichis Rutger’s 612 (ethylhexanediol-1 : 3); and (3) certainesters,
for exampledimethylphthlateor otherlesswell known estersof thistype, suchasisopropyl
cinnamateor diethyl cinnamateor many others.
An important characterlargelydeterminingtheir suitabilityfor useis the boilingpoint.
Organiccompoundswith boiling points below 200”C. are of little practicaluse as they
evaporatefrom the human skin too rapidly. Substances
with boiling point much above
300”C., whilst they give lastingeffectusuallylose in effectiverepellency. A high boiling
point may, however, be useful for a special purpose, for example dibutyl phthalate
(b.p. 325”C.) has beenusedfor impregnatingclothingsinceit standsup to washing.
Probably the two most generallyuseful repellentsare dimethyl phthalatefor military
or similarpurposeswherea strongand lastingeffectis essentialand a goodoil of citronella
for civilian use where a milder and lesspermanenteffectmay serveall that is required.
The former can be used‘neat ’ and appliedafter anointingthe palmsover all exposedskin
(avoidingthe near neighbourhoodof the eyesor mucusmembrane)or as a cream,a very
satisfactoryformula beingthe following:
Dr Hamill’s cream (seeChristophers,1947)
Dimethyl phthalate
12.5C.C.
White wax (cera alba) 9 g.
27.5 C.C.
Arachis oil
* For further information seereviewsby Metcalf (1955b), Hoskins and Gordon (1956), and papers by Busvine
(1957) and later. See also Brown (1956), Hadaway and Barlow (1956). On genetics of insect resistance see
Crow (1956). For instancesof resistancedeveloped during operations against yellow fever see Jenkins and West
(1954), Sever0 (1956).
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Melt the wax in the arachisoil on a water bath and stir in the dimethyl phthalate. It can
be modifiedby slightlychangingthe proportionsof wax and arachisoil to suit a hotter or
colder climate. It spreadsvery readily and is pleasantto use.
Oil of citronellaif of good quality (a good Java oil) has the advantageof acting very
stronglyat a distancesothat smearingof all exposedskinis unnecessary
and a little on the
clothing,socks,etc.,may be sufficientto affordall that isrequiredfor comfort wheredanger
of infection is not present.
Little is known as to the reasonwhy particularsubstances
have repellentpropertiesor
what determinesthe degreeof effectiveness.For an accountof repellentsand their testing
seeChristophers(1947). Seealsoreferences
theregivenandsomerecentpaperson mosquito
repellentsgivenhere under references.
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ALIMENTARY
DESCRIPTION

CANAL
(Figs. 63-6)

Many authors have describedwith more or lesscompletenessthe alimentary systemor parts
of this in the imaginal mosquito. Among very early descriptions are those by Pouchet
(1847), who describesin Culex eight vesicular stomachs; Dufour (185 I), who in Theobaldia
annulata first described the diverticula; Apostolidon (1901), who very early figured the
alimentary tract in Anopheles. Works of more modern type are those of Grandpre and
Charmoy (1900), Christophers (1901) ; Grassi (1901) ; Nuttall and Shipley (1903) ; Thompson
(1905); Leon(1923,1924a,b); DeBoissezon(1930); Perfiliev(l930). Oftheseaccountsthose
by Nuttall and Shipley and by Thompson are particularly complete and detailed, that by
Thompson being especially valuable as giving much information on the transition from
larval to imaginal parts. On the changes in metamorphosis are also : Hurst (1890a, b);
Holt (19 17) ; Richins (1938). Some excellent figures giving the appearances of the alimentary canal as seen in dissectionswill be found in the Atlas by Neumann and Mayer
(19 14), some of which have been reproduced by Martini (1920).
On the intracranial portion of the canal are the very thorough studies by Sinton and
Cove11(1927) in Anophelesand by Barraud and Cove11(1928) in other genera of Culicidae,
also the contributions by Robinson (1939), and by Jobling (1928) (the latter dealing with
Culicoides,where the parts in question have a close resemblanceto those in the mosquito).
Snodgrass(1943, 1944, 1953), in respect to the structures situated in the head, has dealt
with their nature and given a terminology in accordance with the generalised insect plan.
On the visceral portions of the tract see Jagujhinskaia (1940) and Rajindar Pal (1943),
who describe the peritrophic membrane following a blood feed; Trembley (1951), who,
besides other observations, describesthe pyloric spines; Engel (1924), who describesthe
rectum and rectal papillae, including those of the male. On the salivary glands, first
described in the mosquito by Macloskie (1887, 1888), and whose figure of the sucking
apparatus of the mosquito is reprinted in an editorial (1898) in the British Medical Journal,
are Christophers (1901); Grassi (1901); Nuttall and Shipley (1903); Goldi (1913); Leon
(1923) ; Shute (1940) ; Jensen (1956) ; Jensen and Jones (1957) ; Bhatia, Wattal and Kalra
(1957). A photograph of the glands of Agdes aegypti is given by Beyer, Pothier, Couret
and Lemann (1902). A description of the salivary pump is given by Cornwall (1923).
References to the Malpighian tubules will be found under the excretory systemin ch. xxx;
see also the section on digestion in ch. XXXI.
Though some parts of the canal in the imago are still recognisableas those present in the
larva, many profound changes have taken place to adapt structures to the two entirely
different methods of feeding and two entirely different kinds of food to be dealt with. This
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applies especially to those parts within the head, the homologies of which have been very
variously interpreted by different authors. It is helpful here to appreciate the changes
previously described which take place in passage from the larval to the imaginal head,
namely the shrinking of the clypeofrontal portion, greatly ballooned in the larva to accommodate the enormous pharynx with its fringes, to the crowded-up contracted condition as
seen in the imago.
In the imago the alimentary canal consistsof:
(1) A prestomial portion represented by the Zabral canal (Fig 64 (1) Lc) in the proboscis
and other structures anterior to the true mouth.
(2) A stomodaeal portion, which consists of two pump-like organs, the buccal cavity
(Bc) and the oesophageal pump (p’) continued as a short muscular oesophagus from which
arise three sac-like diverticula (Fig. 65 (l)), two small dorsal (Dd) and one much larger
ventral (Dv).

(3) The part of the canal derived from the mesenteron, ventriculus, or as it is usually
termed in the mosquito, mid-gut (Fig. 65 (1) Mg).
(4) A proctodaeal portion, the hind-gut, made up of a small proximal dilatation, pyloric
ampulla (am) into which the Malpighian tubules open, a narrow intestine-like ileum (IL)
sometimes called ileo-colon, and a terminal portion, rectum (Rc) that opens at the anus.
At the junction of the oesophaguswith the mid-gut is a thickened portion with a valvelike intussusceptionof the former into the latter correspondingto the much more developed
structure in the larva commonly termed the proventriculus, but more accurately named the
cardia (Ca). In the rectum are the rectal papillae (Fig. 66 (1) rp).
Also connected with the alimentary canal are the salivary glands (Fig. 66 (6) sg) with
their ducts, salivary ducts (sd), which combine beneath the sub-oesophagealganglion to form
the common salivary duct (csd) terminating in the salivarypump (sip). Opening into the canal,
but described under the excretory system are the five Malpighian tubules (Fig. 65 (1) Mt).
The general character and arrangement of these parts will be clear from the accompanying figures.
The capaciouspharynx of the larva, the large well-developed proventriculus (cardia), the
voluminous gastric caeca and the swollen colon so conspicuous in the larva are none of
them present in the imago. Nor in the mid-gut is there the conspicuousfeature of a peritrophic membrane. If a peritrophic membrane exists, it is confined to the short period of
digestion of a blood meal. On the other hand, the characteristic rectal papillae of the imago
are lacking in the larval rectum.
THE

LABRAL

CANAL

(Fig.64(1-3)Lc)

The first portion of the food canal lies in the proboscis, the parts composing which have
already been described. It lies wholly in the labrum which is bent round ventrally to
form a deep groove that for practical purposes is a closed canal. It may conveniently be
named the Zabral canal. Its walls are formed entirely by the ventral plate of the labrum.
This, as already noted when describing the parts of the proboscis, is a separate structure
from the externally situated dorsal plate and has quite different connections basally from
this. The dorsal plate is continued basally into the moveable front portion of the clypeus
here provisionally termed the preclypeus (Fig. 63 (l-3) PC). The ventral plate is the
sclerotised ventral aspect of the labrum and is continuous basally with the roof of the
buccal cavity. It was formerly thought that the labrum formed only an open gutter and
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that to complete the canal this was closed in below by the hypopharynx (Fig. 64 (4) hp).
The thin lateral edgesof the ventral plate are, however, practically in contact through all
except the most basal portion of the canal. Nevertheless, as observed by Thompson, who
gives an excellent account of these structures, some support to these thin edges may still
be necessary from the hard flat upper surface of the hypopharynx. What may be important also in this respect are two folds (Lr”‘), one on each side of the under surface of the
labrum, each of which forms a flat surface resting on the flat upper surface of the hypopharynx. Towards the base of the proboscis these folds become increasingly sclerotisedand
eventually flatten out into thin plates which take over the function of closing-in the canal
in its basal portion where the edgesof the ventral plate separate (Fig. 64 (4) Lr”). As these
lateral folds and their basal continuations are important parts of the canal, they may for
convenience of description be termed the lateral plates (of the labrum).
The basal connections of the parts of the proboscis, so far as these take part in the
formation of the food channel, are shown in Fig. 63. The dorsal plate of the labrum is
attached basally to the moveable portion of the clypeus (PC) and has no direct connection
other than by membrane with the food channel (Fig. 63 (2) a). The ventral plate at the
base of the labrum ends abruptly in membrane and is connected only by a thin median
thickening with the sclerotised roof of the buccal cavity, its edges here diverging and
ceasing to close in the food canal ventrally (Fig. 63 (5) c). At this level the lateral plates,
after broadening out to close in the canal, abruptly thicken into rods and in doing so leave
widely open the ventral aspect of the labral canal. It is here that the labral canal terminates

Figure 63. Alimentary canal.
Lateral view of buccalcavity and oesophagealpump.
Anterior portion of sameto show region of mouth. a, dorsal plate of labrum; b, ventral
plate of same; c, lateral plate of same; d, hypopharynxwith salivary channel; e, labium.
Dorsal view of buccalcavity and oesophagealpump.
Dorsal view of roof of buccalcavity. a, lateral plate of labrum; b, membranousarea of roof;
c, hummocky area lying behind posterior hard palate.
Anterior hard palate and related structures(ventral view). a, lateral plates forming thin
flangesat baseof labrum; b, rod-shapedcontinuationof same; c, dorsalportion of ventral
plate of labrum; d, thinned ventral edgeof same.
Sagittal section through mouth to show opening of labral canal into alimentary canal
proper. a, dorsalplate of labrum continuedinto preclypeus;b, ventral plate with flange-like
sidesforming lateral wall of labral canal; c, flangeof lateral plate of labrum; d, hypopharynx
forming floor of true alimentary canal.
The arrow indicatesposition where the labral canal enters the alimentary canal, that is the
mouth.
7 A, sectionthrough a sensorypit on the anterior hard palate; B, a sensory pit on membranous
roof of buccalcavity.
8 Transversesection of hypopharynx with salivary channel. a, position of lighter area in
cuticle.
9 Apex of hypopharynx showingsubapicalopening.
10 Dorsal view of baseof hypopharynxshowingthe salivarypump.
11 Portions of common salivaryduct. Only the cuticular intima is shown. a, oblique lines of
thickening.
For explanation of lettering see that for Fig. 64.
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in the alimentary canal proper. It should perhaps be pointed out that the labral canal is
essentially a groove in the under surface of the labrum and that its floor is formed by the
curled-in edges of this groove and not by the true floor of the alimentary canal, which in
this position would be the dorsal aspect of the hypopharynx. At the gap between the bars,
however, the floor is the dorsal aspect of the hypopharynx and the channel becomes the
alimentary canal (Fig. 63 (6)).
The labral canal in most of its length is very nearly circular in section, though with the
transverse diameter somewhat greater than the vertical, the diameters being respectively
about 24,~ and 18-20,~. Towards the apex of the labrum, where the dorsal and ventral
plates have fused to form a hard point, the channel becomes somewhat narrower and
basally it widensconsiderably reaching up to 30,~or more in transversediameter (Fig. 64 (3)).
The labral canal in the male is very similar to that in the female. *

THE

MOUTH

(Figs. 63 (6); 64 (7))

Where the labral canal terminates proximally would appear to be the true morphological
mouth. Not only is this the level at which for the first time the alimentary canal becomes

closed laterally, but the arrangement of the surrounding parts, allowing for the elongation,
* In a recent description (1957) of the mouth-parts M. L. Bhatia and B. L. Wattal (I& J. Malar. 11, 183-9)
describe the presenceof delicate septal rings projecting at intervals into the lumen of the labral canal (19-29 in
the female; 26-33 in the male).

Figure 64. Alimentary canal.
Transverse section through region of the labella.
The same through labial portion of the proboscis.
The same through the extreme base of the proboscis.
The same through the tip of the clypeus.
Transverse section showing labral canal bounded below by the thin lateral plates of the
labrum. a, labral canal; b, alimentary canal.
6 Transverse section a little posterior to 5 to show the lateral plates continued as rods with wide
opening between. a, termination of labral canal; b, alimentary canal.
7 Transverse section at level of true mouth. c, anterior end of anterior hard palate;
e, extensions of salivary pump and fold passing to region of mandibular socket (suspensorium).
8 Transverse section through anterior portion of buccal cavity. d, posterior end of anterior
hard palate.
9 Transverse section through buccal cavity at level of membranous roof.
10 The same at level of posterior hard palate.
11 The same through posterior end of buccal cavity showing frontal ganglion.
Lettering : ahp, anterior hard palate ; ap, apodeme ; Bc, buccal cavity; Bc’, floor of buccal
cavity ; CL, clypeus; CL’, membranous area; CL”, line of clypeus; csd, common salivary duct ;
.fg, frontal ganglion; G, gena; g. 1, supra-oesophageal ganglion; g. 2, sub-oesophageal ganglion;
hp, hypopharynx; L, labium; L”, basal end of labium; Lc, labral canal ; Lr’, dorsal plate of
labrum; Lr”, ventral plate of labrum; Lr”‘, lateral plate of labrum; Zb,labellum; Zj, lateral flange
of buccal cavity; Zg, ligula; In, labial nerve; MO, mouth; md, mandible; mx, maxilla; mxa,
maxillary apodeme ; mxp, maxillary palp; P’, oesophageal pump; P’v, oesophageal valve ; PC,
preclypeus; php, posterior hard palate ; sd”, salivary channel; sip, salivary pump; sm, salivary
muscle; so, sensory pit; t, trachea; vfl, ventral flange of buccal cavity.
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has a great similarity to that already indicated as the mouth in the larva. There is the same
transverseslit-like opening, dorsal to which lies the under surface of the base of the labrum
and ventrally in the median line the base of the hypopharynx with what would have been
the opening of the salivary duct in the larva were it not that changeshave led to this being
continued in the imago as a closed canal in the elongated hypopharynx. On each side of the
slit-like mouth in their due positions the mandibles and maxillae take origin with the
maxillary palps, no longer the tiny organs of the larva but relatively large structures. Very
similar too to the condition in the larva is the fold passingfrom the hypopharynx to the
now much reduced mandibles (Fig. 64 (7) e).

THE

SALIVARY
(Figs.

PUMP

AND

SALIVARY

CHANNEL

63 (l), (2), (10); 64 (5))

The common salivary duct at the level of the base of the hypopharynx enters a heavily
sclerotised structure, the salivary pump (sd’). From this a further length of duct passes
down the median line of the hypopharynx to open at the termination of this organ. This
latter portion of duct differs in character from that entering the pump in that it lacks the
characteristic taenidial markings of the salivary and common salivary ducts. It is of late
formation during the pupal stage and in some insects and possibly some mosquitoes may
be wholly or partially an open gutter. To distinguish it from the true salivary ducts it may
be termed the salivary channel (sd”).
The salivary channel in the female Aedes aegypti is a thick-walled narrow duct extending
from the salivary pump to the point of the hypopharynx where it opens subterminally, as
described by Robinson in Anopheles, on the dorsal aspect. At its origin for a short distance
it is somewhat dilated, narrowing gradually to a very uniform bore throughout. It lies
immediately below the sclerotisedupper surface of the hypopharynx, in contact and fused
with this. A small, somewhat lighter, area may be seenin some sectionsin the cuticle lying
over the duct, but so far as could be made out the duct is a closed canal throughout its
length. Thompson speaks of the channel as the salivary gutter. But his figures show it as
in AEdes aegypti. Robinson’s reference to a subterminal opening would also seem to
suggest a closed canal in Anopheles. In female Culicoides Jobling (1928) describes the
channel as a closed canal in the proximal third of the hypopharynx and an open groove
for the remainder of the organ.
The salivary pump is situated at the base of the hypopharynx. It is a strongly sclerotised
cup-shaped structure firmly fixed in the sclerotisedbase of the hypopharyngeal dorsal wall.
The open end of the cup is directed posteriorly and closed by a thick but seemingly soft
membrane through the middle of which the common salivary duct enters the cup’s cavity.
Into the membrane on each side is inserted the comparatively large salivary muscle of its
side taking origin from the flange of the buccal cavity and lying beneath the floor of that
cavity throughout much of its length. From the upper anterior aspect of the cup the
salivary channel issueswith on each side a thickened supporting spur (Fig. 63 (10)).
In the male there is an almost identical pump. But there is no separate hypopharynx
and the salivary channel runs as a slightly sclerotisedchannel along the soft membrane of
the labial gutter terminating near the tip of the ligula. Thompson figures the channel as an
open groove without any special thickening of its walls. In Culicoides Jobling’s figure
appears to show it as a closed canal throughout.
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Bc)

The structure of the part here termed buccal cavity has been very fully described in
Anophelesby Sinton and Cove11(1927), whose nomenclature of its parts is here followed.
The buccal cavity in a number of speciesand genera of Culicines, including that of A&des
(Stegomyia) albopicta, has also been described and figured by Barraud and Cove11(1928).
The characters of the organ are of considerable systematic importance in Anopheles. But
apart from such small differences as may distinguish some forms the general structure
throughout the Culicini is very similar. The elaborate armature borne on the posterior
border in many Anophelini is absent in the Culicini, including AFdes aegypti.
This part of the intra-cranial alimentary canal has by many authors been termed
pharynx (Jobling, 1928 (in Culicoides); Marshall, 1938; Martini, 1920). But though this
term is clearly rightly applied to the large dilated pharynx of the larva, it is doubtful if it
is a correct name for the part now under consideration in the imago. In the larva the chief
bulk of the organ with its fringes lies posterior to the frontal ganglion. But in the imago
only the most posterior portion is so situated (Fig. 63 (1)). According to Snodgrass(1935)
the buccal cavity in insectsis defined as the first part of the stomodaeum lying just within
the mouth; its dilator muscles arising on the clypeus, and inserted before the frontal
ganglion and its connectives. On this definition the greater part of the organ now being
discussedwould be buccal cavity. As will be seen later, muscles of the part are also in
conformity with this view. On the other hand, Snodgrass (1943, 1944) homologises this
organ in the mosquito as the cibarium (preoral cibarial pocket), a part of the canal situated
anterior to the true mouth which he considersin the mosquito to have been carried forward
by lateral extension forwards of the union of the clypeal borders with the edge of the
ciberial surface of the hypopharynx. In respectto homology with the larval parts Thompson
has very succinctlyand clearly describedthe relation when he says: ‘The valve and posterior
hard palate regions are derived from the “pharynx” of the larva. The remainder of the
pharynx and the proximal parts of the probosciscanal are formed from the “ buccal cavity ”
of this earlier stage.’ It is clear that the parts in the mosquito imago have been very profoundly modified, making accurate homologies in relation to the organ as a whole difficult,
and it has seemed most in accordance with the facts to retain the name buccal cavity as
has been very largely done by systematistsdealing with the Culicidae.
In general shape the buccal cavity is tubular, flattened dorso-ventrally, and, though in
part membranous, is in the main heavily sclerotised. It lies for most of its length ventral to,
but at some distance from, the clypeus, extending from the mouth at the base of the
proboscis to a short distance beyond the posterior border of the clypeus where it ends in
two conspicuousdiverging lateral processes,lateralflanges (Fig. 63 (3) Z$), and is linked between these by membrane to the anterior ends of the plates forming the oesophagealpump.
Its roof is largely membranous with thickenings anteriorly and posteriorly. The anterior
thickening, anterior hard palate (Fig. 63 (4) ahp) is situated in the middle line entirely surrounded by membranous roof, except anteriorly where it is linked by a narrow isthmus
to the ventral plate of the labrum (Lr”). The anterior hard palate is rather irregularly
fusiform, shaped, as described by Nuttall and Shipley, somewhat like a trowel with the
pointed tip directed backwards. It is heavily sclerotisedand carries on each side two sensory pits with short spines. Lateral to it on each side on the membrane are six more pits
arranged as shown in the figure (Fig. 63 (4), (5)). Posterior to the anterior hard palate, is
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an extensive membranous area into which musclesare inserted and behind this, occupying
about the posterior third of the organ, is a more indefinite thickening with its lateral margins
forming indefinite bar-like thickenings,posterior hardpalate (php). This normally lies somewhat sagged below the level of the lateral borders of the cavity. It terminates shortly
before the end of the organ in membrane with small hummocky thickenings (Fig. 63 (4) c).
The floor is uniformly thickened extending from the base of the hypopharynx with the
salivary pump to a thickened bar forming its posterior border, which in Acdeesaegypti
carries on each side of the middle line two closely approximated small sensory pits (so).
Laterally its thickened border, which is continued backwards from the thickened bars
previously described at the base of the labrum, is continued into the lateral flanges and
from across its ventral aspect towards its posterior end arises the flange-like projection,
ventral flange (Fig. 63 (l), vJE),f rom which the salivary musclestake origin.
For about their anterior third the thickened lateral borders are continuous with the
broad apodematous sheets that extend downwards from the sides of the clypeus. These
pass between the partially membranous genae and the median rostrum. Their posterior
borders are concave and well defined. But anteriorly they merge into the membranous
area separating the preclypeal portion of the rostrum from the clypeal as described in the
section on the head capsule (Fig. 63 (2)).
Numerous musclestake their insertion at different parts of the organ, notably along the
length of the roof coming from the clypeus and on the lateral flanges coming from the
maxillary apodemes. These will be described later when dealing with the muscles of the
head. Lying beneath the floor of the cavity are the salivary muscles. Above the roof near
the posterior border is the frontal ganglion.
The buccal cavity in the male does not differ materially from that in the female.

THE OESOPHAGEAL

PUMP

(Fig. 63(l),(3)

P’)

The oesophageal pump is shaped rather like the bulb of a Higginson’s syringe with a
bulbous posterior portion and a thin forward extension. The swollen portion is situated
posteriorly to the brain, the narrow anterior portion occupies the narrow passageleft in
the imago between the cerebral lobes and the sub-oesophagealganglion. The organ consists
of three plates, one dorsal and two ventro-lateral. The plates are wide and fusiform in the
bulbous portion, becoming narrow and elongated to form the narrow extension. They are
all very similar in shape, with a thickened area medianly and thinner borders that are
curved outwardly where they are connected by membrane. The curled edgesare continued
along the narrow portion, giving a curious effect in section to the anterior part of the organ.
It is clear from the appearance of the plates in section that the organ must be capable of
considerable expansion when these are dragged apart by the powerful muscles inserted
into them. These are the dorsal and ventro-lateral dilator muscles taking origin respectively from the occipital and latero-ventral regions of the head capsule. At the anterior
end of the narrow portion the area between the two ventro-lateral plates forming the floor
is, as noted by Thompson, flat. It is also somewhat sclerotised so that it almost forms a
narrow fourth plate.
Posteriorly each of the plates ends in a somewhat thinner manner just before continuing into the soft walls of the oesophagus. On this area there arise backwardly projecting hairs forming what amounts to a valve, the oesophageal valve (Fig. 65 (5)). As
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figured by Nuttall and Shipley in Anophelesmaculipennisthe hairs appear as tufts arising
from circular pale depressions. In ALidesaegypti a certain number of tufts arise from the
raised margins of circular depressions. Others arise in tufts from less definite thickenings.
The hairs are of considerable length and for the most part have a sinuous course. Just
beyond the valve there is a marked annular muscle forming a sphincter.
The organ in the male is essentially similar, but with the anterior narrow portion longer
and somewhat thicker relatively to the posterior part than in the female. The bulbous
posterior part is also somewhat smaller even allowing for the smaller size of the male
mosquito. Thompson has estimated that the female pump in Culex stimulanshas a capacity
of 0~002-0~004mm.3 and that of the largest male a capacity of 0.0008 mm.3. In A&Zes
aegypti the female bulbous portion measuresabout 0*3-O-35 mm. in length and the narrow
portion measures in a straight line about O-18 mm. The corresponding measurements in
the male are 0.18 and 0.20 nun.
The oesophageal pump has been termed the ‘ sucking pump’ or antlia by Thompson;
pharynx by Sinton and Covell; oesophagealpump by Jobling in Culicoides;and posterior
pharynx by Snodgrass (1935), and by Robinson (1939) in Anopheles. Most authors
recognise it as a modified portion of the oesophagus.

OESOPHAGUS,

DIVERTICULA

AND

CARDIA

(Fig.65)

The oesophagus is a short soft-walled muscular tube passing between the oesophageal
pump and the cardia. Anteriorly, following upon the oesophagealvalve, it is narrow and
encircled by a muscular band forming an annulus. Posteriorly it becomesmore dilated and
in sections appears either distended and somewhat cone-shaped with a wide base at the
cardia or thrown into longitudinal folds. It may in the latter case give the appearance of
forming a ventral pouch. Its walls consistof an inner layer of epithelium which may appear
columnar (especially at the narrow anterior end), cubical or flattened depending on the
degree of distension. There are spindle-shaped circular muscular fibres externally with
some longitudinal fibres especially towards the posterior end. In dissections it rarely
comes away with the other viscera.
At the posterior end of the oesophagusjust anterior to its junction with the cardia are
the openings of the diverticula. The dorsal diverticula are relatively small with narrow
openings and directed anteriorly in the median space between the dorso-ventral and under
the longitudinal indirect wing muscles. From their position it has been thought that they
may yield up glucose from their contents to these muscles, so providing extra energy for
flight (Hocking, 1953), though the impervious nature of their walls would seem against
such a view. The ventral diverticulum is very much larger. It lies in the middle line ventral
to the mid-gut and dorsal to the ventral nerve chain. It varies much in size, depending
upon its air content, and when distended may reach as far back as the sixth abdominal
segment and if excessivelyinflated may cause the whole abdomen to be swollen as after a
blood meal. It plays an important role as already described in relation to the blood feed,
but is equally large in the male where blood is not taken.
Usually both the ventral and dorsal diverticula appear as transparent lobulated sacs
filled with bubbles of air of various sizes (Fig. 65 (1)) or, if collapsed, as solid wrinkled
organs. Their walls consist of thin transparent membrane which is highly elastic and,
except when fully distended, is thrown into innumerable small folds. In fresh prepara573
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tions this plicated appearance is very characteristic and may simulate sporozoites seen in
mass. In sections the walls are seen to consist of an inner layer of epithelium with small
nuclei and an outer elasto-muscular layer. That this outer layer is at least in part muscular
is shown by the fact that when distended with sugary fluid and examined in salt solution
the diverticula may, as noted by Nuttall and Shipley, exhibit peristalsis.The microscopical
appearances also indicate the presence of muscular fibres. These consist of rather broad
flat bands passingcircularly around the sac and ending in branches consistingof small isolated fibres. The bands are spaced at regular and rather considerable intervals and are
arranged so that the branched ends and unbranched thicker parts alternate (Fig. 65 (3)).
Nuttall and Shipley give an instructive figure showing a diverticulum dissectedout after a
full meal on sugary fluid, the organ allowed to dry externally and stained with fuchsin.
The fibres noted above are slightly illuminated under polarised light, but not strikingly as
are skeletal muscle fibres, a character they share with muscles of the mid-gut and some
other structures, for example the heart. Besidesthe terminal branches there are numerous
fine cross fibres linking the muscular bands. According to Thompson these are narrow
folds in the membrane, but though such folds may be in part present these cross bands
appear to be largely muscular in nature forming with the larger fibres an arrangement not
unlike a spider’s web (Fig. 65 (4)).
A peculiar character of the diverticula commented upon by Nuttall and Shipley is the
extreme imperviousness of their walls to passageof water. Dissected out on a slide and
allowed to dry at room temperature these authors found that the diverticula of Anopheles
maculipennis still retained fluid after some months.
The diverticula are equally present in the male and appear if anything even proportionately somewhat larger.
At the junction of the oesophaguswith the mid-gut is the structure here termed cardia.
Figure 65. Alimentary canal.
1 Alimentary canal as displayedwhen drawn out in dissection.
Mid-gut as flattened for examination, showing tracheal branches from the abdominal
spiraclesand scallopingof edgesdue to constrictionby circular musclefibres.
Portion of flatteneddiverticulumshowingmusclefibres as shownby polarisedlight.
Thin portion of wall of diverticulumshowingnuclei of epitheliallayer and branchedmuscle
fibres.
Showingarrangementof backwardlydirectedhair tufts of oesophagealvalve.
Proventriculus(cardia) of male in coronal section.That of the female is essentiallysimilar
but somewhatlarger.
A, sectionof wall of mid-gut in stretchedcondition (from newly emergedfemale with distended gut); B, epitheliumof mid-gut as usually seen;c, the samein tangentialsection.
Pyloric valve and ampulla. a, thickeningof wall of mid-gut around opening; b, muscular
sphincter;c, fold in wall of ampulla; d, musclefibres extendingfrom wall of ampulla to
mid-gut.
9 Spineson intima of ampulla.
10 A, Transversesectionof ileum showingcubicalepithelium. B, longitudinalsectionof junction
of ileum with rectum.
Lettering: am, pyloric ampulla ; Ca, cardia; Dd, dorsaldiverticulum ; Dv, ventral diverticulum;
L, ileum; Mg, mid-gut; Aft, Malpighian tubule; Oe, oesophagus
; ov, ovary; Rc, rectum;
spm, spermathecae.
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This is a thickened portion at the anterior end of the mid-gut formed partly from the
cardiac portion of the mid-gut and partly from invagination of the oesophageal walls
(Fig. 65 (I), (6) Ca). It has, therefore, essentially the structure of the so-called proventriculus of the larva though less developed and lacking the blood sinus. It shows the same
folds with the recessedangles which in the larva give rise to the peritrophic membrane, a
structure which as noted in the next subsectionif present at all in the adult mosquito is seen
only after a blood feed. Though in the mosquito it is commonly termed the proventriculus
it would seem that this organ should more correctly be termed the cardia, the term proventriculus being, according to Snodgrass,applied to a structure situated more anteriorly
and especially well developed in mandibulate insectswhere it may be suppliedwith chitinous
teeth and form a gizzard.
MID-GUT,

PYLORIC

AMPULLA

AND

ILEUM

(Fig.65)

The mid-gut extends from the cardia situated in the prothorax to the fifth abdominal
segment, or when fully distended to the sixth segment. All trace of gastric caeca so conspicuous in the larva at the cardiac end of the organ have disappeared in the adult and
following upon the small swollen portion forming the cardia the mid-gut consistsof two
portions, namely an anterior long and narrow portion lying mainly in the thorax and a
posterior swollen portion situated in the abdomen which alone undergoes distensionwhen
a blood meal has been taken or, in the newly hatched insect, when it is filled with air
(Fig. 65 (1) Mg). The anterior portion remains under all conditions a narrow tubular
structure. The posterior portion when empty is fusiform in shape and usually thrown into
some longitudinal folds. When distended it may be ballooned to occupy most of the
swollen abdomen with its walls greatly thinned. Both the narrow and the distensible
portions are very similar in structure and consist of an inner epithelial layer with its basement membrane on which there are sparse circular and longitudinal muscular fibres. In
addition, externally there are tracheal cells from which numerous tracheoles pass on to the
surface of the organ. The epithelium appears as columnar, cubical or flattened cells depending upon the condition of the organ, that lining the anterior narrow portion being
usually uniformly cubical whilst when fully distended the epithelium may be stretched and
flattened to an extreme degree (Fig. 65 (7)). On the inner aspect of the cells is the characteristic striated border, the degree to which the striations are evident depending to a large
extent upon the fixation and staining, but possibly also on the condition under which the
organ is examined (Fig. 65 (7) b). The muscle fibres of the outer layer are not conspicuous
and seem to be lessmarked than in the mid-gut of Anopheles.They consist of circular and
longitudinal fibres which form an open rectangular network. According to Grassi the
muscle fibres in the mid-gut of Anophelesappear to be embedded in the basement membrane (elasto-muscular tunic of Grassi). They are striated but not conspicuouslyso and are
demonstrated poorly by polarised light. No peritrophic membrane corresponding to the
conspicuouscylinder in the larva is normally present; but formation of a membrane after
a blood meal has been described by Jaguzhinskaya (1940) and by Rajindar Pal (1943), in
Anopheles,and a similar membrane may be seen in AL;desaegypti limiting the blood mass
after a feed. Whether this is strictly comparable with the peritrophic membrane and how
it is secretedrequires further study. The mid-gut of the male is similar to that of the female
except that the swollen portion is much lessmarked. It has a well-marked cardia (Fig. 65 (6)).
The pyloric ampulla is a short bulbous thin-walled portion of the hind-gut following
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immediately upon the mid-gut (Fig. 65 (1) am). Into it open the five Malpighian tubules,
one dorsal and two on each side, one dorsal and one ventrally situated. The opening from
the mid-gut is narrow and around it the epithelium of the mid-gut is thickened to form a
fold. The ampulla showsa still more pronounced fold. Between these two folds is an area
of circular muscle forming a strong sphincter (Fig. 65 (8) b). Just distal to the sphincter the
Malpighian tubules enter. Where these tubules enter, the characteristic cells of the tubules
are replaced by a massof cells with small nuclei, the tissue at the point of entry forming a
posteriorly projecting mass.The whole forms a very marked valve. The walls of the ampulla
consistof an inner small-celled epithelial lining and in its more distal part a layer of circular
muscle fibres continued from the ileum. Proximal and distal to the valve the walls are very
thin and almost devoid of any muscular layer. Longitudinal fibres pass from the distal
parts of the wall to the mid-gut often at some distance from the sphincter opening
(Fig. 65 (8) d). The epithelium has a fine cuticular lining which carries backwardly projecting spinousprocesses(Fig. 65 (9)). These have been referred to by a number of observers
(Eysell, 1905; De Boissezon, 1930a; Richins, 1938; Wigglesworth, 1942; Trembley, 1951).
They give the ampulla as seen in dissectionsa characteristic appearance (Fig. 65 (2)). They
extend also some little way along the ileum, the passagefrom ampulla to ileum not being
well defined. The spinesare not unlike those seen on the larval cuticle in some situations,
namely a thorn-like base which is continued into from four to six fine spinesprojecting in
a horizontal plane.
From the pyloric ampulla to the rectum is a portion of the hind-gut sometimes termed
ileo-colon. It, however, no longer shows the marked distinction into ileum and colon as
seenin the larva, and as noted by Thompson the colon of the larva is replaced by growth
from the ileum and rectum during metamorphosis. The term ileum is therefore preferable,
though some change in character does occur in its passageto the rectum, the epithelial
cells tending to be more massivein its hinder portion. It is, throughout its course, a narrow
tube and very heavily supplied with muscular bands frequently showing active peristalsis
when dissectedout in saline. After leaving the ampulla it is at first directed posteriorly and
somewhat ventrally. It then forms a loop directed dorsally which terminates in the rectum
close beneath the seventh tergite. Its walls consist of an inner layer of rather large cubical
epithelium which is thrown into longitudinal folds and an outer muscular layer consisting
of more or less circularly disposed broad and well-striated muscular fibres. Longitudinal
fibres seem to be present, but the actual relation of the fibres is difficult to determine with
certainty. Very frequently a circular fibre is seen tending to become longitudinal, and it is
possiblefibres may be more or lessspirally arranged. At the junction of the ileum with the
rectum the swollen epithelial cells of the former become replaced by the small, flattened
epithelium of the latter, the contrast being very marked (Fig. 65 (10) b).

THE

RECTUM

AND

RECTAL

PAPILLAE

(Fig.66(1-4))

The rectum consists of two portions of about equal length, a dilated proximal portion,
rectal sac (Rc’) situated in the seventh abdominal segment and in which the rectal papillae
are situated, and a distal narrow portion extending to the anus. The walls of the rectal sac
consist of a thin inconspicuous epithelium and an outer layer of discrete broad bands of
striated muscle fibres (Fig. 66 (1) m). The distal portion of the rectum has a thin epithelial
layer with a much folded and wrinkled intima and an outer layer of muscle bands similar
37
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though shorterthan those of the rectal sac.Towards its termination, besidesnumerous
muscularfibresin its coat, thereare fibresof skeletaltype taking origin from surrounding
partsand insertedinto the tube.The anal openingis in the membranebetweenthe basesof
the cerci. Small spiculesmay be presenton the intima.
The rectal papillae, sometimescalledthe rectalglands,are in the female six in number.
They consistof conicalpapillae eachformed of a number of large cellswith clear cytoplasm and large nuclei arrangedaround a centralcore-likespace.They take origin from
the dorsalwall of the rectal sac,one posteriorly,two pairs sideby sidemedianlyand one
situatedanteriorly(Fig. 66 (2)). Their baseslie closebeneaththe posteriorend of the heart
and arefreelyexposedto the bodycavity,the gut wall beingattachedaroundtheir baseand
not extendingover this (Fig. 66 (3)). A largetrachealbranchon eachsidecomesfrom the
spiraclecomplexof the seventhsegmentand, passingbehindthe rectalsac,givesoff leashes
of branchessomeof which enterand passup the core-likecentresof the papillaeto break
up into a network of tracheolesin the substanceof the papillae (Fig. 66 (4)). The whole
complexhasa certainresemblance
to the colon of the larva with its largeclearcellsand to
the trachealnetwork of the larval anal papillae.
In the malethe rectalpartsare very similarto thosein the femalebut, asnotedby Engel
(1924),only four rectalpapillaeare present.Theseare arrangedas in the female,but there
is only one median pair.
THE SALIVARY

GLANDS

AND

DUCTS

(Fig.66(5-9))

The correctname for suchglandsin generalinsectterminologyshould be labial glands.
But the name salivaryglandshas been so largelyemployedthat it seemsundesirableto
useanothername, especiallyas they are the only glandsin the mosquitothat could merit
the name salivary.
Figure 66. Rectum and salivary gland.
Sagittal sectionthrough rectum showingrectal papillae arisingfrom dorsal wall of the rectal
sac.The sectionshowsrelation to segmentalparts and to pericardialcellsand heart.
Coronal sectionthrough rectal sac showingposition of the six rectal papillae in the female.
In the male only one pair is presentmedianly.
Sectionthrough rectal papilla. a, Baseof papilla exposedto body cavity; b, wall of rectal
sac attached to periphery of the papillary basewith a nucleusin the papilla at this point;
c, position where trachealvesselsbreak up to form tracheolespassinginto papilla.
Rectal papilla showingtracheoles. a, position where large tracheal branchesbreak up to
give off tracheolessupplyingthe papilla.
Transversesectionthrough anterior portion of thorax to show anatomical relations of the
salivary acini. The three acini on each side are shownin black.
Salivary glandsof &Yes aegypti as seenin dissection.a, proximal portion of lateral acinus;
b, lateral acinus;c, median acinus;d, anterior portion of median acinus.
A, transversesectionof acinusin newly emergedfemale; B, the sameof male acinus.
Portion of acinusof 24-hour-old female showingbeginningof formation of secretion.
Transversesectionof mat,ureacinusdistendedwith secretion. From an ovipositingfemale.
Lettering: asd, intra-acinar duct; Dv, ventral diverticulum; ht, heart; Mg, mid-gut; m, muscle
fibres; nu, nucleus; pc, pericardial cell; Rc’, rectal sac; rp, rectal papillae; sd, salivary duct;
set, secretion;sg, salivary gland; t, trachea; VII, VIII, abdominal segments.
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The glandsof Agdesaegypti resemble in general those of Anopheles,but are smaller and
rather more stumpy. They are readily dissected out by the technique in general use as
previously described. Their appearance so dissectedis shown in Fig. 66 (6). The glands of
each side consist of three lobes or acini, a median and two lateral. These are linked at their
anterior ends by the junction of their ducts forming the salivary duct of its side (sd). The
glands lie surrounded by and largely embedded in lobes of the fat-body close behind the
prosternum, their anterior ends close to the base of the neck through which the salivary
ducts passto unite beneath the sub-oesophagealganglion to form the commonsalivary duct
(csd). The acini, coiled somewhat irregularly, extend backwards to lie alongside and close to
the hinder end of the oesophagusand cardia and for a short distance by the side of the
anterior portion of the mid-gut. The three acini lie in dorso-ventral series with the upper
lateral acinus somewhat external to the others and the lower lateral acinus closer to the
middle line, where its termination comes to lie close up to the ventral diverticulum
(Fig. 66 (5)).
Each acinus is in the form of an elongated cylinder in the centre of which is a duct with
thick cuticular lining which may have taenidia much resembling those of tracheae, intraacinar duct (asd). In Anuphelesthe median acinus is shorter, more sacculatedand the intraacinar duct markedly dilated. In A2des aegypti and most Culicini the median acinus,
though shorter than the lateral acini, is not ampullated and, as usually described, has the
intra-acinar duct of uniform diameter and extending to the end of the acinus. Recently
Bhatia, Wattal and Kalra have studied the intra-acinar ducts in different species of
mosquitoes including AFdes aegypti. In Anopheles,in the female, the intra-acinar duct of
the median acinus dilates immediately after entering the lobe, its walls losing their taenidia.
In the lateral lobes the intra-acinar ducts after running for about half the length of the
acinus dilate somewhat and towards the end of the lobe may become invisible. As in the
median acinus the ducts in the lateral acini lose their taenidia on entering the lobe. In
Culexfatigans the intra-acinar ducts in the female are narrow with taenidial lining throughout their length in all three acini. In the female in Ai;des aegypti the duct of the median
acinus is somewhat dilated and without taenidia when it enters the lobe. In the lateral acini
taenidial rings surround the ducts for about half their length, their distal half being
slightly dilated and without taenidia. In the male Anophelesthe intra-acinar duct of the
median acinus passesto the end of the acinus without forming an ampulla. In the males of
CuZexfatigans and Atidesaegypti the ducts in all three acini are narrow and with taenidia
to their terminations. In CuZex,fatigansmale the median acinus is shorter than the lateral
acini. In A?desaegypti male the three acini are about of equal length. The authors point
out that these and other differences may be of great value in their bearing on the systematics of mosquitoes.*
As usually depicted the three intra-acinar ducts are shown meeting and joining up at one
point. Bhatia et al., however, find that this is unusual and that commonly the duct from
the median acinus joins with one of the lateral acinar ducts and this common portion
shortly afterwards joins up with the other lateral duct.
Though in AL;desaegypti the median acinus does not differ from the lateral acini to the
same extent as in Anopheles,the distinction is quite apparent in that the median acinus is
shorter and lacks the swollen anterior portion at the proximal end of the lateral acini. In
* The authors note that dissectingout the glands in O-68per cent saline and mounting them in 60-70 per cent
glycerine gives better resultsthan the conventional fixatives, stains and other mounting media.
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Anopkelesthis swollen proximal portion differs considerably in structure from the rest of
the acinus. In the freshly dissectedgland it is usually more bulky than the remainder of
the acinus, though in salt solution it is apt to become shrunken and narrower. It also shows
other differences as noted by Christophers (1901), including the presence of small extensions from the duct into the cells. In A&&s aegypti the differentiation of such an anterior
portion is also apparent as indicated in Fig. 66 (6) a by greater bulk, by being separated
by some degree of constriction from the rest of the acinus and by somewhat darker staining.
In the median acinus this portion seemsto be represented by a small and narrow rather
conical portion of gland lying between the swollen ends of the two lateral acini (Fig. 66 (6) d).
In structure each acinus consistsof a single layer of cells disposed around the central
duct. The appearance of these differs depending on the age of the mosquito. Immediately
following emergence the cells are small, deeply staining, coarsely granular and with a
centrally situated nucleus. Usually there are considerable clefts between contiguous cells.
The nucleus is noticeable as having an unusually large central deeply stained body. By
24 hours clear vacuoles have formed occupying the inner portions of the cells and in the
lateral acini especially there may be numerous small globules disposed around the duct.
By the second day the vacuoles of secretion have largely filled the cells, the cytoplasm and
flattened nucleus being pushed to the cell periphery. In later stagesthe cells are greatly
distendedwith secretion, the acini being now much swollen, strongly refringent and with a
noticeable rigidity. If crushedthe glandsin the fresh state exude massive quantities of oilylooking secretion, leaving the gland substancerelatively transparent and inconspicuous.
A feature of the glands noted by Shute (1940) is the frequent presenceof small accessory
outgrowths or duplication of the normally cylindrical acini. This seemsto be particularly
the case in A. aegypti where most specimens show some degree of this condition, the
glands shown in the figure having been selected from a number to avoid a too excessive
degree of aberration.
A study of the development of the salivary glands is given by Jensen and Jones (1957).
The salivary and commonsalivary ductsconsist of a thick chitinous intima with an outer
layer of somewhat flattened cells. The intima carries raised cuticular thickenings similar to,
but more pronounced and thicker than, the taenidial markings of tracheal vessels. I have
not been able to ascertain whether these are distinct rings or whether the thickenings are
spiral. Usually, however, about every third or fourth band there is an oblique line of
thickening joining two adjacent bands (Fig. 63 (11)).

(b) THE

MUSCULAR

SYSTEM

The musculature of imaginal insectsis extremely complex and in this respect the mosquito
is no exception. It is much more complex in the imaginal mosquito than in the larva, and
in the imago it appears to be composed of two elements: (1) the original body muscles(of
Snodgrassand others) as seen in the larva and continued or reconstituted in the imago;
and (2) newly formed muscles,the result of development of elements in the imaginal buds
or of other newly formed muscles in the imago. The muscles of these two systemsdiffer
markedly in a number of respectsand may for convenience of description be referred to
for want of better terms as those of the protomorphic and neomorphic muscular systems
respectively.
Muscles of the protomorphic type closely resemble the larval body musclesin that they
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tend to be long and often thread-like,whereasthe neomorphictype are most commonly
massiveor fan-like. Very marked too is the differencein the appearanceof the two types
in fixed and stained sections. Muscles of the protomorphic type are pale, tend to show
indefinite structure with wide sarcolemma and few nuclei. They usually show poor striation. Muscles of the neomorphic type on the contrary usually stain much more deeply
and show marked structural characters.Thus the musclesof the neomorphic type commonly
consist of tubular-form fibres plentifully supplied with nuclei and markedly striated. The
neomorphic type also for the most part take origin from points or areas on the various
cuticular sclerites; the protomorphic strands on the other hand tend to pass from intersegmentalline to intersegmental line or, where not at the surface, to passbetween muscular
knots as have been described in the larval musculature.
In the head there is little evidence of the early type, but one important muscle, the
tentorially inserted flexor of the head, would appear to belong to the series. In the thorax
this seriesis wholly subordinated to the new type of muscle, but is neverthelessstill present
as strands of muscle lying above and below the alimentary canal and associated with
ventral transversemusclesas in the larva. The musculature of the abdomen in the image is
almost purely protomorphic and closely resemblesthat of the larval abdomen.
The musculature of the head has been that mostly studied, since it possessesa special
interest in relation to the mechanism of feeding and in some other respects. Also the
number of musclesis not too great to make a close study of each possible. In the present
account therefore the muscles of the head have been numbered and described seriatim
and named according to their functions. The thoracic musclesof the mosquito imago have
not, so far as I am aware, been described as a whole and their number is very great, so that
Figure 67. Musclesof the head.
1 Longitudinal view of head of imago showingthe musculature. a, frontal ganglion; b, scape
of far side; c, annular muscleof oesophagus.
The muscles,indicatedby their numbersas given in the text, are shown as though seenin a
bisectedhead viewed from the right side. With a few exceptionsthey are therefore those of the
left side. For clearnessa few are shownas if to the right of the median line, namely nos. 8, 18
and 24. The tentorium and maxillary apodemesalso are thoseof the right half of the head.
Intrinsicmusclesof the antennaasseenin coronalsectionat the level of the baseof the pedicel.
a, scape; b, baseof pedicel showinginsertion of muscles;c, antenna1nerve.
Coronal sectionthrough the clypeusto show musculature. a, invaginatedpreclypeal edges
(preclypealapodeme);b, position of frontal ganglion.
Coronal sectionat level of junction of buccalcavity and oesophagealpump. a, posteriorend
of buccalcavity; b, lateral flangeof buccalcavity.
Reconstructionshowinganterior end of the tentorium with arrangementof musclestaking
origin from it. It is as would be seenon an enlargedscalein the first figurewere it not hidden
by the hind end of the buccalcavity.
Transverse section through apical portion of proboscisto show the labial musculature.
a, sclerotisedtendons. Both the extensorand flexor possess
tendons.
Apical half of labium to showthe extensorand flexor muscles.Only one of eachis shownon
their respectivesides.The appearanceof the muscularbandsis that seenunderpolarisedlight.
The tendonsdo not showup so illuminated.
Lettering: Bc, buccal cavity; G, gena; Gs, genal shelf; md, mandible; mx, maxilla; mxa,
maxillary apodeme; P’, oesophagealpump; SS,suspensorium;T, tentorium; l-26, musclesas
given in list of head musclesin the text.
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some form of classification and nomenclature is essential to avoid confusion. The same
applies to the abdominal muscles where, however, Samtleben’s system serves for their
naming.
It will be most convenient in what follows to deal under separate headings with the
musclesof the head, neck, thorax and abdomen, using such descriptive methods as seem
suitable in the particular case.
MUSCLES

OF THE HEAD

(Fig.67)

The musclesof the head of the imago have been very fully describedin Culex by Thompson
(1905), who has also given much information regarding homologies of the imaginal with
the larval muscles. The muscles in Anopheles,more especially those of the mouth-parts,
have also been well described by Robinson (1939). Very helpful also is the description by
Jobling (1928) of the head muscles in Culicoides.*
Below are given the muscles of the head as seen in Agdesaegypti, the numbers given to
them being those by which they will be referred to and by which they are indicated in the
figures. In describing the origins and insertions the head is considered as arranged dorsoventrally in line with the body so that the frons is posterior to the clypeusand the Zabrum
dorsal to the Zabium.The site of origin is given first, followed by the site of insertion unless
it is uncertain which- end of the muscle is which, when it is given as b‘ etween’ the sites
given. A name has been given where muscleshave an obvious function, in most casesas
they have been named by previous authors. Thompson’s nomenclature has been largely
used, though names by Robinson or Jobling or new names have been given where such
seem more suitable.
Muscles of the antennae (Fig. 67 (l), (2))
1. Adductor of the scape. Dorsal surface of tentorium towards its anterior end to anterior
portion of basal ring of antenna (scape). (Inner antenna1 of Thompson; adductor of the scape
of Jobling.)
2. Abductor of the scape. Dorsal surface of the tentorium external to the adductor to outer
portion of scape.
3. Intrinsic musclesof the antennae (3 a-3 d). Muscular fibres from scape to margins of pedicel
(see note 1).
Muscles of the labrum and clypeus
4. Retractors of the Zabrum. Fan-shaped muscles composed of numerous separate bundles on
each side of middle line of dorsum of clypeus converging to base of dorsal plate of labrum at its
junction with the preclypeus in the preclypeal pouch. (Labral muscle of Thompson; retractor of
the labrum of Robinson; elevator of the labrum epipharynx of Jobling.)
5. Elevators of the Zabrum. Cornua of preclypeal apodeme to sides of ventral plate of the
labrum in its basal portion. (Epipharyngeal muscle of Thompson; elevator of the labrum of
Robinson.)
6. Elevators of the anterior hard palate. Sides of clypeus a little external to the middle line
passing between the preclypeal cornua to sides of anterior hard palate. (No. 1 elevators of the
palate of Thompson; possibly the dilators of the pharynx of Jobling.)
7. Elevators of the roof of the buccal cavity. Four parallel muscles, 7 a-7d, on each side from
a line along the side of the clypeus to the sides of the roof of the buccal cavity from just behind
the anterior hard palate to the posterior end of the organ. 7a-7 b are inserted into the membranous
* Seealso earlierwork by Annett, Dutton and Elliott (1901), Nuttall and Shipley (1901, 1903), Kulagin (1905),
and the still earlier work of Dimmock (1881, 1883).
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roof, 7c into the posterior hard palate and 7d into the hummocky area behind the posterior hard
palate. 7d lies just in front of the frontal ganglion and passesbeneath the ganglion to its insertion.
(Elevators 2-5 of the palate of Thompson; dilators of the pharynx of Jobling in part.)
Muscles of the mandibles
8. Mandibular muscle. A small muscle on each side from the floor of the tentorium at its
anterior end to the base of the mandible. These small muscles are conspicuous in transverse
sections through the fore part of the head situated on each side of the buccal cavity and are so
shown in the figure by Annett, Dutton and Elliott. (Mandibular muscles of Thompson; retractors of the mandibles of Robinson.) (See note 2.)
9. Subocular muscles. Minute muscles arising on each side from the postgenal area a little
anterior to the foremost lateral dilator muscles of the oesophageal pump and passing forwards
internal to the lower part of the compound eye of its side and according to Thompson inserted
into the tentorium immediately caudal of the origin of the dorsal retractor of the maxilla (see
note 3). (Subocular muscle of Thompson.)
Muscles of the maxillae
10. Ventral retractors of the maxillae. A large muscle on each side arising from the occipital
area ventrally just external to the posterior end of the tentorium and inserted into the anterior
end of the maxillary apodeme. It lies in most of its course along the outer side of the maxillary
apodeme. (Retractors of the maxillae of Thompson; ventral retractors of the maxillae of
Robinson; retractors of the galeae of Jobling.)
11. Dorsal retractors of the maxillae. A large muscle on each side from the inner surface of the
tentorium about its middle to the spur of the maxilla. (Double retractors of the maxillae of
Thompson; dorsal retractors of the maxillae of Robinson.)
12. Protractors of the maxiZZae. A large muscle on each side from the inner surface of the
tentorium for much of its extent to the posterior end of the maxillary apodeme. (Protractor
maximus of Thompson; protractor of the maxillae of Robinson; to some extent protractor of the
stipes of Jobling.)
13. Elevators of the maxillary pulps. Very small muscles present in the male of AC;desaegypti.
Anterior end of maxillary apodemes to base of palps dorsally. (Elevators of the palps of Robinson
and of Jobling.)
14. Accessory elevators of the pulps. Muscular fibres conspicuous in the male, present to a less
extent in the female, in basal segment of palps. (Accessory elevators of the palps of Robinson.)
(Not figured.)
Muscles of the labium
15. Retractors of the Zabium. Small muscles on each side from the posterior ends of the maxillary apodemes to posterior margins of the labium. (Maxillo-labial
muscles of Thompson;
retractors of the labium of Robinson and of Jobling.)
16. Extensors of the labella. Muscular fibres arising as series of strands from the lateral wall of
the distal part of the labium and inserted into the base of the labella on their outer sides.
17. Flexors of the ZabeZZa.Muscle fibres from ventro-lateral wall of labium on each side towards
its distal end to base of labella at their inner ventral angles. (Flexors of the labella of Robinson.)
(See note 4.)
Muscles of the salivary pump
18. Salivary muscle. A stout muscle on each side arising from the lateral and ventral flanges
of the buccal cavity and inserted into the posterior face of the salivary pump. (Hypopharyngeal
muscles of Thompson; dilators of the salivary syringe of Robinson; salivary pump muscles of
Jobling.)
Muscles of the buccal cavity
19. VaZvuZarmuscles. Two small muscles from middle line of frons between the scapes of the
antennae to membrane at junction of buccal cavity and oesophageal pump. (Valvular muscles of
Thompson.)
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20. Lateral retractors of the buccal cavity. Stout bulky musclesarisingon eachsidefrom inner
surfaceof the tentorium at its anterior end and insertedinto the lateral flangesof the buccal
cavity. (Lateral pharyngealmusclesof Thompson.)
21. Dorsal retractors of the buccal cavity. Median line of frons betweenthe dorsal ocelli to
lateral flanges of the buccal cavity. (Ascendingpharyngealsof Thompson; retractors of the
pharynx of Jobling.)
22. Accessory dorsal retractors. A small muscleon each side arisingin common with 21 but
inserted into the anterior end of the dorsal plate of the oesophagealpump. (Anterior dorsal
dilator of the pump of Thompsonand of Jobling.) (Seeunder ‘Anterior terminationof the aorta’
ch. XXVII, p. 618.)
Muscles of the oesophageal pump
23. Dorsal dilators of the oesophagealpump. Two large flat musclesarisingclosetogether on

eachsideof the medianline of the occiputand insertedinto the dorsalplate of the pump. (Posterior
dorsal dilator of the oesophagealpump of Thompson and of Jobling.)
24. Lateral dilators of the oesophagealpump. Five muscularmasseson each side, one behind
the other, arising in seriesfrom the postgenalareas and insertedinto the lateral plates of the
oesophagealpump. (Lateral dilators of Thompson and of Jobling.)
Muscles from the neck and thorax
25. Depressor muscle of the head. Enters the head from the neck on each side of the ventral

nerve connectivesand insertedtowards the anterior end of the tentorium on its outer surface.
A long musclewith distinctivecharactersand the only large singletubular musclein the head.
(See also under ‘Muscles of the thorax p. 588)‘. (Tentorial muscle of Thompson; depressor
muscleof the head of Jobling.)
26. A musclefrom the prothorax in the form of a thin tendonthat closelyaccompaniesmuscle
25, but is insertedinto the spur on the tentorium near its posteriorend. For further particulars
seeunder musclesof the thorax.
Note 1. The intrinsic musclesof the antenna, that is thosepassingfrom the scapeto the
margins of the pedicel, consistof numerousfibres arrangedas shown in Fig. 67 (2),
a fan-like arrangementpassingfrom the inner and posteriorpart of the scapebeneaththe
pedicelto be insertedalongthe inner half of its anteriorborder (3a). Externalto this fan
is a singlesmall stoutmuscle(3b). Externallyin the sameplane are fibresfrom the outer
posterior part of the scapeto the outer anterior border of the pedicel (3 c). 3d is not
strictlyan intrinsicmusclebut consistsof fibresfrom the edgeof the ocular scleritenear
the dorsalocelluspassingto the outer posteriorpart of the scape.
Note 2. In the larva the mandibular muscles(adductor and abductor bundles)arise
from the postgenalareabehindthe eyes. It is thereforestrangeto find the only mandibular
musclein the imago arisingfrom the anteriorend of the tentorium. In Culicoides, however,
a muscleis describedby Joblingadditional to the large adductorand abductormuscles
arisingfrom the genalarea. This has much of the characterof the mandibularmusclein
the mosquito. In Culicoides all threemusclesare well developed,as alsois the mandible.
In the mosquitothe mandibleis obsolescent,
especiallyso in AZdesaegypti, whereit terminatesin a flat lanceolatetip devoid of any teeth.
Note 3. This small musclehas beentracedto below the tentorium, but its insertionhas
not with certaintybeentracedby me. In A. aegypti it doesnot seemto be insertedinto the
tentorium and it is suspectedthat it may representan obsolescent
strandrepresentingthe
larval adductoror abductormuscles(seenote 2).
Note 4. Thesemusclesin A. aegypti are asfiguredby Robinsonfor Anopheles. Robinson,
however,givesas the origin of the flexor musclesthe dorsal aspectof the labium. I think
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this may be a slip of the pen. They clearlyariseventro-laterally.Robinsonalsodescribes
the muscleasendingin a longtendonpassinginto the labella. In Ak’desaegypti they appear
to be insertedasgivenin the synopsis.The musclesare shownup by polarisedlight but less
vividly than the usual systemicmuscles.
A referencemay be madeto the relation of the larval to the imaginalmusculatureof the
head. As a generalisationit may be said that the larval musclesare either completely
histolysedand disappear,or in certaincasesfollow throughfrom the larva to the imagobut
much modified.Yet evenwhen new musclesare formed in the imago theseoften showan
homologywith thoseof the larva. With the disappearance
of the massivelabral structures
of the larva with their feedingbrushesand apodemesand associated
musclesand the much
contractedstateof thesepartsin the imago,any larval musclesstillrepresented
in theimago
must be looked for as smalland insignificantonescrowdedtogetherin the clypeus. Contrariwise,as a resultof the appearanceof the large oesophagealpump small insignificant
musclesin the rear parts of the larval head may be expectedto be large and important
muscles.
Of the twenty-siximaginal head muscles,eleven(10, 15, 18, 19, 20, 21, 22, 23, 24, 25
and 26) appearto be larval musclescarriedthrough, five (1, 4, 5, 6 and 7) appearto be
histolysedbut representedby imaginal muscles,and the remaining ten new imaginal
musclesnot representedin the larva.
MUSCLES

OF THE

NECK

(Fig. 68 (3),(4))

A large part of the neck laterally is coveredby the broad flat cervicalsclerites,hinged
dorsallyto the sidesof the occipitalprominenceand ventrallyto the propleura. Anterior
and posteriorto the cervicalplates the neck is membranousand normally thrown into
deepfolds,onein front of and onebehindthe sclerite.The musclesof the neckare givenin
tabular form belowwith the numbersby which they will be referredto and by which they
are indicatedin the figures.Their originsand insertionsand their generalpositionsare
indicatedin Fig. 68 (3).
The largestmusclesare thosefrom the occiputto the cervicalsclerites.Of specialinterest
are the decussatingmuscles29 recalling a similar condition in the larva. The muscles
assignedto the protomorphic systemare those connectingwith this systemin the prothorax as describedlater. Among themarethe longmuscles25 from the tentoriumin the
head traversingthe neck to passto the endsof the prothoracicventral transversemuscle
in the thorax.
Though not strictlya cervicalmuscleit is convenienthereto includemuscle38 (pronotal
muscle)whichtakesorigin from the wallsof the prothoraciclobe (anteriorpronotum)and
convergesto be insertedinto the narrow necklinking this with the propleura. Its function
is not veryclear,thoughit is a fairly largemuscle. Possiblyit hasto do with givingsupport
to the head.
The following are the musclesof the neck:
Number
Occipital protuberance
to cervical sclerite: anterior
to cervical sclerite: posterior
to cornu of first phragma: decussating
to cornu of first phragma: lateral
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Number
Cervical sclerite
anterior border to posterior fold of neck
ventral arm to prothoracic furca
ventral arm to propleura
ventral arm to dorsal knot

31
32
33
34

Posterior fold of neck
to first phragma : dorso-lateral
to first phragma: ventro-lateral
to dorsal knot

35
36
37

Passing through neck from head*
as muscle from tentorium anteriorly
as tendon from posterior spine of tentorium

25
26

* Alreadygivenundermusclesof the head.

MUSCLES OF THE THORAX (Figs. 68, 69)

For a general description of the thoracic musculature of insects see especially Snodgrass
(1912,1927,1935); Morison (1927-1929) on the musclesof the honey bee; Dirkes (1928) on
the imaginal musculature of Psychoda and its development from the larval system; Maki
(1938) on the thoracic musclesof various orders of insectsincluding Diptera. Among the
types given by the last-mentioned author is a very detailed study of a tipulid, Ctenacroscelis
mikado, in which sixty-two numbered muscles are listed for the thorax. So far as I am
aware no author has described the thoracic musculature of the imaginal mosquito.
A reference to certain of the wing muscles has, however, been made by Prashad
(1918).
For the mosquito ACdees
aegypti the number of distinct musclesfor the thorax now listed
is 64. These are set out in tabular form below in four seriesas they relate to: the wings and
halteres; the spiracles; the legs; and the protomorphic series. The table also gives the
categories as commonly used so far as these seem applicable, for example tergo-pleural,
Sterno-coxal, etc. In addition their situations, origins and insertions have as far as possible
been indicated in the figures. Some further information is given in the form of
notes.
One interesting point has been brought out by the study of the muscles,namely the extent
to which characters of the sclerites are shown to be determined by the requirements for
the attachment of certain muscles. Particularly noticeable in this respect is the shape of
the sclerite named the posterior pronotum. This gives the necessarysurface for the large
trochanteral muscle of the fore-leg. Another instance is the peculiar-shaped sclerite
termed the post-spiracular. This seemsto be the shape it is to give attachment to the large
fan-shaped posterior spiracular muscle. Other instancesare the paratergite, which appears
to exist to provide origin for the large quadrangular muscle 44, and the turned-in edge of
the scutum anterior to this that gives origin to the dorsal spiracular muscle. The characteristic sternopleuron of the mosquito owes its large size and solid appearance to the
requirement for attachment of the dorso-ventral indirect wing muscles. Even the whole
shape of the thorax with its projecting anterior promontory and elongate wedge shape is
evidently to give sufficient length for the indirect wing muscles.

Figure 68. Muscles of the thorax.
Lateral view of thorax showing the indirect wing muscles.
The same showing other muscles as these would be seen showing through the transparent
sclerites. The indirect wing muscles have been omitted.
Muscles of the neck. Lateral view as seen with the neck extended (reconstruction). In the
middle of the figure the cervical sclerite is shown as though transparent. The posterior part of
the head is on the left and the position of the prothoracic parts indicated on the right. a, first
phragma. Extending backwards from it is seen the rod-like apodeme that extends backwards
from the first phragma behind the posterior pronotum.
Muscles of the prothorax. The occipital region of the head is on the left, the anterior pronotal
lobe and its stalk with parts of the thorax on the right.
The first coxa. Internal view to show muscles.
The numbers indicated on the figures are those given to the muscles in the tabular statements
in the text.
Numbers marked with a dash indicate tendons of correspondingly numbered muscles. The
number with two dashes (63”) refers to the strap-like thickening into which the tendon proper is
inserted.
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The following are the musclesof the thorax:
A. Muscles of the wings and halteres

Number
Indirect wing muscles(note 1)
Longitudinal (mesothoracic)
Longitudinal (metathoracic)
Dorso-ventral, anterior
Dorso-ventral, posterior
Transverse(scutellum)*

39
40
41
42
43

Tergo-pleural muscles(note 2)
Anterior pronotal
Paratergiteto sternopleuron
Basalarto mesepimeron
Angle of scutumto sternopleuron

38
44
45
46

Axillary, basalarand subalarmuscles(note 3)
Sternopleuronto dens(2nd axillary)
Mes-epimeronto posteriorwing root
Pleural sutureto posteriorwing root
Pleural sutureto hamular process
Pleural sutureto mes-epimeralapodeme
Furco-pleuralline to wing root

47
48
49
50
51
52, 53

Furco-entopleural(note 4)
Cup of mesofurcato furco-pleural line

54

Musclesof the halteres(note 5)
Elevator of the halter
Depressorof the halter

55
56

* See under note 1.
B. Muscles of the spiracles (note 6)

Number
Mesothoracicspiracle
Ventral : from subspiraculararea
Posterior: from postspiracularsclerite

58
59

Metathoracic spiracle
Ventral : from metapleuron

60
Number

C. Thoracic muscles of the legs (note 7)
M-7

Pro62, 63

Meso72

Meta80

Furco-trochanteral: joining extensortendon

64

73

81

Coxo-trochanteral
External surfaceto coxa (flexor)
Accessoryextensor
Extensortendon adjustor
Apical
* See note 7.

65
66
67
68

74
(75)*
76
77

82.t
(83)*t
84”r
85f

Pleuro-trochanteral : with extensortendon

t Not shown in the figures.
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Pro-

Number
A
>
MesoMeta-

Pleuro-coxal
Propleural knob to first coxa

69

-

-

Sterno-coxal
Anterior
Posterior

70
71

78
79

86
87

D. Muscles of the protomorphic series (note 8)

Number
Dorsal series
Cervical scleriteto prothoracicdorsal knot
Dorsum of neck to prothoracicdorsal knot
Anterior promontory joining muscle37
Cornu of first phragmato prothoracicdorsal knot
Lateral region of scutumto prothoracicdorsal knot
Prothoracicdorsal transverse
Continuation of dorsal prothoracic strand

34*
37*
88
89
90
91
92

Ventral series
Tentorium to prothoracicventral knot
Branch from muscle90 to prothoracicventral knot
Branch from muscle93 to behind first coxa
Prothoracicventral transverse
Continuation of strandto mesothoracicventral knot
Mesothoracicventral transverse
Continuation of ventral strand

25t
93
94
95
96
975
98$

* Already given under musclesof the neck.
t Already given under musclesof the head. The muscle of the tendon accompanyingthis muscle goes to the
prothoracic furca, not to the ventral knot.
2 Not shown in the figures.
Note 1. The indirectwing musclesact on the wingsindirectlythroughchangingthe shape
of the thorax. The longitudinalmusclesactasdepressorsand the dorso-ventralaselevators
of the wings. Both consistof massivemuscularbundlesmore or lessrectangularin cross
sectionand separatedby interveningspaces.Thesenumber about twelve on eachside.
The longitudinal musclesoccupythe median portion of the dome-shapedupper part of
the thorax. They extendfrom the anterior promontory and the dorsumof the scutumfor
aboutthe anteriortwo-thirdsof its extentto the postnotumand its phragma.The seriesis
continuedbeyondthe phragmaas smallshortmusclesof the sametype in the metathorax.
Thesepassfrom the secondto the third phragma.
The dorso-ventralmusclesextendfrom the ventral portion of the thorax to the lateral
aspectsof the scutum.They consistof two separateseries,an anteriorand a posterior.The
anterior series extendfrom the expandedlower portion of the sternopleuronto about the
middle third of the lateral portions of the scutum.They consiston each side of about
8-10 muscularbundles.The posterior series passfrom the meron to about the posterior
third of the lateralportionsof the scutum.They consiston eachsideof about 5-6 muscular
bundles. According to Snodgrassthe posterior seriesare originally tergal remotors
(extensors)of the middle leg which in Diptera, with removal of the meron from the coxa
to the thorax, have becomeindirectwing muscles.
The indirect wing musclesdiffer profoundly in their minute structurefrom all other
591

IMAGO:

INTERNAL

STRUCTURE

thoracic muscles,consistingof massedfine fibres with numerous intervening nuclei, whilst
the limb musclesare usually formed of much larger fibres commonly of tubular type with
centrally situated nuclei. They differ also in origin, appearing during the late larval and
pupal stages as new, isolated, sausage-shapedmasses resembling foreign bodies which
eventually attach themselves to the cuticle.
The small transverse muscle in the scutellum (43) has been placed in the present group
as it may assist in the deformation of the thorax, but it is more probably an accessory
pulsatory muscle (see under ‘The circulatory system’, ch. XXVII, p. 619).
Note 2. The muscles 44 and 45 (along with the spiracular muscle 59) are very characteristic thoracic muscles. Muscle 44 takes origin from the paratergite and is inserted into
a line at the anterior edge of the sternopleuron in its upper part. This line is also made use
of by the two small muscles 46 and 47. Muscle 45 arises from the limpet-shaped sclerite
which has been here termed the basalar, though this designation requires confirmation.
It is a striking fan-shaped muscle inserted into the top of the mes-epimeron just anterior to
the subalar sclerite at a point below which muscle 50 is inserted. This is at the base of the
hamular process of Prashad (posterior portion of the pleural process of Snodgrass).
Note 3. The tracing of the insertion of musclesinto the basal sclerites of the wing root
(axillary muscles) is difficult. But there appear to be three muscles so inserted, namely
47, 48 and 49. Muscle 47 is very small and seemsto be inserted into the dens (second
axillary). Three muscles are stated by Prashad to be so inserted, one into the dens, one
into the unguiculus and one into the remigium. Apart from 47 the only other muscles so
far observed by me have been the flexor muscles 48 and 49 inserted into or near the
posterior root. Muscle 48 is much the largest direct wing muscle. It arisesfrom nearly the
whole of the surface of the mes-epimeron and terminates in a tendon that passesbehind the
subalar sclerite to be inserted into a thickening on the membrane at the posterior base of
the wing near the point of junction of the axillary cord. It is clearly the flexor of the wing.
Muscle 49 which arises from the posterior border of the sternopleuron appears to join 48
in a common tendon. Still another muscle, 50, rises from the posterior edge of the sternopleuron and is inserted into the mes-epimeron at the base of the hamular process,and a third
muscle so arising, 51, is inserted into the long rod-like apodeme lying just internal to the
mes-epimeron. Muscles 52 and 53 arise from an apodematous extension where the upper
portion of the second coxa lies between the sternopleuron and the meron. In the table
this extension has been termed the furco-pleural line. Both muscles are inserted in the
region of the wing root.
Note 4. The muscle here termed furco-entopleural is named after a term used by Maki
which appears to be applicable. It arises from the cup-shaped process of the mesofurca
and passes outwards to the furco-pleural line. It is included among the wing muscles
though its action is not very clear.
Note 5. The musclesof the halteres appear to be only two, namely a very small fan-shaped
muscle inserted into the anterior portion of the base of the haltere and arising from the
metathorax just anterior to the haltere and which may be an elevator of the organ, and a
larger, longer and more conspicuous muscle, 56, arising from the posterior edge of the
mesepimeron in its lower part which would appear to be a depressormuscle.
Note 6. The spiracular muscles are indicated in Fig. 68 (2). Muscle 59 is much the
largest and is assumed to be a dilator muscle of the mesothoracic spiracle as its action
would seemto be of this nature. It is a conspicuous fan-shaped muscle arising from the
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post-spiracular sclerite. The closing muscle for the mesothoracic spiracle is 58, situated
ventral to the spiracle. For the metathoracic spiracle there is a small fan-shaped muscle,
no. 60, arising from the posterior border of the mes-epimeron and inserted into the lower
end of the spiracular opening.
Note 7. In the mosquito the coxae form a fixed and integral part of the thorax. Hence
muscles concerned with movements of the legs are for the most part inserted into the
more moveable trochanter. For each leg there is one large muscle (pleura-trochanteral)
which arisesfrom an extensive area on the respective pleura. These passthrough the coxae
as long tendons to be inserted into triangular, bifid or heart-shaped small patella-like
sclerites from which in turn a ligament extends to that part of the trochanter that is
situated opposite to the femur attachment. Hence action of the muscle is to straighten out
the femur and leg, a movement here given as extension (covering the terms suitable to some
casesof depressoror promotor). In each leg, joining the tendon as it enters the coxa, there
is a muscle arising from the corresponding sternal complex (furca) and given in the table
asfurco-trochanteral. The common tendon may be termed the extensor tendon.
The extensor tendon also receives fibres arising from the walls of the coxa. These tend
to form a seriesof separate fibres which on reaching the tendon are inserted into it almost
at right angles. For some reason these separate fibres in preparations very commonly
show a wavy or curled character which servesto distinguish them. The muscle formed by
them is given in the table as the extensor tendon adjustor. Another muscle of coxal origin
entering the tendon has been termed the accessory extensor. In the coxa of the first leg this
is a small distinct compact muscle arising from the antero-internal border of the coxa close
to the small hairy node in this situation. It passesdown the coxa and joins the extensor
common tendon. Fibres in a somewhat similar position occur in the other coxae, but it is
difficult to say whether they represent a separate muscle or form a part of the loose-fibred
muscle, the adjustor. For the two hinder coxae therefore the numbers for this muscle have
been given in brackets.
Theflexor (remotor or elevator) musclesworking through the trochanters arise from the
coxae. These arise from the external aspects of the coxae and are inserted into the trochanter on the same side as the femur attachment by a simple tendon. Towards the apex
of each coxa, but particularly large in the mid coxa where it occupies the inner bulge, is a
fan-shaped arrangement of fibres which I have termed in the table the apical muscle.
In addition to the above each coxa receives anteriorly and posteriorly the insertion of a
more or less sheet-like muscle arising from the apodematous median ridge of the sterna
and inserted into the corresponding proximal margins of the coxae. The anterior muscles
arise from the sterna proper (basi-sterna), the posterior from the furcal ridge. These sheetlike muscles, though largely transverse in direction, are to be distinguished from the true
transverse muscleswhich cross the median line. In the table they are entered as sternocoxal. Some idea of their character will be obtained from Fig. 69 (2).
A point that should be mentioned in respect to the leg musculature as here given is that,
though the large extensor muscle for the first pair of legs has, in accordance with those for
the other legs, been given as pleuro-trochanteral, there is in this case some doubt since the
part from which it takes origin has been now generally known as the posterior pronotum.
It is possible,on the other hand, that the posterior pronotum as now named is not pronotal
in nature but a pleural sclerite, the pro-epimeron, as originally designated by Snodgrass
(1912) and others (Christophers, 1915; Prashad, 1918).
38
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Note 8. The protomorphic system of the thorax occurs as two layers of muscular
strands, one dorsal and one ventral to the alimentary canal with some contributory muscles
from the head, neck and thorax. On reaching the posterior end of the thorax these strands
become continuous respectively with the dorsal and ventral abdominal muscles.
The dorsal seriesof each side commence anteriorly with the musclesas given in the table
and Fig. 69 (9). These meet forming a knot-like plexus about the large tracheae entering
the thorax from the spiracles. At the level of the dorsal diverticula there appears to be a
small transverse muscle. From the knot the strands pass back beneath the longitudinal
indirect wing muscles and above the narrow part of the mid-gut to join the dorsal system
of the abdomen.
The ventral seriescommencesanteriorly on each side with the tentorial muscle from the
head. These pass to the ends of the small prothoracic ventral transverse muscle. Reinforced by a branch from the dorsal knot, the tract passesbackwards beneath the ventral
diverticulum and above the ventral nerve chain to join the ventral series of the abdomen.
There is a second ventral transverse muscle situated a little anterior to the mesofurca.
The impression given by the systemis that it has little relation to bodily movements, but
may have visceral and perhaps tracheal functions.

Figure 69. Musclesof the thorax and abdomen.
Middle coxa and mesofurcato showmuscles.
Horizontal sectionthrough the neck and thorax showingmuscles. a, prothoracic furca;
b, mesothoracicfurca. On the left the cup-shapedprocessis shown. On the right the stem
of sameis shownas though cut acrossat a lower level; c, metathoracicfurca.
3 Showingmusclesof the protomorphicsystemin region of the prothorax. The trachealvessel
passingforwards and dividing into two (common cephalic)has been shownas though cut
away.
Showingmusclesat the trochantero-femoraljoint.
The sameat the femoro-tibia1joint. a, spiny strap-likethickeninginto which the tendon of
the extensormuscleis inserted;b, sclerotisedarea on ventral aspectof head of tibia.
The sameat the tibio-tarsaljoint.
Showingdorsal musclesof abdominal segmentof the newly emergedimago. The numbers
give the identificationof the muscleswith Samtleben’snumbersfor the larval musclesof the
series(dorsal longitudinal). a, nos. 2-4 of the lateral dorso-ventralof Samtleben;b, no. 5
of the same.
The median dorso-ventralsare indicatedonly in Fig. 8.
8 The samefor the ventral longitudinalseries. a, nos. 2 and 3 of the dorso-ventralseries.
9 Showing course of the ventral tracts of the protomorphic seriesof the thorax and their
continuationas the ventral longitudinalseriesof the abdomen. a, prothoracicmuscularknot
and ventral transversemuscle; b, cup-shapedprocessof mesofurca; c, muscular strands
lying median to the main strands.
10 Tangential sectionthrough portion of the pleura and adjacenttergite showingthread-like
musclefibresin the former. a, portion of sectionthrough the pleural membrane;b, portion
through the tergite showingabsenceof fibres.
Lettering: csc, cervical sclerite; Dd, dorsal diverticulum; Dv, ventral diverticulum; ht, heart;
Mg, mid-gut (anterior portion) ; Oe, oesophagus;Sp, mesothoracicspiracle.
The numbers(exceptthosein Figs. 7 and 8) indicatemusclesas tabulatedin the text.
The numbers(large) in Figs. 7 and 8 are Samtleben’snumbersfor the abdominalmusclesin the
larva.
1
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(Fig.69)

Following upon the musclesmoving the trochanter on the coxa in each leg are those concerned with movement of the femur on the trochanter, the tibia on the femur and the first
tarsal joint on the tibia. In addition there is a long tendon passingthrough the tibia and
tarsal segmentsto the ungues.
The trochantero-femoral muscle (99) rises from the walls of the trochanter and convergesto be inserted into the proximal surface of the strongly sclerotisedspur-like processes
which project from the proximal end of the femur into the trochanter (Fig. 69 (4)). The
femoro-tibia1 muscles arise from the upper end of the femur and along the femoral shaft
and consist respectively of an extensor (100) and a flexor of the tibia (101). The extensor
muscle is inserted into a strap-like sclerite with fine spinesthat passesto the dorsal edge of
the proximal end of the tibia (Fig. 69 (5)). The flexor muscle is inserted by a short tendon
on to the ventral edge of the same. Between the two musclesand forming a partition along
the length of the femoral cavity is a delicate membrane carrying the tracheal branch to the
limb. Similarly arising from the walls of the tibia in its distal portion are the extensor (102)
and flexor (103) of the first tarsal segment. In addition, especially noticeable in the hind
leg, are some fibres at right-angles to the tendon of the extensor muscle (the ventral of the
two muscles) that call to mind the adjustor muscles in the coxae and which may have a
similar function (104).
According to Snodgrass (1935) the long tendon to the ungues arises in insects from
muscles in the femur and tibia and is inserted into the basal plate of the ungues (unguetractor plate).
MUSCLES

OF THE ABDOMEN

With the exception of some points mentioned later the abdominal musculature of the imago
is identical with that of the larva. For this and other reasons given later a full account
segment by segment as given for the larva seemsuncalled for. It consistsas in the larva of
longitudinal and dorso-ventral segmental muscular bands. The longitudinal bands are
arranged in a dorsal and a ventral series. How close the resemblance of these series to
those of the larva will be clear from Fig. 69 (7), (8), which give camera Zucidadrawings of
the two series in the imago, the muscles numbered according to Samtleben’s system of
nomenclature for the larva (see ch. XIII, p. 311). In the dorso-ventral seriesthere are, as in
the larva, in the normal segment four laterally situated muscles(Zdv.2-5), three about the
middle of the segment (Zdv.2-4) and one at its posterior end (Zdv.5). There are also bands
passing dorso-ventrally at the intersegmental line (median dorso-ventral, mdv. l-3) of
Samtleben.
All these muscles have the characters of the larval series; that is, in preparations they
stain less markedly; do not stand out so vididly under polarised light as do the wing and
leg muscles; consist of single fibres with sarcolemma, never bundles of tubular fibres as
with most of the leg muscles and are much less vividly striared than these. Very characteristically too they pass from intersegmental line to intersegmental line and moreover are
continuous in series with the protomorphic strands of the thorax, the dorsal longitudinal
strands of the thorax continuing as the dorsal longitudinal series of the abdomen and the
ventral strands as the ventral abdominal series.
What has been said applies to the systemas seenin the newly emerged or young mosquito
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shortly after emergence. In mosquitoes several days old there is a general deterioration of
the muscles. In an unfed mosquito 48 hours from emergence the bands can still largely
be made out but are more attenuated and seem degenerated. In still older mosquitoes
practically the only muscles showing up under polarised light are two thin thread-like
fibres in each segment as described below. Hocking (1952) has described autolysis of the
flight muscles of a Canadian mosquito as a means of prolonging life. If the above observations are confirmed, it would appear that in Acdes aegypti the abdominal muscles, after
being passed on from the larva and pupa, are in the imago made use of in a somewhat
similar way during the few days in which the mosquito following upon emergencedoes not
feed. Following upon emergence it has already been noted that there is a reduction in
weight and in the size of the abdomen. It is possible that the using up of the musclesplays
some part in this.
A feature very characteristic of the musculature of the imago is the presencein the first
abdominal segment on each side of a long band of muscle passingfrom the metathoracic
knot to beyond the second segmentand ending in diffusely splayed out branches. Between
these are the two thin muscles referred to above, similar muscles being repeated in the
subsequent segments(Fig. 69 (9)). Another feature is the presencejust beneath the soft
pleural membrane of rows of fine muscular fibres arranged dorso-ventrally. Very similar
fibres may be present extending from the ends of the lateral dorso-ventral muscles, but
those referred to seem quite distinct from such. They arise and terminate entirely in the
subcuticular tissue of the pleural membrane and are particularly conspicuous in the
recently fed mosquito where the membrane is stretched and the fibres correspondingly long
(Fig. 69 (10)).
No extrinsic muscleshave been noted in connection with the abdominal spiracles. The
alar-y muscles are described when dealing with the circulatory system and those of the
terminal segmentsand hypopygium under the generative system.

REFERENCES
(a) THE ALIMENTARY
APOSTOLIDON,N. X. (1901).

CANAL

Anophelon konopon. Athens. (Copy in the Shipley Collection,

Molten0 Institute, Cambridge.)
BARRAUD,P. J. and COVELL, G. (1928). The morphology of the buccal cavity in Anopheline and
Culicine mosquitoes. Ind. J. Med. Res. 15, 671-9.
BEYER,G. E., POTHIER, 0. L., COURET, M. and LEMANN, J. J. (1902). Bionomics, experimental
investigations with Bacillus sanarelli and experimental investigations with malaria in connection with mosquitoes of New Orleans. New Orleans Med. Surg. J. 1902, l-78.
BHATIA, M. L. and WATTAL, B. L. (1957). Description of a hitherto unknown structure in the
mouthparts of mosquitoes. Ind. J. Malar. 11, 183-9.
BHATIA, M. L., WATTAL, B. L. and KALRA, N. L. (1957). Structure of salivary glands in mosquitoes.
A preliminary note. Ind. J. Malar. 11, 55-9.
CHRISTOPHERS,S. R. (1901). The anatomy and histology of the adult female mosquito. Rep.
Malar. Comm. R. Sot. (4), l-20.
CORNWALL, J. W. (1923). On the structure of the salivary pump in certain blood-sucking and
other insects. Ind. J. Med. Res. 10, 996-1007.
DE BOISSEZON,
P. (1930a). Contribution a l’etude de la biologie et de l’histophysiologie de CuZex
pipiens. Arch. ZooZ. Exp. Geiz. 70, 281-431.

597

IMAGO:

INTERNAL

STRUCTURE

DE BOISSEZON,
P. (193Ob). Sur l’histologie et l’histophysiologiede l’intestine de Culex pipiens
(imago) et en particulier sur la digestiondu sang. C.R. Sot. Biol., Paris, 103, 568-70.
DUFOUR, L. (1851). Recherchesanatomiqueset physiologiquessur les Dip&es. Mein. Acad.
Sci., Paris, 11, 171-360.

ENGEL,E. 0. (1924). Das Rectum der Dipteren in morphologischerund histologischerHinsicht.
Z. wiss. Zool. 122, 503-33.
EYSELL,A. (1905). Die Stechmticken. In Mense’s Handb. Tropenkrankh. 2, 44-94. Barth,
Leipzig (and subsequenteditions).
GOLDI, A. (1913). Die sanitlirisch-pathologischeBedeutung der Insekten und verwandter Gliedertiere. Berlin. (Culicidae, pp. 31-53.)
GRANDPRB,
A. D. DE and CHARMOY,
D. D’E. DE(1900). Les moustiques. Anatomie et biologic.
Port Louis, Mauritius.
GRASSI,B. (1901). Studi di uno zoologo sulla malaria. Ed. 2. Rome.
HOCKING,B. (1953). The intrinsicrange and speedof flight of insects. Trans. R. Ent. Sot. Lond.
104, 223-345.

HOLT, C. M. (1917). Multiple complexesin the alimentary tract of Culex pipiens. .I. Morph. 29,
607-17.

HURST,C. H. (1890a). On the life history and development of a gnat (Culex). Guardian Press,
Manchester.
HURST,C. H. (18906). The PupaZ Stage of Culex. Guardian Press,Manchester.
JENSEN,
D. V. (1953). The morphologicaland postembryonicdevelopmentof the salivaryglands
of Anopheles albimanus Wiedemann(Diptera: Culicidae). M.S. Thesis. GeorgeWashington
University. 56 pp.
JENSEN,
D. V. and JONES,
J. C. (1956). A note on somevariationsin the structureof the salivary
glandsof Anopheles albimanus Wied. Ann. Ent. Sot. Amer., 50, 464-9.
JOBLING,
B. (1928). The structureof the headand mouthpartsin Culicoidespulicaris L. (Diptera:
Nematocera). Bull. Ent. Res. 18, 211-36.
LEON, N. (1923). Ueber die Speichenpumpeder Culiciden. Zbl. Bakt. (Abt. I, Orig.) 90,
361-2.

LEON,N. (1924). Contributions a l’et’ude deparasites animaux de Roumanie 1898-1924. Bucharest.
MACLOSKIE,
G. (1887). Poison fangsand glandsof the mosquito. Science, 10, 106-7.
MACLOSKIE,
G. (1888). The poison apparatusof the mosquito.Amer. Nat. 22, 884-8.
MACLOSKIE,
G. (1898). (Edit.) Brit. Med. J. 2, 901-3.
MARSHALL,
J. F. (1938). The British Mosquitoes. Brit. Mus. (Nat. Hist.), London.
MARTINI,E. (1920). Uber StechmtickenbesondersdereneuropaischeArten und ihre Bekampfung.
Arch. Sch@s.- u. Tropenhyg. 24, Beih. 1, l-267.
NEUMANN,R. 0. and MAYER,M. (1914). Atlas und LehrbuchwichtigertierischerParasitenund
ihrer Ubertrager. In Lehmann’s Mediz. Atlanten. Vol. XI. Mtinchen.
NUTTALL,G. H. F. and SHIPLEY,A. E. (1903). Studiesin relation to malaria. The structureand
biology of Anopheles. J. Hyg., Camb., 3, 166-215.
PERFILIEV,P. P. (1930). Zur Frage iiber die vergleichendeAnatomie von Anopheles. Mag.
Parasit., Leningrad, 1, 75-96. Abstract in Rev. Appl. Ent. 19, 230.
POUCHET,F. (1847). Sur l’apparat digestif du Cousin (Culex pipiens Linn.). C.R. Acad. Sci.,
Paris, 25, 589-9 1.
RAJINDARPAL (1943). On the histologicalstructure of the midgut of mosquitoes. J. Malar.
Inst. India, 5, 247-50.

RICHINS,C. A. (1938). The metamorphosisof the digestive tract of Aedes dorsalis Meigen.
Ann. Ent. Sot. Amer. 31, 74-83.

ROBINSON,
G. G. (1939). The mouthparts and their function in the female mosquito Anopheles
maculipennis. Parasitology, 31, 2 12-42.

SHUTE,P. G. (1940). Supernumeraryand bifurcated acini of the salivary glandsof Anopheles
maculipennis. Riv. d. Malarial. 19, Sez. 1, 16-19.
SINTON,J. A. and COVELL,G. (1927). The relation of the morphology of the buccalcavity to the
classificationof Anophelinemosquitoes.Ind. J. Med. Res. 15, 301-8.
598

REFERENCES

SNODGRASS,
R. E. (1935). The Principles of Insect Morphology. McGraw-Hill Book Co., New
York and London.
SNODGRASS,
R. E. (1943). The feedingapparatusof biting and suckinginsectsaffectingman and
animals. Smithson. Misc. CoZZ.104, no. 1, 1-15 1.
SNODGRASS,
R. E. (1944). The feedingapparatusof biting and suckinginsectsaffectingman and
animals. Smithson. Misc. CoZZ.104, no. 7, 37-50.
SNODGRASS,
R. E. (1953). The metamorphosisof a fly’s head. Smithson. Misc. CoZZ.122, no. 3,
l-25.

THOMPSON,
M. T. (1905). The alimentarycanal of the mosquito. Proc. Boston Sot. Nat. H&t. 32,
145-202.

TREMBLEY,
H. L. (1951). Pyloric spinesin mosquitoes.J. Nat. Malar. Sot. 10, 213-15.
WIGGLESWORTH,
V. B. (1942). The Principles of Insect Physiology. Ed. 2 (and subsequent
editions). Methuen and Co., London.
YAGUZHINSKAYA,
L. W. (1940). Presenced’une membrane peritrophique dans l’estomac de la
femelle adulted’AnopheZes maculipennis. Mag. Parasit., Leningrad, 9, 601-3.
(b) THE MUSCULAR SYSTEM
ANNETT,H. E., DUTTON,J. E. and ELLIOTT,J. H. (1901). Report of the malaria expeditionto
Nigeria. Part II. LpooZ Sch. Trop. Med. Mem. 4, 73-89.
CHRISTOPHERS,
S. R. (1915). Pilotaxy of Anopheles. Znd. J. Med. Res. 3, 362-70.
DIMMOCK,G. (1881). Anatomy of the Mouthparts and of the Sucking Apparatus of some Diptera.
Boston.
DIMMOCK,G. (1883). Anatomy of the mouthpartsand suctorialapparatusof Culex. Psyche, 3,
231-41.

DIRKES,L. (1928). Das larval Muskelsystemund die Entwicklungder imaginal Flugmuskulatur
von Psychoda. Z. Morph. OkoZ. Tiere, 11, 182-228.
HOCKING,B. (1952). Autolysisof flight musclesin a mosquito. Nature, Lond., 169, 1101.
JOBLING,B. (1928). Seeunder section(a).
KULAGIN,N. (1905). Der Kopfbau bei CuZexund Anopheles. 2. wiss. ZooZ. 83,285-335.
MAKI, T. (1938). Studiesof the thoracic musculatureof insects. Mem. Fat. Sci. Agric. Taihoku
Imp. Univ. 24, no. 1, Entom. no. 10.
MORISON,G. D. (1927-29). The musclesof the adult honey-bee(Apis mellifera L.). Quart. J.
Micr. Sci. 71, 395-463, 527-651, 72, 51 l-26.

NUTTALL,G. H. F. and SHIPLEY,A. E. (1901, 1903). Studiesin relation to malaria. J. Hyg.,
Camb., 1, 458-80; 3, 166-215.

PRASHAD,
B. (1918). The thorax and wing of the mosquito. Ind. J. Med. Res. 5, 610-40.
ROBINSON,
G. G. (1939). Seeunder section(a).
SAMTLEBEN,
B. (1929). Anatomie und Histologie der Abdominal- und Thoraxmuskulatur von
Stechmtickenlarven.2. wiss.ZooZ.134, 179-269.
SNODGRASS,
R. E. (1912). The thorax (Psorophora ciliata). In Howard, Dyar and Knab, 1, 55-9.
SNODGRASS,
R. E. (1927). Morphology and mechanismof the insect thorax. Smithson. Misc.
CoZZ.80, no. 1.
SNODGRASS,
R. E. (1935). Seeunder section(a).
THOMPSON,
M. T. (1905). Seeunder section(a).

599

XXVII
THE
INTERNAL
(c) THE

IMAGO:
STRUCTURE

TRACHEAL

LITERATURE

AND

(cont.)

SYSTEM
TECHNIQUE

A general account of the tracheal system is given by Snodgrass(1935) and a good short
summary by Imms (1938) and by Weber (1938). See also especially Landa (1948) who
gives a nomenclature based on the tracheal system of the ephemerid larva; Lehmann
(1926) on the tracheal systemand its development in the grasshopperwith general remarks
on homology; Kennedy (1922) on homology of the system in insects; Ripper (193 1) on
homology in arthropods.
The majority of descriptions of the tracheal system in Nematocera relate to the larva.
Among authors who have described the systemin the imago in Nematocera, or referred to
this in describingthat of the larva or pupa, are : Taylor (1902), Simulium (larva and imago) ;
Bodenheimer (1923), Tipula (larva); Feuerborn (1927), Psychoda (larva). There does not
appear to be any adequate description in the literature of the tracheal system of the
imaginal mosquito. Recently a study of the tracheal system of a number of species of
Diptera, including the mosquito, has been made by Miss J. Thomas using the injection
technique of Wigglesworth referred to later, but at the time of writing these results have
not been published. The early figure given by me (Christophers, 1901), whilst indicating
the general arrangement of the system, is incorrect in several respectsand the description of
the system by Nuttall and Shipley (1901) is not very detailed. In this connection it may be
noted that the paper by Pouchet (1872) entitled ‘Developpement du systeme tracheen de
1’Anophele’ relates not to Anopheles,but to Chironomus.
Many attempts have been made to arrive at a satisfactory method of injecting the tracheal
system. Recently a technique has been describedby Wigglesworth (1950,1953, 1954) which
gives very remarkable results, enabling even the finer branches and tracheoles to be displayed. The following is a brief description. For fuller details the author’s papers should
be consulted.
The insect to be injected is placed alive in a small test tube with a hole drilled in the
bottom (or alternatively closed with fine metal gauze) and the tube arranged in an outer
receptacle in such a way that, when air has been drawn out of the receptacle, the tube can
be pushed down, the insect submergedin the injection fluid and air then readmitted. This is
done by means of a thin glassrod set in the cork of the tube and through a hole in the cork
of the outer receptacle. To enable the rod to be easily manipulated it should be wetted
with glycerol. There must be a slit or other opening in the cork of the tube to allow free
communication between it and the outer vessel. As described by the author the vacuumising tube from the receptacle leads to a three-way tap by which connection can be made
with a vacuum pump and manometer, or alternatively with a supply of hydrogen in a
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bladder or to the outside air. Only very moderate negative pressure, however, is necessary
and this can if desired be easily obtained from mouth suction. It is uncertain too whether
the use of hydrogen is necessary or adds to the effectiveness. Good results have been
obtained with Ai;des aegypti using a negative pressure of 60-70 mm. Hg kept up for
10 minutes or more. This was not found to cause bubbling of the preparation used for
injection (see below). But a negative pressure as low as 10-15 mm. Hg can be used, this
being the pressure originally mentioned by the author. Newly emerged insects are to be
preferred, especially if these can be obtained before pigmentation sets in, for example
white pupae. Curiously enough A. aegypti appears to stand even greater air deprivation
than that noted without very marked effect beyond some restlessness.
The injection medium consistsof cobalt naphthenate, a tar-like substance,made up with
one or two times its own volume of white spirit (a light petrol used by painters). After
a brief stay in the injection fluid and readmission of air the insect is quickly rinsed in
several changes of white spirit and transferred to white spirit saturated with H,S through
which H2S is bubbled. The insect is then fixed in Carnoy and may be sectioned or mounted
whole or in desired portions or slices. Exposure to H,S can alternately be very conveniently made by the following procedure. To a tube half filled with white spirit add a
few millilitres of ammonium sulphide solution. This sinks below the spirit and does not
mix with it. Pipette in a few drops of acetic acid. This causesevolution of H$ with which
on shaking the tube the white spirit becomes saturated. The injected insect remains in the
white spirit and does not sink into, or even make contact with, the ammonium sulphide
solution. Alternatively the insect can be placed on wet filter paper on the cork of the tube.
A few minutes’ exposure seems all that is necessary. To minimise the time exposed to
white spirit the insect can be transferred, directly after rinsing, to Carnoy that has been
treated by the addition of a few drops of ammonium sulphide solution. All these methods
give blackening of the tracheal vessels.
For whole mounted specimensthe effect is greatly enhanced by bleaching. The method
recommended by Wigglesworth in his first paper to avoid the effect of diaphanol or
hydrogen peroxide upon the injection material is, before bleaching, to soak well first in
saturated potassium ferricyanide. Care should be taken that no steel instruments or
needles should come in contact with the specimen at any stage. In place of canada
balsam and xylol, specimens,after bleaching and dehydration, may be cleared in tetralin
and mounted in DPT medium [distren_e80 (10 g.) dissolved in tetralin (40 ml.) with the
addition of tricresyl phosphate (7.5 ml.)] ( see Giglioli, 1953; also Baker, 1945, p. 178).
Various alternative methods of treating the injected insectsare given by Wigglesworth in
the papers noted regarding which the author should be consulted in original.

GENERAL

REMARKS

ON

THE

IMAGINAL

SYSTEM

The tracheal system in the imago conforms in essenceto the general plan as seen in the
larva. It has, however, been profoundly modified to meet altered conditions, namely
(1) the complete change in the site of entry of air to the system, (2) the vastly greater air
supply needed for the now existing massive muscles of the wings and legs, necessitating
new and enlarged tracheal vesselsespecially in the thorax.
The large terminal spiracles of the larva have disappeared and the main entry of air
is now via the mesothoracic and metathoracic spiracles. In the abdomen, in place of the
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puncta and spiracular cords of the larva and pupa, there are now open spiracleswith open
spiracular tracheae on abdominal segmentsII-VII. The absence of spiracles on segment I
has been noted by Nuttall and Shipley (1901). Remarkably, the pupa has large functional
spiraclesin this situation as described by Hurst in 1890. But in the imago nothing remains
to indicate their presence. Normally too in insects the last pair of spiracles are those on
the eighth segment. Even in Diptera there is a pair in the larva posterior to those on
segment VII which it is arguable are those of segment VIII. In the imago of Diptera,
however, the last pair, as in the mosquito, is on segment VII, suggestingthat the absence
of spiracles on segment VIII is due to their precocious development in the larva (see
also later reference to the tracheal supply of segment VIII in which there is a suggestive indication of obliterated spiracles on this segment).
The tracheal vesselsof the system have also undergone considerable changes. The great
tracheal trunks that in the larva play such a dominant role are still recognisable, but no
longer dominant. In the thorax they are still the largest tracheae, but now, except in their
extreme posterior part, they are rigid tubes approximately circular in section, unlike the
widely dilated trunks of the larva. Furthermore, they have become subordinated in
function to numbers of newly developed large tracheae. As a result of these new tracheae
being of large size, with much ballooning of the parts where they take origin from the
spiracular atrium, the original relation of the trunks to the spiraclesas represented by the
puncta and connecting cords is obscured, the trunks appearing to open directly into the
dilated atria1 cavity.
Still greater changes have taken place in these trunks in the abdomen. Except for a
narrow connecting passagein abdominal segment I there is now no functional connection
of the trunks with the tracheal knots which in the larva were situated at their external
borders and opened out from them. The trunks in the imago have lost all resemblance to
their original character and if, in the older mosquito, not removed altogether are represented by tissue in process of active removal. With these changesthe abdominal tracheal
system has become quite independent of the trunks with some interesting consequences
referred to later.
THE SPIRACLES (Figs.70-2)
In the imago the spiracles are two pairs in the thorax, an anterior (mesothoracic) and a
posterior (metathoracic) pair, and a pair on each of the abdominal segmentsII-VII. Their
structure has been described by Hassan (1944) in AnopheZes
macuhpennisand in Theobaldia
annulata; seealso Alessandrini and Missiroli (1926). Both thoracic and abdominal spiracles
in Aedes aegypti conform closely to Hassan’s description.
The mesothoracicspiracles are situated on each side in a depressedtriangular area of
membrane close beneath the lateral edge of the scutum and between the posterior pronotum and the post-spiracular sclerite (Fig. 72 (3-5)). The opening, atrial opening(ato), is
elongate-oval, or more slit-like, depending upon the extent to which the spiracle is open or
closed. It is aligned obliquely, its dorsal end being posterior. On each side of the opening
is a hairy bar-like thickening, peritremes (of Snodgrass),peritremal sclerites (of Hassan),
the anterior a little shorter than the posterior. When the opening is narrow the peritremes
lie approximately parallel, but with the opening widened they diverge correspondingly at
their upper ends. Seen in section they have a certain depth and, as their inner surfacesare
covered with small hairs, some approach to a hair-lined outer chamber of the spiracle is
made (Fig. 72 (7)). At the bottom of this inner surface there arise thin, almost valve-like,
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Figure 70. Tracheal systemof head and thorax.
1 Lateral view of tracheation of head showingnumberedbranchesof dorsal cephalic(Ms. 2)
and ventral cephalic(Ms. 3). The numbersare those given in the text for the branchesof the
tracheaerespectivelybut without their full notation, for examplethe figure 2 when shownas
a branch of Ms. 2 would in full notation be Ms. 2. 2 and 3 would be Ms. 2. 3. Similarly if
shownas a branchof Ms. 3 the figure2 would indicateMs. 3. 2. a, baseof antenna1flagellum
showinga trachea-likeblood vesselfrom the antenna1pulsatileorgan.
2 Dorsal view of tracheationof head showingon the left side the dorsal cephalicand on the
right the ventral cephalic.The branchesindicated as in the first figure. a, position of tentorium in relation to the ventral cephalic.The tentorium is dorsal to the trachea; b, position
of anterior end of tentorium; c, outline of pedicel;d, positionof frons. The organ of Clements
is shownby a smallcircle.
3 Lateral view of tracheationof the thorax. The numbersare as givenin the text for MS and Mt
branches. a-a, line of tergo-pleural suture; b-b, dotted line indicating lower limit of the
longitudinal indirect wing musclebundles; c-c, dotted lines indicating position of the midgut; d-d, dotted lines indicatingposition of the ventral nerve cord ganglia.
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clear expansions forming the actual edges of the opening, spiracular lids of Hassan (li) ;
being more developed ventrally they form a calliper-like border to the atria1 opening. The
atria1 opening is closed by a single small muscle at the ventral end of the opening (muscle
no. 58) as previously described. It was at first thought from appearancesin sectionsthat
there was also a muscle arising from the tergite at the dorsal end of the spiracle (originally
entered as muscle 57, but later omitted from the list). This seems to be merely some
thickening with fibrous structure in the membrane in this region. A muscle which from its
position may have some effect in enlarging the opening, however, is muscle 59 arising from
a large part of the inner aspect of the post-spiracular sclerite. Its contraction by dragging
on the sclerite would seem likely to enlarge the opening, even if it had other functions to
perform as a pleural indirect wing muscle.

1

02mm.

1

L,I’“\’

3

Figure 71. Tracheal system of the abdomen.
Showing tracheation of the abdomen. The figures indicate the tracheae as listed in the text,
namely (1) spiracular (not numbered) ; (2) connective; (3) ventral ; (4) dorsal; (5) accessory
ventral (not figured but arising, when present, from the connective opposite to the dorsal
trachea); (6) visceral; (7’) posterior visceral to ovary; (7”) the same to rectum. a, branch

from trachea of hind leg into first abdominal segment.
Showingtracheationof segments
VII and VIII; lateral view left side. a, appearancesuggesting
tracheal knot in segmentVIII; b, connective of segment VIII giving off ventral branch;
c, visceral branch of segment VIII; d, posterior visceral of segment VIII.
The same, dorsal view. Lettering as for 2.
Lettering : sp. 3, spiracleof segmentIII; sp.7, spiracle of segment VII; spm, spermathecae.
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The atria1 opening passesinto a shallow cavity of somewhat greater extent than the
spiracle as marked by the peritremes (Fig. 72 (7)). Into this cavity open a number of large
tracheae. Certain of these (tracheae nos. Ms. 5, 6, 8 and 9) open superficially into the sides
of the cavity, but the thoracic trunks, the common cephalicsand the large tracheal branches
supplying the muscles in the dorsal portion of the thorax enter deeply into its base. The
walls of the cavity are to a certain extent free from taenidia so that it may be regarded as
the atrium, though greatly encroached upon by the massive tracheae opening into it. The
spiracle in this case would appear to fall into the class of atria1 spiracle with lips and peritremes as figured by Snodgrass(1935) in his Fig. 230 B, the lips and peritremes being more or
less flush with the surface and the atrium with no closing apparatus at the entrance of the
trachea.
The metathoracic spiracle is situated behind the upper part of the mes-epimeron a little
anterior and ventral to the base of the haltere and on the rather flat and partially membranous metapleuron. It is of very similar construction to the mesothoracic spiracle, but
the hair-bearing peritreme thickenings form a complete ring enclosing the narrowly oval
atria1 opening, and the lids are lessconspicuous. As in the mesothoracic spiracle the atria1
opening passesdirectly into a shallow cavity representing the atrium, but of which the
walls are largely formed by the entering tracheae. There is one small muscle arising from
the lower part of the mes-epimeron and inserted into the ventral end of the spiracular
opening which acts as a closing muscle. As with the mesothoracic spiracle there is no
closing apparatus at the entrance of the tracheae into the atrium.
The abdominal spiracles (Fig. 72 (9-l 1)). These are situated in the pleural membrane
towards the anterior end of their respective segments. They are very similar in all the
segmentsin which they occur. Though small compared with the thoracic spiracles they
have a well-developed closing apparatus at the tracheal entrance to the atrium. At their
external orifice there is a slight depression of the microtrichae-covered pleural membrane
and at the bottom of this a circular ‘lip ‘. This bears hairs and has a certain thickness so
that a small superficial chamber is formed at the bottom of which is a thickened ring leading
into a small but well-marked atrium (a), the walls of which are free from taenidia and
thickened. From the atrium a narrow passage leads into the relatively wide spiracular
trachea. At this point the atria1 wall is specially thickened, forming a boss-like elevation
(c) from which there extends a strongly sclerotised bar (up). Associated with these structures are small, but typically striated, muscular bands enclosed in a capsule that forms a
projecting bulge externally where atrium meets trachea (Fig. 72 (11)). The spiracular
trachea is a straight length of trachea with well-marked taenidia which passesfrom the
spiracle to the segmental knot where the chief tracheal branches of the segment meet or
take origin. At this point, which may be termed the segmental tracheal knot, the component
tracheae commonly form a triple knuckle-like structure which in mounted preparations is
often more conspicuousthan the spiracle and may cause the quite long spiracular trachea
to be overlooked.
LIST

OF MAIN

TRACHEAE

(Figs.70,71)

Below are given the larger tracheae and their main branches.The numbers given to them are
those by which they are indicated in the figures and by which they can if necessarybe
referred to in the text. They are listed in relation to the spiracleswith which they are connected, those connecting two spiraclesbeing listed under the more anterior spiracle, unless
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thereare reasonsto the contrary.Thoseconnectedwith the mesothoracicspiraclearelisted
as Ms. followedby a number.Thoseconnectedwith the metathoracicspiracleare listedas
Mt. and those of the abdomen under the numberedabdominal segmentto which the
spiraclebelongs.The dorsaltrunks in the thorax are treated as they take their place as
trachealvessels.
Ms. 1. Commoncephalic. Takes origin from the spiracleventrally and just external to the
thoracic tracheal trunk. After passingforwards to the level of the anterior pronotal lobe each
common cephalicdividesinto :
Ms. 2. Dorsal cephalic. Passesforwards through the neck to enter the head through the
occipitalforamen. At about the middle of its courseto the foramen it is linked to its fellow of
the oppositeside by a short commissure,anterior commissure(Ms. 2. 1). For branchesin the
head seeunder ‘Tracheation of the head’ in a subsequentsection.
Ms. 3. Ventral cephalic. Passesforwards along with Ms. 2 to enter the head through the
occipital foramen a little ventral and external to this trachea. At about the samelevel as the
anterior commissureit givesoff the trachea of the$rst leg (Ms. 3. 1). For branchesin the head
seeas for the dorsalcephalic.
Ms. 4. Thoracic trunk. A wide tracheal trunk arising from the lower part of the atrium,
passingat first ventrally and then horizontally through the thorax below the medianly situated
longitudinal indirect wing musclesto connectup by a branch with the lower part of the metaFigure 72. Tracheal trunks and spiracles.
l

Transversesectionof trunks at level of mesofurca.The trunks showas rigid tubescircular in
section. a, protomorphic muscular strands, dorsal series; b, the same, ventral series;
c, lower limit of longitudinalindirect wing muscles.
2 Transversesectionof trunks at entranceto abdomen. Lettering as for 1.
3 Mesothoracic spiracle. External view with anterior direction to left. The bar acrossthe
atria1openingis the ridge on the floor of the atrium separatingthe openinginto the atrium
of tracheae Ms. 10 above and Ms. 4 and Ms. 1 (trunk and common cephalic) below.
a, membranewith dotted line showinglimits of atrium beneath; b, closingmuscle(muscle
no. 58).
4 Showingrelation of mesothoracicspiracleto thoracic sclerites.
5 Musclesin region of the mesothoracicspiracle.
6 Metathoracic spiracle. External view with anterior direction to left. About half magnification of 3. a, membranewith dotted line showinglimits of atrium beneath;b, closingmuscle
(muscleno. 60); c, depressormuscleof haltere (muscleno. 56).
Horizontal sectionthrough mesothoracicspiracle. a, tracheaeenteringatrium laterally and
superficially;b, trachea enteringfloor of atrium.
Atria1 opening of abdominal spiracle as seen in tangential sectionjust not cutting the
opening. In the right-handupper corner is left intact an area of cuticlewith its microtrichae.
Horizontal sectionthrough abdominal spiracle. a, depressionin pleural membraneleading
to a circular ‘lip’; b, atrium; c, openinginto the spiraculartracheawith boss-likethickening;
d, spiraculartrachea.
10 Sectionacrossabdominal spiracle.
11 Closingbar and muscle.
Lettering: ap, apodeme of closingapparatus;ato, atria1 opening; Dv, ventral diverticulum;
fp, furca; g, ganglion;ht, heart; Zi,lip of atria1opening;m, muscleof closingapparatus;Mg, midgut; ppn, posterior pronotal area; psp, posterior spiracular area (sclerite); ptg, paratergite;
ptn, portion of postnotumjust includedin section;ptr, peritreme of atria1 opening; SC,edge of
scutum;tt, trachealtrunk.
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thoracic spiracular atrium. Continued into the abdomen in a modified form only. For branches
and characters of the thoracic and abdominal portions see under ‘Tracheation of the thorax’
and ‘ Tracheation of the abdomen’.
Ms. 5. A trachea arising superficially from the ventral portion of the atrium posteriorly to
Ms. 1 and in common with Ms. 6 and passing into the lower lateral portion of the sternopleuron
of its side.
Ms. 6. A trachea arising from a short common portion with Ms. 5, giving off a dorsal branch
to the area of the wing root and forming with Mt. 2 the mesothoracic-metathoracic connective
from which is given off:
Ms. 7. Trachea of the middle leg.
Ms. 8. A trachea taking origin superficially from the posterior portion of the atrium and
passing backwards just ventral to the tergo-pleural suture. Gives off branches dorsally and
ventrally to the anterior dorso-ventral indirect wing muscles of its side.
Ms. 9. A trachea arising superficially from the dorsal portion of the atrium and passing backwards just dorsal to the tergo-pleural suture and giving off branches to the anterior dorso-ventral
indirect wing muscles of its side.
Ms. 10. A short very stout trachea arising dorsally from the deepest part of the atrium and
after giving off a branch anteriorly (Ms. 10. 1) dividing into:
Ms. 11. Short wide trachea passing forwards into the anterior portion of the dorsum of the
thorax and branching freely to the muscles in this area.
Ms. 12. Similar but larger trachea passing posteriorly and supplying parallel branches among
the bundles of the longitudinal indirect wing muscles anteriorly and posteriorly, the latter
extending backwards to come into connection with corresponding branches from Mt. 5 passing
forwards.
Mt. 1. Trachea linking up the metathoracic atrium with the thoracic trunk, Ms. 4, and having
the appearance of the terminal portion of this, the true continuation being flattened and specially
modified, see under ‘Tracheation of the abdomen’.
Mt. 2. Trachea arising more superficially from the anterior ventral portion of the atrium,
giving off branches to the posterior dorso-ventral indirect wing muscle of its side and joining with
Ms. 6 to form a connective loop from which the trachea of the middle leg takes origin.
Mt. 3. A stout trachea passing ventrally and inwards from the ventral portion of the atrium to
the coxal and sternal regions of the middle leg.
Mt. 4. The trachea of the hind-leg. Takes origin from the posterior ventral portion of the atrium
and passesdown behind the mes-epimeron to the hind-leg.
Mt. 5. A massive trachea arising from the dorsal portion of the atrium and passing, after
dividing into two branches, to the region of the scutellum. It gives off numerous branches,
notably a series of parallel branches passing between the bundles of the longitudinal indirect wing
muscles and another series passing outwards to the posterior dorso-ventral indirect wing muscle
bundles of its side.
I-VIII.
1. * Spiracular trachea. From each abdominal spiracle to tracheal knot.
segments I or VIII.

Not in

I-VIII.
2. Connective. The designation applies to the connective passing from any given
segmental knot to that of the segment behind. From it are given off:
I-VIII.
3. Ventral trachea. Arises from the connective a little distance posterior to the
knot and passes more or less directly to the ventral region of the segment.
I-VIII.
dorsally.

4. Dorsal trachea. Arises towards the posterior end of the connective and passes

* For description and interpretation of tracheal branchesin segmentsI and VIII see section on ‘Tracheation
of the abdomen’, p. 612.
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I-VIII. 5. Accessory ventral. A small tracheacommonly arisingnear the dorsal tracheabut
passingventrally.
I-VIII. 6. Visceral trachea. Arisesfrom the anterior part of the knot and passesinwardsand
forwards to supplyviscerasomedistanceanterior to the segment.
V-VIII. 7. Posterior visceral. Large branchesarisingfrom inner sideof knot and passingto
ovary, testis,or rectum dependingon segment.

TRACHEATION

OF THE

HEAD

(Fig. 70(l),(2))

The tracheal supply of the head is derived from the dorsal and ventral cephalic tracheae.

After giving off respectively the anterior commissural trachea (Ms. 2. 1) and the trachea to
the first leg (Ms. 3. 1) these enter the head on each side through the occipital foramen
lying close together, the dorsal cephalic a little dorsal and internal to the ventral cephalic.
The dorsal cephalic (Ms. 2) immediately after passing through the foramen gives off a
large branch, the occipital trachea (Ms. 2.2). This passesoutwards and upwards in the
occipital area giving off branches behind the brain and extending to the posterior dorsal
portion of the compound eye of its side with a branch to the imaginal ocellus. As with many
of the large tracheae of the head it may show much variability in size and may be locally
somewhat ballooned. From near its origin there passesdirectly dorsally a small trachea
(Ms. 2. 3) which supplies the dorsal dilator muscle of the oesophageal pump. The main
dorsal cephalic continues forward beneath the brain in the groove between the optic lobe
externally and, in succession, internally the protocerebrum and the deutocerebrum
(antenna1lobe). Shortly after entering the groove it sendsa branch upwards into the protocerebrum (Ms. 2. 4) and after passingsome distance forwards one outwards into the optic
lobe (Ms. 2. 5). Just before leaving the groove it gives off a branch in the region of the
antenna1 lobe (Ms. 2. 6). At each of these points where the branches enter the brain
substance there is present a conspicuous large nucleus (tracheal cell) which, embedded
among the smaller nerve cells of the part, might be mistaken for a larger ganglion cell.
Similar cells are present at other points where tracheae enter the brain and are useful as
giving an indication of such entry.
Where the dorsal cephalic emerges from the groove at the front of the brain it lies just
external to the broad nerve tract passingfrom the antenna1lobe of the brain to Johnston’s
organ, here termed the antenna1connective to distinguishit from the nerve to the filament.
At this point the dorsal cephalic breaks up rather abruptly into branches coming mainly
from two main divisions of the trunk, a dorsal and a lateral. The dorsal portion sends
branches which largely supply musclesand other structures in the frontal area and others
passingbackwards over the anterior surface of the brain. It also sendsbranches into the
base of the antenna, supplying structuresin the pedicel from which twin tracheae passinto
the flagellum. In the more basal flagellar segmentsthere is, in addition to the two small
tracheal branches, a conspicuous tube resembling, and which has been mistaken for,
a trachea, but which is without taenidia and is the antenna1 blood vessel described later
passing from the pulsatile organ near the base of the antenna into the flagellum of the
antenna. The lateral branch of the dorsal cephalic continues forwards to enter the clypeus
at its lateral angles. It largely supplies the musclesin this structure.
The ventral cephalic is somewhat larger than the dorsal cephalic. After entering the
occipital foramen it passeson each side over the lateral dilators of the oesophagealpump
39
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giving off small branches that passbetween the muscular bundles. Most usually there are
two single branches followed by one breaking up into three (Fig. 70 (l), (2)) (Ms. 3. 2-4).
A little further forwards is a small branch passingto the genal area behind the eye. In its
forward course the ventral cephalic crossesthe tentorium at about one-third of its length
from its posterior end lying external to this structure and the depressormuscle of the head
(muscle no. 25). Here a short branch arises externally (Ms. 3. 6) giving branches to the
lower ocular area. On its inner side passinground the tentorium the trachea gives off the
large branch that is continued to the proboscis as the labial trachea of its side (Ms. 3. 7).
What appears as the continuation of the main trachea then passesforwards, outwards and
dorsally as a short stumpy trachea giving off numerous branches to the central parts of the
compound eye (Ms. 3’). The labial trachea at its origin gives off a branch on its inner side
which enters the side of the sub-oesophagealganglion (Ms. 3. 8), its point of entry being
marked by the usual tracheal cell. Some distance further on the labial trachea gives off a
branch on its outer side that continues forward to the genal area of the rostrum (Ms. 3. 9).
One of its branches passesinto the maxillary palps and the other ends in the region of the
genal shelf and may possibly supply the mandible and maxilla. Some distance beyond the
origin of Ms. 3.9 the labial branch gives off a trachea to the salivary muscle of its side
(Ms. 3. 10). From thence the labial trachea runs a conspicuous straight course forward
and into the proboscis running parallel to the trachea of the opposite side. These two
parallel large tracheae, which passthrough the length of the proboscis in the labial sheath,
are in great contrast to the tracheal supply to the other mouthparts which have failed to
show any definite tracheal vessels.
In general, therefore, the dorsal cephalic provides tracheal supply to the dorsal areas of
the head, the supra-oesophagealganglion, the dorsal dilators of the oesophagealpump, the
scape and pedicel, the frons and clypeus. The ventral cephalic provides tracheation for the
lateral dilators of the oesophageal pump, the gnathal muscles and gnathal parts of the
head, the sub-oesophagealganglion, a large portion of the compound eyes, the salivary
muscles and the genal, maxillary and labial areas including the proboscis sheath.

TRACHEATION

OF

THE

THORAX

The general character of the tracheal supply to the thorax will be clear from Fig. 70 (3) in
which the position of all the main tracheal branches is shown. Many of the tracheae are
almost entirely concerned with tracheal supply to the indirect wing muscles which form
the greater bulk of the contents of the thorax. Thus the large tracheae passing into the
dorsal portion of the thorax, Ms. 10-12 anteriorly and Mt. 5 posteriorly, are mainly concerned with sendingparallel branches as shown in the figure between the muscular bundles
of the longitudinal indirect wing muscleswhich occupy the median portion of the dorsal
part of the thorax. On each side Ms. 8 and 9 send similar branches between the muscular
bundles of the dorsal parts of the anterior dorso-ventral, while Ms. 5 suppliesthe ventral
portion of this muscle. The trachea Ms. 5 divides into two branches, the more posterior
passing down the external aspect of the muscle, the more anterior passing inwards and
ending in branches about the anterior border and inner aspect of the muscle. The posterior
dorso-ventral indirect wing musclesare supplied on each side by Mt. 5 and Mt. 3, the first
mentioned supplying the dorsal portion and the latter the ventral. In this casethe branches
from Mt. 5 are directed outwards, not anteriorly as are those supplying the longitudinal
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series, and seenfore-shortened in the figure. Mt. 3 is the middle of the three large tracheae
passing ventrally from the metathoracic spiracle. It supplies branches to the ventral
portions of the posterior dorso-ventral indirect wing muscle of its side extending into the
meron. It also sendsbranches to the sternal muscles. The tracheal supply to the smaller
thoracic muscles which are not of the indirect wing muscle type is of a miscellaneous
character and seemingly relatively less abundant. Branches in the prothorax are largely
derived from the ventral cephalic (Ms. 3). Those of the rest of the thorax are derived from
Ms. 5, the thoracic trunk (Ms. 4) and Mt. 3.
Very conspicuousare the long tracheae to the legs. These passdown the whole length of
the limb with little or no major branching. Those of the fore-legs take origin from the
ventral cephalic. Some little distance from their origin they give off a rather large branch
to the ganglion. They also give a branch almost at their origin to the salivary glands and
surrounding tissues.The tracheae to the middle legs take origin from the connective loop
formed by Ms. 6 and Mt. 2. This is in keeping with the generalisedcondition where the leg
tracheae take off from the connectives. The tracheae of the hind-legs take origin from the
posterior part of the atrium of the metathoracic spiracle. Near its origin it gives off a
small branch that links up with the tracheal systemof the abdomen and has a short tubular
connection with a point on the scalloped edge of the modified abdominal trunk.
The tracheal supply to the wing in the imago is almost non-existent. In injected material
I have not found the wing veins injected. In the larva and pupa the tracheal supply to the
wings is derived from tracheae coming from the anterior portion of the connective loop
from which the trachea of the mid-leg takes origin (Christophers and Barraud, 1924). In
the imago a corresponding trachea, namely the upper branch of Ms. 6, can be traced to the
root of the wing.
A tracheal vessel of special interest is the large thoracic trunk passing from the mesothoracic spiracle backwards into the metathorax. It does not itself passto the metathoracic
spiracle, but is joined to this by a length of trachea (Mt. I), continuing in a modified form
into the abdomen. Up to close to the junction with Mt. 1 the trunk is a rigid tube, more or
lesscircular in section with well-marked taenidia. Just before it is joined by Mt. 1 its inner
wall becomes partly membranous and beyond the junction only the outer portion has
resemblanceto a trachea and this rapidly becomes smaller and flatter. The inner portion is
flattened and extended, becoming a flat membranous sheet which, as it passesinto the
abdomen, becomes increasingly difficult to distinguish from the dorsal membrane, if it is
not actually that structure. Injected material has failed to penetrate this modified portion
of the trunk.
The thoracic portion of trunk, after passing some distance ventrally from the mesothoracic atrium, makes a sharp bend and subsequentlypasseson a more or lesslevel course
to the metathorax. From each trunk at the bend a small branch passesinwards and then
upwards passingcloseto the sidesof the aorta and breaking up into branchesin the fat-body
in which this structure lies. Near their origin some branches pass from these to the proventriculus. In the level part of its course each trunk givesoff brancheswhich passoutwards
andventrally to the neighbouring dorso-ventral indirect wing muscle,and, about their middle
dorsally, another branch on each side is given off which, passingupwards, lies closeon each
side of the aorta and breaks up into branches in the medium gap between the longitudinal
muscles of the two sides. Where these branches contact the heart this organ has thickened
walls and a number of closely aggregated nuclei (see ‘Aorta ‘, p. 616 and Fig. 73 (3)).
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The tracheal supply of the conjoined ganglion is derived from (a) branches from the
trachea of the fore-leg which supplies the prothoracic ganglion; (b) branches from the
inner division of Ms. 5 which enter the mesothoracic ganglion; and (c) branchesfrom Mt. 3
which pass to the posterior part of the conjoined ganglion behind the furca. Large conspicuous nuclei (tracheal cells) are present in the ganglia at the point of entry of branches
as described for the brain.

TRACHEATION

OF THE

ABDOMEN

(Fig.71)

The tracheation of the abdominal segmentsshows in general considerable uniformity. In
all the normal segments,that is excluding segmentsI and VIII which lack spiracles,a short
straight spiracular trachea (no. 1 of the list of tracheae) passesfrom the spiracle to the
tracheal knot at which it, the connective of the previous segment, and that of the segment
in question meet to form a triple knuckle-like junction (tracheal knot). The connective (2)
of the segmentpassesbackwards from the knot to the knot of the following segment. It is
usually thrown into a wavy or coiled course with a loop directed downwards followed by
one directed upwards (Fig. 71 (1)). Towards the anterior end of the connective there is
given off the ventral trachea (3) which passesventrally and usually a little backwards to
supply the ventral portion of the segment with a branch to the ganglion. From the more
posterior bend a branch is given off dorsally, dorsal trachea (4), which supplies the dorsal
portion of the segment. This branch is large in the more anterior segments, becoming
increasingly smaller in the segmentstowards the posterior end of the abdomen. A small
ventrally directed branch, accessory ventral (5), is commonly present taking off opposite
the dorsal branch.
Where the connective from the previous sectionjoints the knot a trachea takes origin on
the inner side of the knot and passesinwards and very characteristically forwards to supply
viscera, visceral trachea (6). The viscera supplied are usually situated from one to several
segmentsanterior to that from which the trachea takes origin. The visceral tracheae from
segments II-V largely supply branches to the mid-gut, those from VI and VII mainly
supply the Malpighian tubules. In segmentsV-VII, in addition to those branches already
noted, there is a large trachea taking origin from the posterior part of the knot on its inner
aspect which tends to pass backwards to supply important organs, posterior visceral (7).
In segmentsV and VI this passesto the ovary where it forms a close coiled or more open
plexus depending on the state of development of this organ. In the male it supplies
branches to the testis. In segment VII it provides tracheal supply to the anterior dilated
portion of the rectum, including the network in the rectal papillae (see chapter xx and
Fig. 55 (4)). This trachea often forms a loop, at first passing forwards and then backwards dorsal to the rectum. It sendsa branch also forwards.
Tracheation of segmentsI and VIII departs somewhat from the above, though to some
extent homologous tracheae are present. In segmentI there is no spiracle and no spiracular
trachea. A trachea passesforwards into the segment from the knot of segment II which
gives off a dorsal branch and probably represents the connective. Anteriorly it has connection with the abdominal continuation of the thoracic trunk which at this level still shows
some cavity. Another trachea takes origin from the trachea of the third leg and enters the
segment anteriorly. It forms an upward loop and then passesinto the ventral part of the
segment. It possibly represents in its terminal portion the ventral trachea of the first
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segment,its first part being connective, that is the posterior part of the loop from which the
trachea of the third leg takes origin.
In segmentVIII there is again no spiracle. But the connective from segment VII passes
to a point towards the anterior end of segmentVIII from which a number of tracheae take
origin (Fig. 71 (2), (3) a). One of these tracheae divides into a branch continuing laterally
and one directed ventrally to the region of the spermathecae and common oviduct. Its
appearance suggeststhat it may represent the connective for segment VIII giving off the
ventral branch for this segment. A stout straight trachea passesdeeper in along the side
of the rectum ending in a brush of small branches supplying the parts in the rectal and anal
area. It might correspond to the posterior visceral. A small branch directed anteriorly may
be the visceral. There is in fact every indication that this point towards the anterior end of
segment VIII representsthe tracheal knot of that segment.
In the description of the imaginal circulatory system given later in this chapter there is
a reference to the fact that the outer edges of the remnants of tissue which in the imago
represent the larval abdominal trunks are characteristically scalloped. The scalloping is due
to the trunks, even in this stage, retaining their connection by projecting points with the
functional tracheal knots, the edge being concave between these points. It is there further
noted that one such point connectswith the tracheal knot of the eighth segment,a further
support for the view that this is in fact a tracheal knot of the segmentalseries. Tt was at this
stagethat it occurred to me to re-examine the larval structuresin this connection. At once
it became evident that the supposed tracheal knot in the imago was exactly repeating
conditions at the point at the base of the siphon tracheal trunk from which arose tracheae
nos. 53-8 (see Fig. 29 (4)). The only difference was that the trunk had been done away with.
The knot in the imago has actually the rather peculiar appearance of having been left, so
to speak, hanging.
If the characters of the abdominal spiracles in the imago are borne in mind, that is the
small outer taenidia-free chamber, the constriction at its base and the stout open trachea
leading to the tracheal knot of the segment,it is further not unreasonable to correlate these
structures with those of the terminal spiracles and the siphon trunks. On such a basis the
larval respiratory siphon consistsof spiraclesand spiracular tracheae of the eighth segment
that have been carried backwards taking with them the ninth tergite as already hypothecated on other grounds, the projecting mass being secondarily provided with sclerotised
support, the siphon tube.
Before concluding, attention may be drawn to a notable feature of the imaginal tracheation, namely the almost negligible degree of communication between the thoracic and the
abdominal systems.This virtual isolation of the two areas, already suggestedby the great
difference in the types of spiracle, would seem possibly to have some physiological reason.
An explanation might be that the two systemsin the imago have to meet different requirements, that of the abdomen to meet ordinary tissue requirements with the means of regulating entry of air in accordance with conditions of humidity, etc., and of a more or less
permanent character, and that of the thorax to meet sudden calls for an ample oxygen
supply for the great musclesin flight, with at other times little air interchange. It might be
advantageous in such circumstancesthat the two systemsdid not communicate too freely.
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GENERAL DESCRIPTION

An account of the heart and associatedtissuesin the larva has already been given. Apart
from some early references (Christophers, 1901; Eysell, 1913), there has been little in the
literature regarding the heart and circulatory system in the imaginal mosquito. Recently,
however, a very full account of the structure and physiology of the heart and associated
organs of larva, pupa and imago in Anopheles, Culex and Ak’des has been given by Jones
(1952, 1953, 1954) who also deals with the technique for examination of living material in
the imago.
That the pulsations of the heart in the living condition are readily studied in the larva
through the cuticle has already been noted. That this is also possible in the imago under
the dissectingmicroscope up to a magnification of 250 has been shown by Jones, quoted
above. For this the insects,preferably one-day mosquitoes fed on sugar solution, are glued
to the slide by the wings and tip of the abdomen, or with the dorsal surface downwards
and the slide examined reversed. A special resin, Resin Adhesive no. 502, manufactured
by Southern AdhesivesCorporation, was used for the purpose. The insectsso put up may be
kept alive in damp petri dishes. Observations are helped by removal of scaleswith a soft
brush. In counting the heart beats it is desirable to record the time for a limited number of
beats and to reduce this to beats per minute, since counting is liable to be interfered with
by temporary cessation of beats.
Besidesthe study of serial sectionsuseful information can be obtained from mounts made
from sliced hardened material suitably stained. Such a preparation of the dorsum of the
abdomen shows well the characters of the heart and its accessory structures and can be
used for examination under polarised light.
As in the larva the chief propulsatory organ is the dorsal vessel. This is divisible into an
abdominal portion, the heart, provided with ostia and associatedpericardial cells and alary
muscles, and a thoracic portion, the aorta, devoid of these structures.
THE HEART (Fig. 73 (l-3))

The heart is a thin-walled muscular tube with laterally placed nuclei at intervals along its
course. Its walls show circular and oblique striae as in the larva. It extends from the
posterior end of segmentVII to the metathorax, lying close beneath the tergites. Towards
the anterior end of each of segmentsI-VII there is a pair of lateral ostia. These appear as
pouch-like clefts in the lateral wall and their presence is further indicated at each ostium
by a pair of small nuclei, markedly smaller than those of the heart wall. These are the
nuclei of the ostial cells bordering the openings as in the larva. The ostial cells in the imago
appear to be less distinctly crescentic and more ballooned than are those in the larva, so
that the ostia appear commonly as double-walled blebs in the wall of the heart. Anterior
to each pair of ostia, that is, in the region of the group of pericardial cells as described
below, the wall of the heart is somewhat bulged, giving rise to pulsatory chambers of which,
counting the terminal chamber, there are eight.
At its anterior end, a little in front of the first pair of ostia, the heart enters the thorax to
become the aorta. Posteriorly it becomes narrower and ends towards the posterior end of
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segmentVII. At its termination it is somewhat blunt dorsally but is continued ventrally as
a tapering extension, much as in the larva. Whether there are terminal ostia seemsdoubtful
and the elaborate surrounding tracheal meshwork of the larva is entirely lacking.
Pericardial cells (Fig. 73 (2) PC). Ranged along each side of the heart are groups of pericardial cells (dorsal nephrocytes). These are present in groups of four pairs at each intersegment, two pairs lying in the hinder portion of the segmentin front and two pairs in the
fore portion of the segment behind, except in segment I, where anteriorly there is only a
single pair, and intersegment VII-VIII,
where there are two pairs in the hinder part of
segmentVII and none in segmentVIII. Altogether there are, therefore, twenty-seven pairs.
Some variation in numbers of cells at the anterior end of segment I and at the VII-VIII
intersegment may occur as noted by Rajindar Pal (1944), who gives two pairs as usually
present in the anterior group which are considered to be in the metathorax. The single pair
in AL;des aegypti imago has an alary muscle, however, which appears to be in abdominal
segment I.
The cells closely resemble those in the larva, usually possessingtwo nuclei and other
characters as described for them. The above description refers to large, characteristic
pericardial cells of the older literature. Jones, Zoccit., however, describesadditional small
and medium nephrocytes as also present. Including such, the dorsal nephrocytes according
to Jones, Zoc.cit., may in some speciesbe present in considerable numbers, some hundreds
being present in Anopheles quadrimaculatus. In Agdes aegypti, in material studied by me,
no other cells comparable in size with the typical pericardial cells and resembling them in
appearance have been present near the heart, the groups of four pairs, each cell with its
alary muscle as described below being highly characteristic and, with the exceptions noted,
repeated with great regularity in the segments. It is not known whether conditions of
breeding or maintenance may affect the appearances seen.
Alary muscles(Fig. 73 (2) aim). At each set of four pairs of pericardial cells there are four
pairs of branched alary muscles. These take origin from the hypodermis at the intersegment
laterally as one muscular stem anterior to, and one posterior to, the intersegmental line,
each stem then dividing into two, one for each pericardial cell. Each of these branches
further divides into some four or five or more branches spreading out fan-wise above and
below the pericardial cell and then ending in a fine network of fibrils, resembling a spider’s
web, beneath the heart. This meshwork extends for some little distance anterior and
posterior to the area of the four pairs of pericardial cells, that is, approximately over the
area of the pulsatory chamber, but does not equally cover the whole of the intervening
area between the groups. The meshwork of branches and fibrillae divides off a chamber in
which the heart lies, the dorsal or pericardial sinus, the meshwork itself forming the dorsal
diaphragm. From the nature of its origin the dorsal diaphragm has a scalloped outer
border, the concavities of the scallop corresponding to the intervals between the groups of
four alary muscles. An alary muscle is present for each of the pericardial cells at the
anterior part of segment I. No muscles appear to be present for the two pairs of cells at
intersegment VII-VIII.
The tracheal trunk remnants (Fig. 73 (1) c). Lying on each side of the heart external to the
dorsal diaphragm and lying over the stems of the alary musclesthere is commonly a more
or less distinct band of tissue formed by the disorganised and flattened remains of the
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abdominal tracheal trunks. These bands, their appearances depending probably on the
age of the mosquito, show more or less distinctly tracheal tissue with large nuclei, but
infiltrated with small cells containing deeply staining granules (‘phagocytes’). On the
inner side these bands are slightly scalloped, the projecting portions lying against the
groups of pericardial cells and, where there have been tracheal commissures, tracheal
tissuelies acrossand dorsal to the heart. Externally, as noted under the tracheal system,
the bands are also scalloped, the points contacting the tracheal knots of the corresponding
side. The bands, now narrowed, continue into the eighth segment approaching each other
in the middle line and contacting the structures described as probably representing the
tracheal knots of the eighth segment, an interesting relic in the imago of the larval terminal
spiracles (see under tracheal system of the imago).
The aorta (Fig. 73 (3), (6), (7) ao). 0 n entering the thorax the dorsal vessel takes on the
characters of the aorta. This is somewhat narrower than the heart, lacks ostia and is not
accompanied by pericardial cells or alary muscles. Throughout most of its course in the
thorax the aorta no longer lies close beneath the tergites but is situated deeply just below
the lower border of the longitudinal indirect wing musclesembedded in a flat lobe of fatbody situated in the median space between the longitudinal muscular bundles of the two
sides. Lateral to it lie bundles of the dorsal protomorphic muscles (representing the
Figure 73. Circulatory system.
Dorsal view of heart and related tissues. Female imago. a, still patent thoracic tracheal trunk
passing into abdomen; b, point where trunk makes contact with functional tracheal system of
abdomen in segment I representing tracheal knot of segment I; c, showing extent of tissue
representing obsolescent tracheal trunk; d, tracheal knots of functional system with which the
obsolescent tracheal trunks still maintain contact; e, tracheal knot of segment VIII; e’, continuation of trunk into segment VIII.
Portion of heart showing pericardial cells and alary muscle. a, network of alary muscle
branches; b, nuclei of heart wall.
Portion of thoracic aorta where crossed by tracheae arising from thoracic trunks. a, thickened
wall of aorta; b, tracheae impinging on aorta; c, muscular bundles of protomorphic system
alongside which the aorta passes.
Coronal section of scutellum showing pulsatory muscle. a, muscle no. 43. Dorsal transverse
muscle of scutellum; b, lateral lobe of scutellum; c, median space between longitudinal
indirect wing muscles of the two sides (seen in cross-section).
Portion of ventral diaphragm. a, lateral intersegmental point and origin of segmental muscles;
b, portion of ventral diaphragm.
Sagittal sectionthrough frons and anterior termination of the aorta. a, bundle of muscular
fibres passing from aortic wall to Clements’ organ.
Coronal section of same. a, Clements’ organ; b, muscular fibres passing from aorta.
Lettering : ah, alary muscles; ao, aorta; Bc, buccal cavity; Br, brain; F, frons; fg, frontal
ganglion; ft, lobe of fat-body; ht, heart; OS,position of ostium; P’, anterior end of oesophageal
pump ; pc, pericardial cells (dorsal nephrocytes) ; I-VIII,
abdominal segments.
Muscles: 7d, most posterior of elevators of the buccal cavity at insertion into membrane
between oesophageal pump and buccal cavity. 19, valvular muscles: middle line of frons between
scapes to roof of anterior end of oesophageal pump. 21, dorsal rectractors of buccal cavity:
middle line of frons between dorsal ocelli (Clements’ organ) to flanges of buccal cavity. 22, accessory dorsal retractors of buccal cavity: arising in common with 21 and inserted into the anterior
end of dorsal plate of oesophageal pump.
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thoracic continuation of the dorsal longitudinal muscles of the abdominal segments). Its
structure is similar to that of the heart with laterally placed nuclei at intervals. About the
middle of its course two small tracheae coming from the thoracic trunks passon each side
of it impinging on its walls which at this point show clustered nuclei and are somewhat
thickened (Fig. 73 (3)). On reaching the level of the proventriculus the aorta dips down to
passbeneath the anterior tracheal commissure. A little before doing so it is again crossed
on each side by a small trachea coming from the angles of the thoracic trunks. Here also
to a less degree the wall shows clustered nuclei and is thickened. Passing between the
corpora allata and close beneath the commissure the aorta passesforward to enter the
head.
The prothoracic aortic sinus. An important structural feature is described by Jones,Zoc.cit.,
under the name of the prothoracic aortic sinus. This is a dilated portion of the aorta lying
just behind the tracheal commissure where the aorta passesbetween the corpora allata.
It is described as having an intra-aortic thickening (valve) posteriorly and a valve where it
passesbeneath the tracheal commissure. It is especially conspicuous in the early larval
stage. In the imago of Acdes aegypti the structure in sections is often not conspicuous.
But in some cases a considerable expansion or even ballooning of the aorta is present
behind the tracheal crossing. The posterior valve referred to may be the thickening and
collection of nuclei described above where the aorta is crossed by a small trachea. I have
not been able to detect any valve at the crossing of the commissure, though the commissure itself may act as such.
The anterior termination of the aorta (Fig. 73 (6), (7)). Passingforwards through the neck
the aorta enters the head through the occipital foramen over the posterior end of the
oesophagealpump and then along the hollow of the dorsal plate of this organ to the cerebral
commissure. In doing so it lies over the hypocerebral ganglion with the entering recurrent
pharyngeal nerve of the retro-cerebral system.
On emerging from beneath the cerebral commissure the aorta is still recognisable as a
tube with laterally placed nuclei more or less semicircular in section with a flat floor where
it lies upon the narrow anterior portion of the dorsal plate of the oesophageal pump
towards its anterior termination. At this point a bundle of muscular fibres passesfrom its
lateral walls to each of the dorsal ocelli (organs of Clements). These appear to be what
Thompson (1905) took to be nerves from the brain. They are, however, clearly connected
with the aorta and are muscular in nature. Beyond this the aorta is still traceable but with
walls now thin and membranous and closely associated with the sarcolemma of certain
small muscles,namely nos. 21, 22 and 19. The space now representing the aorta, probably
to be regarded as a blood sinus, widens laterally over the anterior end of the oesophageal
pump until it entirely surrounds this structure. In doing so its dorsal extent reaches to the
frontal ganglion where it appears to end. Ventrally it widens considerably and appears to
open downwards to the region beneath the floor of the buccal cavity, but it is difficult to
ascertain with certainty its limits.
The walls of the sinusso far as describedabove are formed of thin but distinct membrane
(see Fig. 73 (6), (7) ao). A s with the termination of the aorta in the larva the membrane is
closely connected with the sarcolemma of the muscles mentioned above. Muscle 21
passingto its insertion into the lateral cornu of the buccal cavity lies on each side external
to it. Muscle 22 coming from the same origin as 21, that is the most posterior portion of
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the frons, passesas a twin muscle inside the two muscles no. 21 to be inserted into the
dorsal plate of the pump towards its anterior end; and muscle 19 coming from the fore
part of the frons and directed somewhat backwards is inserted just in front of muscle
no. 22 at the junction of the dorsal plate with the membrane connecting the pump with the
buccal cavity. Curiously both muscles nos. 19 and 21 perforate the membrane to reach
their insertion. It is not possible without a more certain knowledge of the homologies of
the imaginal and larval muscles concerned to say with certainty if the imaginal aorta
terminates at the same point as the larval. But allowing for the great forward development
of the brain in the imago and the pushing forwards of any muscles arising in front of it
from the frons there would seem to be no great difference. It can, however, be said that
with the contraction of the fore part of the head in passingfrom larva to imago, bringing
the frons from a wide expanse occupying most of the dorsum of the head to a narrow and
short median inverted apodeme between the now almost touching antenna1bases,the scale
of the structures concerned is greatly reduced.

ACCESSORY

PULSATORY

STRUCTURES

(Fig.73(4),(5))

Certain accessory pulsatory organs are commonly present in insects. In the imaginal
mosquito the following are noted by Jones, Zoccit., in addition to the prothoracic aortic
sinus, which may be so considered, namely (1) a muscular diaphragm above the nerve
cord; (2) a pulsatile muscle in the scutellum; (3) possible pulsatile structures in the legs;
(4) Clement’s organ.
The muscular diaphragm above the nerve cord is somewhat after the plan of the alar-y
musclesdorsally, but without distinct muscular elements. It consistsof fan-shaped sheets
of delicate transparent membrane with striae which are presumably muscular in nature and
scattered small nuclei (Fig. 73 (5) b). The sheetsarise from the intersegmental line somewhat laterally and converge to form a layer, with scalloped outer edge, lying over the nerve
cord and ventral fat-body.
What may be a pulsatile organ is muscle no. 43. This is a sheet of muscle of skeletal type
extending acrossthe scutellum from one lateral lobe to the other and in the middle arching
nearly to the roof of the middle lobe (Fig. 73 (4) a). It restsupon a small lobe of fat-body
and is situated behind the longitudinal indirect wing muscles. There is no appearance of
any blood sinus structure, but the median gap between the longitudinal wing muscles of
the two sides may afford passagefor haemolymph so that contraction of the muscle may
assistcirculation of this fluid. A similar muscle is describedby Maki (1938) in a tipulid and
is thought to be a pulsatory organ.
Pulsatory organs are described in the legs of certain insects. Such have not so far been
describedin the mosquito. Septa are present in all the legs extending to the tarsal segments.
These begin in the coxae and are present in trochanter, femur and tibia stretched acrossthe
limb with the leg trachea incorporated in their substance.
The nature of the curious organ situated on each side in the frontal region of the head
describedby Clements (1953,1956a, b) and Day (1955), and which has been referred to in the
section on the tracheal system, is not very certain. It seemscertain, however (see Clements,
1956b), that it is not a tracheal sac, as might be suggestedby the tracheal-like appearance
of the passageleading into the antenna1 filament, but an accessorypropulsatory organ as
has been described in a number of insects (Pawlowa, 1895; Brother, 1922; Freudenstein,
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1928; see also Wigglesworth, 1942a, p. 224). As the structure of this curious organ is,
however, somewhat complex and as it appears to be essentially of the nature of a modified
dorsal ocellus, its full description may conveniently be deferred to the section on special
senseorgans even though its functions in this respect have presumably been lost.
Very briefly it consistson each side of a sac situated in the frontal region between the
two compound eyes and a little dorsal and external to the basesof the antennae (Fig. 53
(1) oc’). From the sac a stout tube, very like a tracheal vesselbut lacking taenidia, extends
to the base of the antenna of its side and passing through the central gap in Johnston’s
organ along with the nerve to the antenna1filament enters and passesalong that structure.
For further details see under ‘ Special senseorgans‘, p. 648.
HAEMOCYTES,OENOCYTES

AND

VENTRAL

NEPHROCYTES

For literature relating to haemocytes seeunder ‘Circulatory system of the larva’, p. 337. In
the imago, except for the presenceof phagocytic cells associatedwith structuresundergoing
absorption, haemocytes are not conspicuousand what has been said under the larva must
suffice. The phagocytic cells as seen in fixed preparations are most noticeable on account
of deeply stained globules. The cells are about 6-8,~ in diameter with a round nucleusabout
3,~ in diameter. Their cytoplasm contains relatively large globules up to about 2,~ in
diameter that stain intensely in preparations stained with haematoxylin. They are especially numerous about the abdominal tracheal trunks undergoing absorption, but occur in
other situations such as clustered about muscle fibres or free.
The conspicuousgroups of large oenocytesseen in the abdominal segmentsof the larva
are lacking or represented only by groups of distorted cells clearly in process of disappearing. According to Hosselet (1925) the large oenocytes are present throughout the
larval period, attain their maximum during pupation, and disappear in the adult stage.
Some small oenocytes bordering the fat-body in the ventral regions of the segmentsare
present, but appear to be much less numerous than in the larva.
The ventral nephrocytesare cells very similar in appearance to the pericardial cells. They
are present in the imago as a cluster of five or more cells on the lower surface of the lobe
of fat-body in which the salivary glands lie and a little anterior to the ventral transverse
muscle. Jensen (1953) describesa method of dissectingthe salivary glands in Anopheles
by which the ventral nephrocytes are displayed.
THE FAT-BODY

(Fig.74)

As in the larva the fat-body in the imago consistsof a peripheral and a visceral layer. It is,
however, for the most part much lessmassiveand more broken up, especially in the thorax,
owing to the greater development of musclesand the more complicated cuticular structure.
In the head there is a layer of peripheral fat-body over the occipital and genal areas
extending to the posterior margins of the compound eyes (1). Other smaller massesare in
the frontal area and basal lobes of the antennae (2). There is a long narrow strand on each
side accompanying the tentorium (3), a lobe on each side at the junction of the buccal
cavity and oesophageal pump (4), and one in the labial region (5).
The thoracic fat-body is relatively small in amount and much broken up. There is,
however, an extensive layer of peripheral fat-body over suchparts of the scutum as are not
occupied by insertions of the indirect wing muscles(6). In the median line this layer sends
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a crescenticextension into the gap between the insertions of therbh
Thinal
’
wing muscles
of the two sides(6a). At its posterior end this vertical sheet is continued as a flat ribbonlike extension just short of the scutellum in which there is a small transverse lobe referred
to when discussingaccessorypulsatory organs (6~). Anteriorly in the space on each side
not occupied by the dorso-ventral musclesthe scutal fat-body forms a considerable mass,
the largest unbroken area of fat-body in the thorax (66). From these areas the scutal fatbody is continued down on each side of the anterior promontory to the dorsal aspect of
the root of the neck where there is a somewhat distinct lobular massat the base of the neck
dorsally (7). Over the pleurae the peripheral fat layer is thin and broken; but there are
thickened portions with extensionspassinginwards making junction with deeper portions
of fat substancebehind and among the muscles(8). One of these is continued inwards in
the anterior spiracular area accompanying the large tracheal vessels @a). Another is
between the anterior and posterior dorso-ventral muscle bands (8b) and still another
posterior to the latter muscle in the metathoracic area and the posterior spiracular tracheal
branches (8 c).
The visceral fat-body is in the form of longitudinal strands associatedwith the thoracic
viscera. A thin median vertical sheet passesbackwards from just above the base of the
neck between the lower bundles of the longitudinal indirect wing musclesof the two sides
and extends back to the metathorax (9). In this the aorta lies embedded for much of its
course. A secondportion of visceral fat-body lies in the middle line of the thorax ventrally
beneath the oesophagus,proventriculus and ventral diverticulum and above the thoracic
ganglia. Its anterior portion supports the salivary gland acini and on its lower surface are
the ventral nephrocytes (lOa). Beyond the furca this portion of fat-body forms a layer
surrounding the narrow portion of the mid-gut, the ventral diverticulum and the ventral
seriesof protomorphic muscular strands, that is, it surrounds the thoracic viscera proper,
as distinct from the large mass of secondary muscle in the thorax (lob). In this region it
forms also a considerable vertical sheet on each side internal to the posterior dorso-ventral
indirect wing muscle bundles (10~) and passing backwards eventually comes to lie
beneath the flattened tracheal trunk of its side accompanying this into the first abdominal
segment (104.
In the abdomen the peripheral layer is to a large extent divided by gaps at the intersegmental lines so that the fat-body of each segment is to a considerable extent distinct.
It is further partially divided into lobe-like massesby the presence,or previous presence,
before thesehave been absorbed, of the abdominal muscular bands. Dorsally there is a gap
occupied by the heart. Ventrally it forms a median ridge continuous from segment to
segment on which the nerve cord lies (11). Laterally it forms a thick sheet covering the
side of the segment dorsal and ventral to the infolded pleural membrane. On the inner
aspect of the sheet are lobular extensions which extend inwards and assist in supporting
the viscera. The lobes show an intimate relation to tracheal branches around which they
largely lie (Fig. 74 (2)).
The fat-body plays an important role in the life history of the insect and shows changes
in relation to the different stages of development. These changes have been especially
studied by De Boissezon (1930a, b, c; 1932) in Culex pipiens (see also Roubaud, 1932;
Buxton, 1935 ; and Wigglesworth, 1942b). According to De Boissezon the fat-body is
composed entirely of one type of cell, trophocytes.These show three forms of inclusions in
their cytoplasm, namely fat-globules that stain black with osmic acid; albuminoid granules
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I n’s reagent;and brown refractire granules consistingof purine
that stain pink with
material @rates). In the two-day-oldlarva the trophocytesare small cellswith irregular
contour, measuring10-15~ in diameter, with stronglybasophilcytoplasmalready containing fat globules3-4~ in diameter. When the larva approachesfull growth the trophocytesreacha sizeof 20-22~ and the cytoplasmhas becomeclear and acidophileand
loadedwith inclusions.The fat globuleshaveincreasedin sizeto 5-6~ and the albuminoid
granulesto 4-Q. In the imago the fat-body tissuefor the first 24 hoursis as described.
But if the mosquitois unfed the albuminoidgranulesentirelydisappear,beingusedup in
the maturation of the eggs.
The conditionsare very similar in AYes aegypti. The fat-body consistsof cells (trophocytes)with globularnuclei measuringin all stagesfrom the first instar to the imago
approximatelythe samesize(4-6~ in diameter). Dependinguponthe stageof development
and conditionsthe cytoplasmis variously loaded with inclusionsand the cell outlines
usuallyobscured.In the first instarimmediatelyfollowinghatchingthe cytoplasmalready
has its characteristicvacuolatedappearancewith occasionalfat globulesup to 5,u in
diameter(Fig. 74 (4)). Usually it also showsthe characteristicbrown refractilegranules
suchas are usuallyonly seenin the later stagesof development. It is possiblethat these
granules,whicharevery characteristic
of this stage,are the resultof metabolismduringthe
period of diapausein the egg,though this has not beenverified. By the third instar the
cellshave becomepackedwith fat globulesup to about 3,~in diameterand small albuminoid spheresup to 2-3~ in diameterare alsopresent(Fig. 74 (5) a). In the fourth instar
still larger fat globulesare presentwith albuminoid spheresup to 2-3~ in diameterwith
numeroussmallerspheres.Justbeforepupationthereisalmostasmuchalbuminoidmaterial
as fat globules,many of the spheresreachinga diameterof 6~ (Fig. 74 (6) a). Much the
sameappearancesare presentthrough the pupal stageand in the newly emergedimago.

Figure74. The fat-body.
Showing the fat-body in the head and thorax (reconstruction). The figures are those given to
the lobes in the text.
Preparation showing lateral view of the fat-body of an abdominal segment and relation to
tracheal branches. a, portion of lateral lobe dorsal to pleural membrane; b, portion of same
ventral to pleural membrane; c, ventral fat-body; g, ganglion; sp, spiracle; vt, ventral trachea.
Lateral portion of an abdominal segment of a newly hatched first instar larva, showing
refractile brown granules.
Lobe of fat-body in newly hatched first instar larva more highly magnified, showing refractile
brown granules (camera lucida). Section stained with haematoxylin and eosin.
Portion of fat-body of pre-ecdysis third instar larva, showing accumulation of moderate-sized
fat globules and small albuminoid sphere stained black with Heidenhein’s haematoxylin.
Same magnification as 4.
Portion of fat-body of imago half an hour from emergence, showing cells packed with fat
globules, many of large size, large albuminoid spheres and some purine bodies (pseudonuclei).
Spheres stained black with Heidenhein’s haematoxylin. Same magnification as 4. a, albuminoid spheres; b, purine bodies.
Portion of fat- body of imago three days from emergence without food, showing absence of all
reserves other than reduced fat globules. Same magnification as 4.
Fat-body of imago 48 hours after blood feed, showing absence of albuminoid spheres and
numerous purine granules (c).
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Some days after emergence, though fat globules are still present, albuminoid spheresand
granules have almost entirely disappeared and the most noticeable feature is the increasing
number of brown refractile granules some of which, situated in the centre of spherical
globules, give the appearance of nuclei (the so-called ‘pseudonuclei’). Following a blood
meal the fat-body does not appear to receive further reserve material which is apparently
diverted to growth of the egg follicles.
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The imaginal nervous system includes the brain and ventral nerve cord, the peripheral
nerves, certain ganglia and nerves forming the stomodaeal or stomatogastric system, and
various sensorynerve systemsrelating to the cuticle, muscles,viscera and senseorgans. For
literature seegeneral accountsof the nervous systemin insectsby Snodgrass(1935) ; Weber
(1933) ; Imms (1938) ; also further references given in the separate sectionsbelow, dealing
with particular parts of the system.
Nervous structures are characterised by nerve cells, neurocytes, fibre extensionsof these,
axons, branch fibres from neurocytes, dendrites, or from the axons, collateral or terminal
arborisations. For satisfactory demonstration of axon fibres silver impregnation methods
have been much used. Some recent techniquesare those of Holmes (1947) ; Romanes (1950) ;
Wigglesworth (1953); and Samuel (1953). For mounted sections spread by the diluted
glycerine albumen method the technique of Holmes has been found very constantly
successful,giving interesting colour effects for some tissuesas well as staining the axons of
nervous tissue. Excellent preparations for anatomical structure of the brain and giving
dark staining of peripheral nerves have been obtained, however, with iron haematoxylin
using a suitable degree of differentiation. But such preparations do not show neurone
fibres sharply stained as they are by impregnation methods.
The anatomical charactersof the nervous systemof the larva have already been described.
The chief differences that have resulted in the imago are: (1) Increased size of the brain
largely due to the great develoment of the optic tracts and antenna1 lobes, but also to the
thickening of the circum-oesophageal connectives and other changes. Also owing to the
contraction of the clypeal region in the imago, the brain occupiesa more forward position
in the head and there is some crowding of the cerebral nerves making these less easy to
trace than in the larva. (2) Some increasein size and complexity of the thoracic ganglia and
the appearance in the imago of large new nerves necessitatedby parts formed from the
imaginal disks such as the legs and halteres, the nerves to the halteres being among the
largest in the body. (3) The apparent absence of the median nerve system.
THE

BRAIN

Literature. So far as I have been able to ascertain no author has described in any detail
the brain of the mosquito. Nevertheless, there existsan extensive literature dealing with the
structure of the brain in other insects and without some reference to such work any
adequate description of the brain of the mosquito could scarcely be given. A number of
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the earlier papers on the insect brain are by Viallanes (1882-93), including that by Viallanes
(1893), in which there is given a diagram showing the generalised structure of the insect
brain that includes much of what is known of the anatomy of this organ and which has
been reproduced as illustrative of present-day knowledge in at least one important textbook. Many other early papers on the brain of different insects are also to be found in
various zoological journals, for example Newton (1879), on the brain of the cockroach;
Packard (1880) and Burgess(1 SSO),on the brain of the locust; Kenyon (1896), on the brain
of the bee with references to earlier papers. More recently there are: Haller (1905), on the
brain of the bee, of the wasp and of Musca showing neurones stained by the Golgi method;
Janet (1905) and Thompson (19 13), on the brain of the ant ; Biittger (19 lo), on the brain
of Lepisma ; Kuhnle (19 13), on that of the earwig. Very helpful is the paper by Jonescu
(1909), on the brain of the bee, giving a very full description accompanied by figures
showing transversesectionsof the brain at different levels. Still more recently are the papers
by Baldus (1924), on the larva and imago of LibelMa; of Bretschneider, (19 13-24), on the
brain of the cockroach and speciesof Coleoptera and Lepidoptera ; of Hanstrom (1925-30),
on the larva and imago of Pieris, of the white ant and of the leaf insect; of Holste (1923),
on the brain of Dytiscus; of Jawlewski (1936), on the brain of beetles; and of Snodgrass
(1925) on that of the honey-bee. Of special interest in the present connection is the description by Buxton (1917) of the brain of the small primitive moth, Micropteryx, where as will
appear the structure seemsnearer to that of A?desaegypti than that of most of the above.
It will be seen that little mention is made of description of the brain of Diptera. Here
reference can be made to the very full, but not very recent, description of the brain ,of the
blow-fly by Lowne (1895). Very few other authors have studied the Dipterous brain and
none apparently that of any speciesof Nematocera. There is a paper by Brai?dt (1879),
entitled ‘ Vergleichend-anatom. Untersuchungen iiber das Nervensystem der Zweifliigler ‘,
which I have not, however, so far seen. Fliigel(1878), discussingstructure of the brain in
the different Orders of insects,has a section on Diptera of one page and mentions Tabanus.
The optic tracts have been studied by Berger (1878); Hickson (1885) ; Zawarzin (1914) ;
and by Cajal(l918). For description of neurones and physiological research on relation of
structure to function see Wigglesworth (1950) and recent papers there quoted.
Structure(Fig. 75,76) The brain of the imaginal mosquito, as of the larva already described,
consists of a complex ganglionic mass, the supra-oesophageal ganglion, two thickened
circum-oesophageal connectives, or cerebral crura, and a composite ganglion, sub-oesophageal
ganglion, in which are located the nerve centres for the gnathal and labial structures.
External to the supra-oesophagealganglion proper on each side are the large optic lobes,
or as they are commonly termed optic tracts, each forming in the imago almost a third of
the total brain mass. These parts, however, in the imago are so compacted that, with the
much thickened crura, they form an almost globular mass perforated by a narrow tunnel
which just suffices to allow passage of the anterior portion of the oesophageal pump
accompanied by the aorta and the recurrent pharyngeal nerve (Fig. 75 (4), (14)).
As in the larva the supra-oesophagealganglion consistsof protocerebrum, deutocerebrum
and tritocerebrum. The protocerebrum forms the greater part of the supra-oesophageal
ganglion consisting of two lateral halves, protocerebral lobes. In practice the deutocerebrum and tritocerebrum are so little differentiated and their limits so uncertain that it
is often convenient to include these with the respectiveprotocerebral lobes which may then
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Figure 75. The brain.
Section through the ganglionicplate showingcortical layer giving off nerve fibres to the
ommatidiaand patternedneuropile. a, corticallayer; b, neuropile;c, corticallayer of external
medullary mass.The sectionpassesa little dorsal of the level at which the ganglionicplate is
in contactwith the medullarymassand includesonly the tip of the latter; d, ommatidiawith
basallayer of pigmentedcellsand nerve fibres.
Dorsal view of supra-oesophageal
ganglion,showingon the left sidethe cortical layer and on
the right the neuropile.
Ventral view of the same.The cerebralcruraare shownasif cut acrossand the sub-oesophageal
ganglion removed. The portion of trachea (dorsal cephalic)marks a deep embayment(see
Fig. 76 (5)) where this is shownin section.
Brain shownas though slicedin half along the medianline. It showsthe area over which the
cerebral lobes are connectedand the broad crus flanking the canal in which the anterior
portion of the oesophagealpump lies with the aorta and recurrentpharyngealnerve.
Lettering (Figs. 75 and 76) : A, ganglionicplate; B, cortical layer of medullarymasses
; C, postantenna1cortical area; D, dorsal cortical area; D’, cell masslying below level of cortical layer;
E, cortical area borderingthe median fissurewith groupsof large nerve cellsE’, E” ; F, occipital
cortical area, with dark-stainingarea F’; G, cortical area of deutocerebrum(antenna1lobes);
H, positionof tritocerebrallobe; a-e, parts of optic lobe; g. 2, sub-oesophageal
ganglion:seenin
sectionin Fig. 75 (4) are tracts linking the nerve neuropile massesacrossthe median line; nl,
neurilemma; n. 2, antenna1nerve; n. 3, fronto-labral nerve; n. 6, maxillary nerve; n. 7, labial nerve;
tcl, nucleusof tracheal cell; 1, neuropile of ganglionicplate; 2, neuropile of external medullary
mass; 3, neuropile of internal medullary mass;4, neuropileformed by continuationof antenna1
nerve within the brain; 5, antenna1neuropilecentre showinglobulation; 6-l 1, neuropilemasses
(see text); 12, suboccipitalcommissure;13, central body; 14, circum-oesophagealconnective
(crura); 15, anterior commissuraltract ; 16, layer of neuropile forming dorsal surfacelayer of
cerebralcommissure
; 17, tritocerebralcommissure.
628

NERVOUS

SYSTEM

be conveniently termed the cerebral lobes as in later parts of this section. The two lateral
halves of the supra-oesophagealganglion are joined in the n-riddleline over a limited extent
of their inner surface to form what may still be regarded as the cerebral commissure. Elsewhere the lobes are separated by a deep median fissure, median fissure, into which the
neurilemma covering the brain dips. In this considerable degree of separation of the
two lobes the brain of the mosquito appears to differ from that described for many insects.
The deutocerebrum is formed by the antennal lobes from which the stout antenna1 nerves
passto Johnston’s organ in the base of the antenna. The tritocerebrum is an inconspicuous
lobe situated on each side ventral and internal to the antenna1lobes at the base anteriorly
of the crus of each side. It is chiefly to be located as the situation from which the frontolabral nerve of its side arises. This nerve shortly after leaving the brain turns up in front of
the lateral flange of the buccal cavity to enter the frontal ganglion as a very short frontal
ganglion connective and continues as the relatively small labral nerve.
Histologically the brain, and the optic tracts, consist of an outer layer of nerve cells,
cortical layer, and an inner mass or massesformed by the ramifications of axons and their
branches, here termed, following Snodgrass, neuropile. Surrounding the whole is the
neurilemma, a delicate membrane with scattered lightly staining, small nuclei (Fig. 76
(1) nl). The supra-oesophageal ganglion is almost entirely sensory and associative in
function and its cortical layer is composed of very small nerve cells with deeply staining
nuclei, large in comparison with the cell and measuring as a rule about 6-8,~ in diameter,
sensory or association new-one cells. Some large cells, motor neurone cells, are present,
however, in the cortical layer flanking the median furrow. Motor neurone cells are more
numerous in the sub-oesophageal ganglion from which muscles of the mouth-parts are
innervated. Here and there embedded in the cortical layer where tracheal branches enter
the brain substanceare the large and conspicuous nuclei of tracheal cells (Fig. 76 (1) tcl).
The neuropile forms lobulated massesof non-medullated nerve fibres and usually, owing
to the relative absence of nuclei, stains lightly in sharp contrast to the dark cortical layer.
It may appear as somewhat indefinite lobe-like masses or as aggregated bundles of fibres
forming tracts. In material stained by silver impregnation methods sharply defined axon
fibres are seen traversing the massesin various directions. Special aggregations of these
constitute the tracts connecting the different neuropile masses.
The optic lobes (Fig. 75). Each optic lobe consistsof three ganglionic massesarranged in
series, namely from without inwards, the gang/ionic plate (periopticon), the external
medullary mass (epiopticon) and the internal medullary mass (opticon).
The ganglionic plate is an oval somewhat mushroom-shaped structure consisting of an
outer layer of cellular cortex and an inner neuropile mass which, cut in certain directions,
showsa regular pattern resembling woven fabric (Fig. 75 (1)). Its outer surface and thinnedout edges are approximated to the inner surface of the compound eye of its side, but
separatedby a space. Across this spacenumerous bundles of nerve fibres passoutwards from
the surface of the ganglionic plate to form a plexus under the basement membrane of the
omrnatidia(see under ‘ Special senseorgans’, p. 652). From the thinned-out posterior margin
one suchnerve tract passesto the pigmented, but now degenerate,lateral ocellus. On its inner
side the neuropile mass of the ganglionic plate is in contact over its middle portion with
the neuropile mass of the external medullary mass, the line of junction forming a conspicuous chiasma, outer chiasma. Between the external and internal medullary massesis
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another line of chiasma, but much narrower than that between the ganglionic plate and
external medullary mass, inner chiasma.This commonly has the appearance in sections of
a regular row of small circular spaceswith intervening fibre substance(Fig. 76 (5) 2, 3). The
external and internal medullary masseseach have a central rather lens-shaped neuropile
mass,that of the internal massbeing somewhat the smaller. Surrounding theseis a common
layer of cortical cellular substance. This cortical layer is peculiar in being composed of
smaller, more compacted and more deeply staining cells than is the cortical layer of the
rest of the brain. This difference in appearance makes it possible in sections to determine
where the thick cortical layer of the optic tract ends and that of the brain proper begins,
otherwise the two cortical areas are largely continuous (Fig. 75 (2), (3) B). From the inner
medullary mass fibres pass inwards to the central neuropile mass of the protocerebrum
forming what is sometimes regarded as a third chiasma. The intimate structure of the
tracts is complicated and for information the literature should be consulted. The structure
in the mosquito is clearly that of a very general plan in insects.
The cerebrallobes(Fig. 75 (2-4)). The two lateral halves of the supra-oesophagealganglion
may conveniently be termed the cerebral lobes and it is convenient in the present case to
include in this term the antenna1 and tritocerebral lobes. It will simplify description of
these structures, which practically constitute the brain, to note very briefly what has been
recorded in the literature regarding the brain in other insects.
Outstanding among named structuresare the corporapedunculataor ‘mushroom bodies‘.
These are normally large and conspicuousstructures. They consist in each hemisphere of
one, or often two, massesof so-called globuli cells embedded in, or underlying, the cortical
layer of the dorsal aspect of the brain and very often forming elevations on the surface. There may be cup-shaped fibrous structures, calices, underlying the globuli masses.
From each globuli mass a thick fibrous tract, root, stalk or pedunculus,passesinto the
neuropile mass of the lobe. There is commonly an elbow-shaped median root (Balken)
directed inwards beneath the central body where those of the two sidesnearly meet and a
posterior root, cauliculusor recurrent root, which extends posteriorly and dorsally anterior
to the central body. The central body (corpuscentrule) is a conspicuous, somewhat segregated portion of the neuropile occupying a central position between the two cerebral lobes.
It is described and figured in the blow-fly by Lowne, who gives the name nod&s to a
spherical body connected to the hilum of the corpus centrale by a slender median cord.
Other structuresnamed are thepons cerebralisor bridge, thepars intercerebralis,the corpora
Figure 76. The nervous system: the brain.
Camera lucida drawing of sagittal section through cerebral lobe at level of entry of antenna1
nerve (section no. 38 of series of 10 r_~sections).
The same at level of fronto-labral nerve (section no. 42 of the series).
Coronal section through dorsal portion of brain (about level of plane through D to ~1.2 in
Fig. no. 1; section no. 56 of the series).
The same about level of from D’ to G in Fig. no. 2 (section no. 58 of the series).
Transverse section at level of central body (section no. 81 of the series).
The same through posterior part of the brain (section no. 88 of the series).
A, central body as seen in transverse section no. 80 of same series; B, the same at section no. 8 1;
c, reconstruction as seen in lateral view; D, the same from ventral aspect.
For lettering see explanation of Fig. 75.
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ventralia and the corpora optica. The pons cerebralis is situated in the upper and posterior
part of the conjoined lobes. It is transversely elongated, horse-shoe shaped or dumb-bell
shaped with the concavity downwards or forwards. The pars intercerebralis is that part of
the brain where the two lobes form a common portion. It is usually described as that
portion situated between the corpora pedunculata of the two sides. The corpora ventralia
(Lebenlappen) are given by Snodgrassas situated in the ventro-lateral parts of the brain
just above the antenna1glomeruli of the deutocerebrum (this, depending on the view taken
of the orientation of the head, might be posterior to the antenna1 glomeruli). They are
regarded by some authors as belonging to the deutocerebrum. They are stated to be united
by a transversecommissural tract that passesbeneath the central body and the median roots
of the corpora pedunculata. The corpora optica are chiefly present in the Apterygota. They
lie dorsal to the pons.
Certain neuropile massesand tracts are also recognised. In the antenna1 lobes are the
antennal neuropile centres. These are large globular massesof neuropile characterised by
their lobulated appearance. Protocerebral lobe is a term applied by Jonescu to the neuropile masslying internal to the optic tract, seemingly neuropile mass 6 as describedby me in
the mosquito. Of commissural tracts may be mentioned (1) the commissure linking the
antenna1 neuropile centres, usually shown as passingabove the oesophagus; (2) the tritocerebral commissure, sometimes a separate nerve trunk passingbeneath the stomodaeum,
but may be included in the crura ; (3) the ports already alluded to ; (4) commissureslinking
various parts of the cerebral lobes across the middle line.
It will be clear how difficult it would be to fix precisely some of these structures where
they are not typically developed. It is certainly difficult to be sure of the homology with
the above of many parts of the mosquito brain. In the mosquito AL;des aegypti there are
no large and unmistakable corpora pedunculata. Some tracts may represent these but
how far they may do so must be for the present left uncertain. The central body is well
represented. The pars intercerebralis must be of small extent since the cerebral lobes are
divided by a deep median fissure. The bridge or pons may be the structure described later
as the suboccipital commissure, but it is difficult to describe its position in the mosquito as
dorsal. It seems,therefore, desirable to describe first what has been ascertained of the
structure of the cerebral lobes in the mosquito, leaving the question of homology and
nomenclature of the parts for subsequentconsideration.

The cortical layer of the cerebral lobes (Figs. 75 (2), (3); 76 (l), (2)). A cortical layer of
small association neurocytes covers the greater part of the surface of the cerebral lobes. It
varies, however, in thicknessand certain areas of the cortex can be distinguishedas more or
less distinct and such may even in places be separated by breaks in continuity of the layer.
Two such lines of break occur on the dorsal surface and may be termed the anterior and
posterior fissuresrespectively. By such and other structural features the following areas of
cortical layer may be distinguished.
(1) The cortical layer of the antenna1lobes. On each side this forms a fairly thick layer
around the entering antenna1nerves and the antenna1neuropile centre (Fig. 76 (l), (2), (5)).
(2) A thick massof cortical layer is situated posterior* to the antenna1neuropile centres.
It extends backwards to the anterior fissure. Internally it is continuous with the cortical
* References to orientation regard the head as extended, the frons dorsal to the labium and posterior to the
clypeus. This is the usual method adopted by authors, but in some cases(for example, in the cockroach) the head
has been regarded as oriented with the occiput dorsal.
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layer bordering the median fissure and externally meets the cortical layer of the medullary
massesof the optic tracts. It may be called the postantennal cortical area (Fig. 75 (2) C).
(3) A portion of cortical layer lying between the two fissures. It may be termed the
dorsal cortical area (Fig. 75 (2) 0).
(4) A particularly thick and massive portion of cortical layer occupying the occipital
region, occipital area (Fig. 75 (2) F). A portion of this area consistsof darker staining and
more compact tissue resembling the cortical layer of the medullary masses of the optic
tracts (Fig. 75 (3); 76 (1) F’).
(5) A portion of cortical layer bordering the median fissure, notable as containing
clusters of large neurocytes, median cortical area (Fig. 75 (2) E).
Of a different character to the above there is, on the posterior portion of the dorsal
surface of each cerebral lobe, a small mass of dark-staining cells situated beneath the
general level of the cortical layer and partly exposed in the posterior fissure (Fig. 75 (2) D’).
Ventrally the cellular cortical layer is absent or very thin over a considerable area. This
bare area in part forms the roof of the passageoccupied by the oesophagusand in part lies
upon the more anterior bundles of the lateral dilators of the oesophagealpump where these
pass in to their insertion (Fig. 75 (3)).
Neuropile massesof the cerebral lobes (Figs. 75 ; 76 (1-15)). In the central neuropile mass
certain portions (here termed masses)can be distinguished. These are as numbered in the
figures and text:
l-3. Neuropile masses of the optic lobes. See under ‘ Optic lobes ‘, p. 629.
4. A considerable mass formed by the entering antenna1 nerve as distinct from that portion
passing to the antenna1 centre (Fig. 76 (l), (4)).
5. The antenna1 neuropile centres. These are the most distinct and outstanding of all the
neuropile masses in the cerebral lobes. They are approximately globular in shape and consist of
a number of lobules giving them a characteristic appearance as noted in a number of other
insects (Fig. 75 (2); 76 (l-3), (5)).
6. A considerable mass forming a lobe situated external to the antenna1 neuropile centre and
just internal to the internal medullary mass of the optic lobe of its side from which it receives fibres.
7. A neuropile mass situated internal to 6 and posterior to the antenna1 centre.
8. A peculiar small isolated neuropile mass on the dorsal aspect of each cerebral lobe and
partly exposed in the anterior fissure of the cortex. It is peculiar as receiving a small but distinct
tract which passes up the side of the cerebral lobe from the most ventral part of the internal
medullary mass (Fig. 76 (5) d). Though it usually appears in sections as an isolated mass, it is
a projecting spur from the antero-external portion of neuropile mass 10, that is, that portion shown
pointing upwards in Fig. 76 (1).
9. Another small isolated neuropile mass situated in or near the posterior fissure. It is
situated near the cortical mass D’ though not directly below it. From it an important tract (tract c)
passes forwards as described later.
10. A large neuropile mass situated dorsally and posteriorly. It shows indications of consisting
of an inner posterior and an outer anterior portion. It forms a large part of the cerebral neuropile
mass and receives fibres from the optic lobes. Numerous loosely arranged commissural fibres pass
between the masses of the two sides.
11. A small but distinct and rather isolated neuropile mass situated posterior and ventral to 10.
It lies beneath the occipital cortical area and receives fibres from it, especially from the darkstaining portion of the occipital cortical area (F’).
12. A conspicuous bar-shaped mass of neuropile situated posterior and ventral to the cerebral
lobes across the median line. It appears to be of commissural nature and possibly connects the
two occipital cortical areas. It has characters that suggestit might be the pons. It is provisionally
named the suboccipitalcommissure
(Fig. 75 (2), (3), (12)).
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13. The central body. This is a massof neuropile situatedin the centre of the ganglion and
forming a part of the connectionbetween the cerebral lobes constitutedby the cerebralcommissure. It is to a considerableextent isolated from surroundingneuropile by clefts and the
presenceof small nuclei which appear to be those of neurilemma or neuroglia type cells. It
consistsof a larger masspartially enfolding a smaller mass,both of which extend dorsally in
blunt papilla-like processes.
There is also a forked rod-shapedstructureand somesmalleraccessory masses.Its appearancein sectionsdependsa good deal on the angleat which the brain has
been cut. A reconstructionof the part is shownin the figure (Fig. 76 (7) C, 0).
14. There are considerablemassesof neuropilesituatedventrally which are difficult to delimit
and which are closelyconnectedwith, if not part of, the crura. They include on each side a considerableneuropilemassformed by the passagebackwardswithin the brain of a large portion of
the antenna1nerves.The two neuropile masses7 are also here united by a commissuraltract
linking the two. Here also on each sideis the neuropilemassgiving origin to the fronto-labral
nerve and linked acrossthe median line by the tritocerebralcommissure.

Neuropile tracts of the cerebral lobes. In material stained by silver impregnation stained
axons traverse the neuropile in almost every direction making an assessmentof connection
between different parts of the mass difficult. Certain aggregations of fibres, however,
constitute characteristic tracts. The more conspicuousof these, given under the respective
letters by which they are indicated in the figures and referred to in the text are:
Tract a. This is a thick compact tract passingfrom the posterior part of the postantennal
cortical area to neuropilemass11. It passessomedistancelateral to the central body and ends
in the neuropilemass11 and its neighbourhood. It links the postantennalcortical area with the
occipitalcortex,especiallythe dark-stainedarea F’, whichalsosendsfibresto the neuropilemass11
(Fig. 76 (1) a).
Tract b. This is a similarly long and conspicuoustract passingfrom the antenna1neuropile
centre on each sideto the occipital region and the sameneuropilemass11 or its neighbourhood
(Fig. 76 (2) b).
Tract c. This is a short but thick tract passingforwardsfrom the neuropilemass9 to near the
origin of tract a (Fig. 76 (3)). It is the only main tract that has any relation to the glomeruli-like
cortical massD’ and this is only a somewhatindirect one as the cortical massD’ appearsmore
related to the neuropilelobe 10 than to the small mass9 though the massesare somewhatnear
each other (Fig. 76 (2)).
Tract d. This is the narrow but distinct tract passingfrom the' ventral part of the internal
medullary massup the sideof the cerebrallobe to the small neuropile mass8 (Fig. 76 (5)).
Tract e. Small tracts on each side of the median fissurepassingfrom the anterior group of
large neurocyteson the sidesof the median fissurebackwardson each side of the fissureto the
inner portions of the neuropilemass10 (Fig. 76 (4) e).
Mention should also be made of commissural tracts. A commissural tract crossesin
front of the central body linking the two neuropile masses7 (Fig. 75 (4), 15). Numerous
fibres also pass between the neuropile masses 10, mainly posterior to the central body.
A connecting portion of neuropile between the two bodies 10 forms the roof of the cerebral
commissure lying over the central body (Fig. 75 (4), 16). This does not, however, consist
of transversefibres but of fibres passingdown into the crura. A commissural tract linking
the two antenna1neuropile massesis commonly present in insect brains. In the mosquito
the deep median fissure makes any such tract difficult to follow, but tracts seem to pass
down from these massesinto the crura.
Homology of the cerebral lobe structures. Interest in this respect relates chiefly to the
question how far the structures in the mosquito brain show the presence of the corpora
pedunculata. In the tracts described there is a suggestionthat the characteristic mushroom
bodies of the insect brain may be representedif only in a modified and imperfect form. It is
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difficult, however, to put such a suggestioninto any concrete conclusion. In the absenceof
typical corporapedunculata there is a danger that almost any tracts might be fitted into the
standard scheme. The findings have a general resemblance to those found by Buxton in
Micropteryx and the mosquito brain would seem to be of primitive type. Further information on the brain of other Nematocera would be very desirable. The large size of the optic
lobes would seem to be a feature in keeping with the enormous size of the compound eyes
and the large tracts linking the antenna1 neuropile centres and antenna1 nerve tracts with
the rest of the brain would seem to point to the importance of the antenna1 sensory
mechanism in A&des aegypti.
The sub-oesophagealganglion (Figs. 75 (4); 78 (3)). This is a club-shaped structure, swollen

anteriorly and narrowing as it passesbackwards to divide into the two long connectives
linking it through the neck with the prothoracic ganglion. It is a composite ganglion comprising a number of fused ganglia of the anterior portion of the ventral nerve cord. From
it normally issue the mandibular, maxillary and labial nerves. It consists of a neuropile
mass which is exposed dorsally where it forms the floor of the canal in which the oesophagus lies and is surrounded ventrally and laterally by cortical substancecontaining both
association and motor neurone cells.
Nerves pass out through the cortical layer from neuropile massessituated in the ventral
portion of the ganglion, the respective neuropile massesbeing linked across the median
line by transverse tracts. The more dorsal portion of the ganglion is largely occupied by
fibres passingin from the brain through the crura. Anteriorly on each side is the neuropile
mass from which the fronto-labral nerve arises (tritocerebral lobes). Whether there is a
mandibular nerve is a little doubtful, but appearancessuggestthat this may be a very small
nerve passingout a little ventral to the fronto-labral nerve or a branch of the labral nerve
representing this (see note 4 following list of peripheral nerves, p. 642). Ventral to the
frontolabral nerves are the maxillary nerves and still more ventral and posterior and
closer to the median line there are the large labial nerves (Fig. 78 (3)).
Posterior to the points of issueof the labial nerves the cortical layer contains four groups
of large neurocytes, one on each side of the middle line some distance behind the point of
exit of the labial nerves and another pair behind these.
THE

VENTRAL

NERVE

CORD

The ventral nerve cord consistsof the sub-oesophagealganglion (described above), the long
double connectives passing through the neck, the fused ganglia of the three thoracic
segments,the ganglion of the first abdominal segment now fused with the ganglia of the
thoracic segmentsand the six ganglia of abdominal segments II-VII with their double
connectives (Fig. 76 (1)).
The three large thoracic ganglia are situated ventrally in the thorax above the sternites
and at about the level of the upper part of the coxae. They occupy the spacein the median
line between the lower ends of the dorso-ventral indirect wing muscles of the two sides
and below the fore part of the mid-gut and proventriculus, but separated from these by the
ventral diverticulum and the lobe of visceral fat-body in which lie the salivary glands and
the ventral nephrocytes.
The conjoined ganglia form a roughly cylindrical massin which, however, the component
ganglia are still evident (Fig. 76 (1)). This is especially so in the case of the metathoracic
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ganglion which is sharply divided off by a constriction where the conjoined ganglia pass
through the stirrup-shaped opening between the arms of the mesofurca (Fig. 76 (1) mf).
The three ganglia are approximately equal in size in spite of the fact that the greater
part of the thorax is mesothoracic. The small ganglion of the first abdominal segment is
attached to the posterior and upper part of the metathoracic ganglion, rather like a stumpy
dog’s tail and from it the connectives are continued into the abdomen.
The neuropile of the conjoined ganglia is continuous medianly and dorsally. Laterally
and ventrally it is in the form of distinct lobes which project ventrally and from the apices
of which pass out the six large nerves to the respective legs. The cortical layer is thin and
largely deficient dorsally, but thick ventrally and laterally where it occupies space left
between the neuropile masses(Fig. 77 (3), (4)). Th e neuropile of the small first abdominal
ganglion is in the form of two lateral massesas in the ganglia of the other abdominal
segments,but basally these are continuous with the neuropile of the metathoracic ganglion.
In material stained by silver impregnation methods the continuous dorsal portion of
neuropile is seento be traversed by numerous long axon fibres continued from the anterior
connectives and passingvarious distancesthrough the ganglion before terminating in the
neuropile, some extending its whole length. These fibres mainly form tracts towards each
side of the ganglion, one dorsal along its upper surface and a parallel tract that early
separatesand passesmore ventrally at about the level of the basesof the conical neuropile
masses(Fig. 77 (3) a, b).
The neuropile is seen to consist mainly of a confused mass of fine branching fibres with
occasional thicker fibres, some of which form lines or tracts passing to issuing nerves,
whilst others are seen passing into the neuropile from parts of the cortical layer. Fibres
forming small commissuraltracts are also present, one of which in the mesothoracic ganglion
is particularly noticeable. The cortical layer is mainly formed of small association type
neurocytes, but occasional larger cells are present being most noticeable in the mesothoracic ganglion especially posterior to the mesothoracic neuropile in the ventral portion
of the cortical layer (Fig. 77 (6)).
Nerves issuingfrom the ganglion for the most part appear to take origin from the neuropile. The large nerves to the legs arise from the apices of the six conical neuropile masses.
Next in importance in respect to size are the two nerves to the halteres arising from the
lateral dorsal aspectsof the metathoracic ganglion just posterior to the mesofurca. Their
origin is peculiar in showing a conspicuousfan-shaped aggregation of what appear to be
axon fibres coming largely from the dorsal axon tracts previously noted and which appear
to terminate largely in thesenerves. From the antero-lateral face of the prothoracic ganglion
three rather small nerves pass to the sternal and other prothoracic regions. In addition
to the large leg nerves a smaller nerve in the meso- and metathorax arises along with or
near these and passesbackwards into the posterior part of the coxae. Apart from the nerves
to the halteres the only nerves of any size arising from the ganglionic complex dorsally are
a group of moderate-sized nerves arising laterally from the upper part of the mesothoracic
ganglion. On each side these are three in number, one arising anteriorly apparently from
the anterior face of the neuropile mass at some depth (Fig. 77 (1) b ; (5) a) and two rising
together in a mid antero-posterior position from the dorsal part of the neuropile mass(Fig.
77 (1) c, d; (5) b, c). The more anterior of these latter two passesforwards and links up
with, or accompanies,the first-mentioned nerve as describedlater, whilst the more posterior
one passes backwards and upwards anterior to the projecting cups of the mesofurca.
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Figure 77. The ventral nerve cord.
Dorsal view of thoracic ganglia. a, prothoracic nerves; b, c, d, nerves arising dorsally from
the mesothoracic ganglion; e, nerve to haltere; f, nerve to hind-leg.
Ganglion of an abdominal segment.
Sagittal section of thoracic ganglia towards lateral margin showing axon tracts. a, dorsal
tract of side; b, ventral tract of side; c, position a little internal to where the nerve to the
haltere takes off.
Sagittal section of thoracic ganglia passing through the lateral neuropile masses at level of
origin of nerves to the legs. a, b, c, prothoracic, mesothoracic and metathoracic neuropile
masses; d, dorsal continuous layer of neuropile; e, neuropile mass of lateral half of ganglion
of the first abdominal segment.
Sagittal section of thoracic ganglia at level of origin of dorsal nerves. a, b, c, nerves corresponding to those labelled b, c, d in no. 1 of plate.
Portion of sagittal section showing cortical layer posterior to the mesothoracic neuropile
mass at level of group of large pyriform neurocytes.
Lettering : cl, cortical layer ; con.,ganglionic connectives ; con.g,connectives from sub-oesophageal
ganglion entering the prothoracic ganglion; ha.n, nerve to haltere; mf, mesofurca; MSg, mesothoracic ganglion; MTg, metathoracic ganglion; n, nerve issuing from lateral angle of ganglion;
n.Z,, n.Z,, n.Z,, nerve to first, second and third leg respectively; np, neuropile; PTg, prothoracic
ganglion.
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The abdominal ganglia are much smaller than those of the thorax. That of the first
segmentis attachedin the imago,asalreadynoted,to the thoraciccomplex.The remaining
ganglialie closeto the sternitesin the anteriorportion of their respectivesegments.Each
ganglionis diamond-shapedand consistsof two oval neuropilemassespartially fusedin
the middleline and a corticallayer of smallneurocytes.The corticallayer,asin the thoracic
ganglia,is thickestventrally and laterally and but slightly developeddorsally. A single
nerveon eachsidetakesorigin from the lateral angleof the ganglion. Linking the ganglia
are double connectives;those linking the ganglion of the first with that of the second
segmentare somewhatlonger than the others, but otherwisethe distancesbetweenthe
gangliaare not very different.The gangliaalsoare of approximatelyequalsize,exceptthat
the ganglionof the seventhsegmentis somewhatlargerthan thosein the segmentsimmediately precedingand in both sexesshowsa constrictionmarking off an anterior and a
posteriorportion and suggestingthat the ganglionrepresentsa fusedseventhand eighth
abdominalganglion.
For intimate structureof the insectventralcord gangliaseeBinet (1894), on the ventral
cord in insectsand Zawarzin (1924) on the intimate structure of the cord gangliain
Aeschna. The abdominalgangliain Agdesaegypti are, however,small and appearto be of
relativelysimpleconstruction.
There doesnot appearto be in the imago any mediannervesystemsuchasis presentin
the larva. In this connectionmay be mentionedthe delicatemembranethat haspreviously
beendescribed(seesectionon accessory
pulsatilestructuresin ch.XXVII, p. 619)asoverlying
the ventral nerve cord. In sagittal sectionsthis appearsas a line of tissuewith small
nuclei spacedat regularintervalslying just abovethe cord and at first sightmight suggest
a median nerve system.Traced laterally,however,its membranousnature is apparent.
THE

PERIPHERAL

NERVOUS

SYSTEM

More studyis necessary
beforea full and adequateaccountcan be givenof the peripheral
nervesand their distribution.This is the more so sincethereseemrelativelyfew anatomical
studiesof the peripheralnervesand their distributionin insectsother than thoseof a very
generalcharacter. Among authorswho have describedthe nervoussystemincludingthe
peripheralnervesare: Holste (19lo), on the nervoussystemof Dytiscus; Hammar (1908),
on thenervoussystemof thelarvaof Corydalis; Hanstriim(1928a, b), on the nervoussystem
in arthropods; Rogosina(1928), on segmentalnervesin Aeschna. Though the musclesof
the headof the mosquitohavebeenminutely describedby severalauthors,the nerveshave
receivedno attention. Jobling(1928),in hisstudyof the headandmouth-partsin Culicoides,
gives figuresin which the mandibular,maxillaryand labial nervesare shown,but doesnot
describetheseor givetheir origin or distribution.The followinglist of nervesof the imago
of Ai;des aegypti must be consideredprovisional and may require modification and
addition. The notesto whichreferenceis madefollow on the list, p. 642. For nervesof the
stomodaealsystemseesectionon the retrocerebralcomplex.
List of peripheral nerves
Head

Opticnerveandnerveto lateralocellus(seeunder S‘ pecial senseorgans’, p. 648).
(Nerves to dorsal ocelli: not represented,seenote 1, p. 642).
Antenna1nerve (seenote 2).
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Tegumentary nerve (see note 3).
Nerves of the stomatogastric system (see under ‘ Retrocerebral complex’, p. 643).
Fronto-labral nerve. A short stout nerve on each side arising from the neuropile of the tritocerebral lobe, but issuing antero-laterally from the sub-oesophageal ganglion. Divides almost at
once into:
Frontal ganglion connective. A short stout nerve passing up in front of the lateral flange of
the buccal cavity to join the side of the frontal ganglion (Fig. 78 (4)).
Labral nerve. Passesforwards and dorsally past the side of the buccal cavity into the lower part
of the clypeal dome supplying branches to muscles and ending at a group of cells on each side in
the region of the anterior hard palate (Fig. 78 (4) n. 3”).
Near its origin it gives off a branch passing forwards along the side of, and somewhat ventral to,
the buccal cavity (see note 4). The muscles in the upper part of the dome are mostly supplied by
the frontal nerve of the stomodaeal system as shown in Fig. 78 (4).
Mandibular nerve (see note 4).
Maxillary nerve. A relatively large nerve arising from the lateral anterior aspect of the suboesophageal ganglion. It passes forwards and outwards dorsal to the ventral cephalic trachea,
giving off branches to maxillary muscles and ending as a well-marked nerve entering and continuing along the maxillary palp (Fig. 78 (2), (4) n. 6).
Labial nerve. The largest of the nerves arising from the sub-oesophageal ganglion. Arises
ventrally on each, side of the middle line some little distance back from the anterior end of the
ganglion and passesforwards ventral to the ventral cephalic trachea to enter and continue along
the labium to the labella forming with the nerve of the opposite side the characteristic twin nerves
of the labium (Fig. 78 (3), (4) n. 7).
Prothoracic ganglion
Nerve arising just external to the entry of the anterior connectives and passing forwards to the
neck.
Nerve arising with the next tabulated nerve a short distance posterior to the above and passing
to the prosternal and propleural regions.
Nerve arising along with the above and passing into the first coxa accompanying the trachea
to the first leg.
Nerve to the fore-leg. A large nerve arising ventrally from the apex of the lateral lobe of the
prothoracic ganglion and passing down the posterior part of the fore coxa and beyond (Fig. 77
(4) nl. 1).
Meso thoracic ganglion
Anterior mesothoracic. Arises on each side laterally and dorsally from the fore part of the
mesothoracic ganglion and passesforwards after linking with the next tabulated nerve in front of
the anterior indirect wing muscle to the region of the anterior spiracle and the large tracheae in
that region (Figs. 77 (5); 78 (1) b).
Middle mesothoracic. Arises posterior to the above from about the middle of the outer border
of the ganglion along with the next tabulated nerve, but leaves this to pass forwards to accompany,
or fuse with, the anterior mesothoracic nerve (Figs. 77 (5) ; 78 (1) c).
Posterior mesothoracic. Arises in common with the previous nerve and passesposteriorly and
dorsally anterior to the furcal cup and to the general region of the wing root (Figs. 77 (5) ; 78 (1) d>.
Nerve to the middle leg. A large nerve arising ventrally from the apex of the lateral lobe of the
mesothoracic ganglion and passing down the coxa to the trochanter and beyond (Fig. 77 (4) rd. 2).
Posterior coxal nerve of the mid-leg. A nerve taking origin from the apex of the lateral lobe
just posterior to the main nerve to the leg and passing into the posterior part of the coxa.
Me ta thoracic ganglion
Nerve to the haltere. A very large nerve arising on each side dorsally and laterally from the
fore part of the ganglion just posterior to the stem of the mesofurca and passing posterior to the
cup of that structure directly to the base of the haltere (see note 6).
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Nerve to the hind-leg. A large nerve arising from the apex of the lateral lobe of the metathoracic ganglion and passing somewhat backwards and ventrally into the coxa and beyond.
Posterior coxal nerve of the hind-leg. Arises from the apex of the lateral lobe just posterior to
the above and passes into the posterior part of the hind coxa.
First abdominal segment
Segmental lateral nerve. A small nerve arising on each side from the connective behind the
ganglion and passing into the first abdominal segment to become the lateral nerve of that segment.
Abdominal segmentsII- VI
Segmental lateral nerves of the segments. From each side of each ganglion a nerve takes origin,
passing at first outwards external to the segmental muscles and then up the side of the segment
just internal to the parietal fat-body. In each segment it accompanies the ventral tracheal branch
of the segment.
Abdominal segment VII in the female
Segmental lateral nerve. A nerve on each side takes origin from the anterior portion of the
ganglion and passes outwards to the side of the segment as in other segments giving off branches
near its origin to the fore and hind parts of the segment. The nerve and its branches pass ventral
to the oviducts (Fig. 78 (5) a).
Postero-ventral nerve. On each side a nerve arises from the posterior pointed extremity of the
ganglion and passes to the lateral parts of the eighth segment ventrally (Fig. 78 (5) b).
Postero-dorsal nerve. Arising along with the above but passing more medianly and dorsally
this nerve passesthrough the terminal segments subjacent to the rectum and behind the common
oviduct and spermathecae and sends a branch into the cercus of its side (Fig. 78 (5) c).
Abdominal segment VII in the male (Fig. 78 (6))
Segmental lateral nerve. A small nerve passing up the side of segment VII.
Posterior nerve. A rather large nerve arising on each side from the posterior end of each
lateral half of the ganglion and passing backwards at the sides of the median genital ducts. It
gives off a branch from which a nerve passesup the side of segment VIII and continues through
this segment eventually to enter the gonocoxite of its side. It supplies the muscles connected with
this structure and sends some fine branches to the parts connected with the median copulatory
structures (Fig. 78 (6)).
Figure 78. Peripheral nerves.
General view of the ventral cord and its nerves. a, prothoracic nerves; b, c, d, dorsal nerves of
mesothoracic ganglion; e, nerve to the halteres.
Dorsal view of clypeus, showing frontal and labral nerves and course of maxillary nerves
(dotted).
Ventral view of sub-oesophageal ganglion, showing position of issuing nerves and other features.
a, commissural tracts linking neuropile massesfrom which nerves take origin; b, collections of
large neurocytes.
Lateral view of clypeus, showing frontal, labral, maxillary and labial nerves.
Dorsal view of terminal segments of female, showing the terminal ganglion and its nerves.
a, lateral nerves of seventh abdominal segment ; b, ventral posterior nerve ; c, dorsal posterior
nerve.
Lateral view of terminal segments of male, showing the terminal ganglion and its nerves.
Lettering : ac.g, accessory glands ; cod, common oviduct ;fg, frontal ganglion ;fn, frontal nerve ;
Gc, gonocoxite; g. 2, sub-oesophageal ganglion; g. II, g. VII, ganglia of second and seventh
segment; m. 41, m. 42, indirect wing muscles ; m. 63, muscle to first leg; mxp, maxillary palps;
n. 3, n. 3’, n. 3”, frontal-labral, frontal and labral nerves; n. 6, maxillary nerve; n. 7, labial nerve;
Ph, phallosome ; Rc, rectum; m, recurrent nerve ; vd, fused vasa deferentia; VII, VIII, IX,
abdominal segments.
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Note 1. The structurefiguredby Thompson(1905)as a nervepassingfrom the cerebral
lobe to the dorsal ocellus(frontal pulsatileorgan) is clearly not nerve but musclefibres
passingfrom the aorta to that organ.
Note 2. The major portion of the antenna1nerve which is very massiveterminatesin
Johnston’sorgan. A separatestrandis, however,distinguishable
as a smallnervepassing
on into the antenna1filament.
Note 3. A small nerve can be made out in somepreparationstaking origin from the
posteriorpart of the occipitallobe of the brain just internal to wherethe dorsalcephalic
trachea entersthe groove betweenthe optic and cerebrallobes. It appearsto send a
branchforwardsandventrallyoverthe lateraldilator musclesof the pump and onepassing
backwards.It may be the tegumentarynerveor possiblyconnectedwith the retrocerebral
system.
Note 4. In keepingwith the obsolescent
characterof the mandiblein Agdesaegypti a
mandibular nerve, if present, is small. A small nerve bundle which may representit
passesout from the gangliona little ventral to the fronto-labralnerve. Or a larger nerve
that branchesfrom the fronto-labralnerveand passesforwardsto the generalregionof the
tiny mandibularmusclemay functionasthe mandibularnerve. At the point of issueof the
above nervesthere are crossingfibresforming a small plexus. It has been noted in the
larva that there is a plexusconnectedwith the nervesto the mouth structuresand an
accessory
mandibularnerve.
Note 5. There are somepointsof interestin respectto the thoracicnerveswhich deserve
comment. In the first place the contrast betweenthe large nervesto the legs and the
relatively insignificantnerveswhich presumablyare to servethe far greatervolume of
muscleindirectly connectedwith the wings suggestssomethingpeculiar about the innervationof the latter. The indirect wing musclesit may be recalleddiffer from the leg
musclesnot only in their histologicalstructure,but in that they are consideredto be of the
nature of giant fibres,that is, each bundle on such a view is a singlefibre enormously
greater than the fibres making up most other musclesof the body. Another peculiar
featureisthat the smallnervesthat onemight expectto beconcernedin innervationof these
great muscularmassesdo not mainly proceedto them but seem,so to speak,to by-pass
them. Thus the anteriordorsalmesothoracicnerveis mainly traceableasproceedingto the
regionof the anterior spiracleand the massof large trachealtrunks in this region. A discussionon the innervationof musclescannothere be enteredupon, but attentionmay be
drawn to the interestingand stimulatingpaper by Hoyle (1955) on this subject;seealso
Tiegs (1955).
Note 6. Mention has alreadybeenmade of the large sizeof the nervesto the halteres.
I havenot seenany referenceto the sizeof thesenervesin other Diptera or to the unusual
nature of their relationsto the axon tractsin the ganglion. It suggests
the importanceof
these organsin connectionwith the more anterior parts of the nervoussystemin the
mosquito. Visual, antenna1and haltere sensesseem to be dominating featuresin the
nervoussystemof this activelyflying insect.
A descriptionof the peripheral nervous systemwould be incompletewithout some
mention of the terminationsof the nerves. Such may be in the subcuticularnervous
system,in muscle-fibreendings,in the alimentarycanal and other visceraand in special
endingsin senseorgans.The last mentionedwill be dealt with in a subsequentsection.
In regardto other methodsof termination,only a very brief referenceneedbe made. The
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subcuticular sensory system, apart from ectodermal senseorgans such as sensitive hairs,
sensory pits, etc., described later, is usually seen most developed in soft-skinned larval
forms. It consistsof a subcuticular network of multipolar neurocytes and their branches.
So far as known no observations have been made on any such system in the imaginal
mosquito where sensitive hairs and sensory pits may be expected mainly to form the
cuticular sensorysystem.For li terature seeSnodgrass(1926,1935), and referencesthere given.
The ending of nerves in insect muscle are most usually by branching of the nerve fibres
surrounding or penetrating the muscle fibres or by a form of motor end-plate, ‘Doyere’s
cones’, which are according to Marcu (1929) points where the fibres penetrate the muscle
fibre as a brush-like group of branches. Claw-like endings of nerve fibres on muscle
fibres are described by Hoyle (1955). No observations appear to have been made on the
imaginal mosquito.
The termination of nerves to the alimentary canal in different insectshas been studied by
Zawarzin (19 16) ; Orlov (1924) ; Rogosina (1928).

(f)

THE

RETROCEREBRAL
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The stomodaeal, stomatogastric, sympathetic or visceral nervous system is intimately
associatedwith certain endocrine glands having important functions in growth and metamorphosis. The two elements combined form what Cazal (1948) has termed the retrocerebral complex. This dual system has already been described with references to the
literature in the chapters dealing with larval structure where it is both more developed and
more easily studied than in the imago. It will here, therefore, only be necessaryto note
what changeshave taken place in passageto the imago and any special features that may
require mention in this stage.
The stomatogastricnervous systemin the strict sense,that is the frontal ganglion with its
connectives, recurrent nerve and the terminal ending of the recurrent nerve in a hypocerebral ganglion show little essentialchange. The frontal ganglion is still readily identifiable forming a most useful landmark in assigninghomologies under the greatly changed
conditions that have taken place during metamorphosis in the pharynx and oesophagusand
accessorystructures. The recurrent nerve has the same essential relations passing back in
the middle line. But in place of the soft muscular pharynx and oesophaguson which it lay
in the larva it now lies deeply enclosed in what is almost a closed canal formed by the
deeply folded heavily sclerotised dorsal plate of the oesophagealpump. It is still accompanied by, and underlies, the aorta which is here greatly narrowed. Just before the
posterior end of the plate the recurrent nerve ends abruptly in a not very large group of
cells forming a flattened ganglion lying beneath, and seeminglyin continuity with, the floor
of the aorta. From this ganglion, which resemblesin position the hypocerebral ganglion
of the larva, certain nerves pass backwards. What these are may for the moment be left
unspecified pending discussionof the glandular elements of the complex.
The component glands of the complex have already been indicated when describing the
complex in the larva. They consistof the corporaallata and the massof cells in which these
bodies, more especially in the larva, lie embedded, the two components together forming
the corpora allata complex of Bodenstein (1945). As Bodenstein notes, the corporaallata
are still present unchanged in the imago. The surrounding element of the complex, which
in the larva would appear to be the peritracheal gland of Possompes (1948, 1953)
643

41-2

IMAGO:

THE

NERVOUS

SYSTEM

AND

RETROCEREBRAL

COMPLEX

(prothoracic gland of Williams, 1949, and other authors) is, however, no longer present in
its original form and consistsof a different type of cell and is without the special characters
of this part of the complex in the larva.
Cazal (1948) has described the retrocerebral complex in the pupa of Culex pipiens in
which stage as he saysit is most developed and most readily studied. In the posterior part
of the neck lying by the side of the aorta there are two nerves, each with two roots, internal
and external, which are fused at their point of emergencefrom the brain. These issuefrom
the posterior aspect of the brain in the region of the root of the cerebral commissure and
run parallel with the recurrent nerve. According to Cazal these pass to a group of cells
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Figure 79. The retrocerebralcomplex.
Corpus allatum of a newly emerged female showing the gland situated close up to the
anterior commissuraltracheaand with little indication of any peritrachealgland tissue.
The samein a newly emergedmosquitowherethe unchangedcorpusallatum liesat a considerable distancefrom the trachea with interveningapparently disorganisedperitrachealgland
tissuebetween.
The corpora allata of a female (ageuncertain)showingalmostunchangedperitrachealglands.
The complexin a male.
The complexin a female mosquitothat has had a blood feed and was ovipositing(age probably about 7 days from emergence).The corpora allata are unchangedand the site of the
larval peritrachealgland is occupiedby what appear to be typical pericardialcells.
The corpusallatum of the samemore highly magnified.
Two of the pericardial-likecellsmore highly magnified.
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incorporated in the hypocerebral ganglion that represent a single median corpus para(corpus cardiacum of Possompes). From the single corpus paracardiacum
included in the hypocerebral ganglion in which the recurrent nerve ends there pass back
on each side a nerve to the corpus allaturn and one to the oesophagus. At the level of the
corpora allata the nerves and the aorta are crossedby a large tracheal vessel. In this region
the trachea, with the corpora allata and the ends of the corpora allata nerves, is surrounded
by a mass of cells which Cazal considers to be of the nature of pericardial cells. In the
imago the pericardial cells disappear (see, however, later) so that the complex as a whole
is much reduced. The anterior postcerebral gland of Possompes is also considered by
Cazal to be a pericardial cell charged with waste products.
- In the imago of A. aegypti the corpora allata with their characteristic appearance as
small oval bodies with small regularly arranged nuclei have, as noted by Bodenstein in
Anopheles, remained unchanged. But the regular compact appearance of the corpora aZZata
complex in which thesebodies in the larva lie embedded has been largely lost, the small oval
corpora allata being no longer definitely included in a cellular mass but lying more or less
free. The appearance of the complex was observed to vary a good deal in different specimens
even of the same age. Shortly after emergence there was sometimes a distinct appearance
of peritracheal gland still present (Fig. 79 (3)). In other casesthe corpora allata were close
up to the trachea with scarcely any associated tissue (Fig. 79 (1)). Very commonly the
corpora allata were situated at some distance posterior to the trachea linked to this by
what appeared to be disorganised tissue (Fig. 79 (2)). The corpora allata were also present
unchanged in the male (Fig. 79 (4)).
As the corpora allata seemed to be still in a condition to function it was thought of
interest to note whether in mosquitoes that had lived some time, had had a blood meal and
had oviposited, the corpora allata were still unchanged. In such mosquitoes the corpora
allata were unchanged, but in place of the peritracheal glands or cells replacing these the
space between the corpora allata and the trachea was occupied by clusters of large cells
undistinguishablefrom pericardial cells (Fig. 79 (5-7)). Before this observation it had been
difficult to appreciate Cazal’s reference to the pericardial cell nature of the peritracheal
glands. It would appear, however, that with the passage to the imaginal state the outer
portion of the corpora allata complex, representing the peritracheal gland, disorganises
whilst some of its cells, or new cells, take on a typical nephrocyte condition. Lying, as the
complexes do, close beside the aorta there would not seem anything impossible in these
being pericardial cells.
In the imago the nerve to the corpus allaturn of each side is much less conspicuousthan
in the larva and more difficult to follow to its termination. Two nerves, however, appear to
continue from the hypocerebral ganglion on each side, one going to the neighbourhood
of the corpora allata and one to the dilated portion of the oesophagusnear the proventriculus.
cardiacum
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For general accounts of special sense organs in insects see: Snodgrass (1926, 1935);
Eltringham (1933); Wigglesworth (1942). For location of different sensesin mosquitoes,
including Ai;des aegypti, see Frings and Frings (1949) ; Frings and Hamrum (1950) ; Roth
(195 1) ; Roth and Willis (1952). For accounts of particular organs see references given
under headings below.
Special senseorgans in the mosquito include: the ocelli and compound eyes; Johnston’s
organ in the pedicel of the antenna, commonly considered an organ of hearing; various
forms of sensitive hairs, sensory pits, chemo-receptor, thermo-receptor and other sense
receptors.
THE

OCELLI

The lateral ocelli (Fig. 80 (1) oc). As shown by Constantineanu (1930) the lateral ocelli,
which are the functioning eyes in the larval mosquito, are still present in the pupa and
imago. In the imago they are to be seen on removing the head scalesas pigmented areas
behind and closeto the posterior margin of the compound eyes. So viewed they show little
evidence of organisation and they leave no mark on the cuticle in potash preparations.
Nevertheless they receive a nerve from the ganglionic plate of the optic tract and in sections
show some indication of ocellar structure.
The dorsal ocelli (Fig. 80 (2-4)). Under the circulatory system mention is made of the
organs described by Clements (1953) description of which was postponed to the present
chapter since they appeared to be of the nature of modified ocelli. The organs are situated
one on each side of the middle line just in front of the thickening in the head capsule
linking the two ocular scleritesand marking the line between vertex and frons (Fig. 80 (2)).
They appear externally as small circular areas outlined by a somewhat indefinite depression
in the cuticle of the frons and with a darker central spot.
In section each organ is seen to consist of an outer thick plate of cuticle covered with
small microtrichae (3a). Underlying this is a cushion-like pad of tissue (b) consisting of
columnar epithelial cells with large nuclei towards their inner ends (Clements, 1956b).
This layer is continued as a flattened nucleated membrane forming the walls of the vesicle.
According to Clements there is an opening in the wall posteriorly which is closed in a
valve-like fashion by an extension of the wall of the vesicle into the sac. At the back of the
vesicle in A. aegypti is a cone-shaped nucleated mass which might be described as somewhat resembling a ganglion (d). This massforms the back of the vesicle the walls of which,
at least in part, are attached to its margin. Its attenuated portion passing backwards is
continued into a bundle of muscle fibres passing backwards to the aortic wall where this
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structure emerges from beneath the cerebral commissure. In Culex pipiens Clements
describesthe cellular mass behind the vesicle as a spherical mass with a very large number
of nuclei narrowly separatedby cytoplasm apparently without cell boundaries (syncytium).
These cells are termed receptor cells by Day (1955), but according to Clements they bear
no resemblance to typical sensecells and apparently are not innervated. In their position,
however, they certainly call to mind the mass of cells seen in the dorsal ocelli. The bundle
of muscle fibres passingfrom the aortic wall to the syncytial body are describedby Clements
as appearing to splay out over or to be inserted into this body. It is these fibres that have
been figured by Thompson (1905) as nerves passingto what he took to be the dorsal ocelli.
Clements, however, using the silver impregnation method (Samuel, 1953), has been unable
to detect any nerve fibres in the bundles.
Passingfrom the outer wall of the vesicle by a well-marked somewhat narrowed opening
is a stout-walled tube having the appearance of a trachea, but with no taenidial markings
(Fig. 80 (4) e). This vesselcan be traced to the base of the antenna where it passesthrough
a gap in the antenna1nerve to the central space of the organ of Johnston and from thence
into the antenna1flagellum. It is clearly this tube which is described by Eggers (1924), and
by Risler (1953), as a blood vesselin the antenna1 flagellum, though neither author notes
the existence of the organs now being described from which the vessel arises.
It is also quite evident that these organs in the mosquito are of a similar nature to organs
that have been described as propulsatory organs in the cockroach and other insects (see
figure after Pawlowa (1895), given by Wigglesworth (1942), p. 224, and accompanying
text). The figure referred to showsquite clearly tubes leading into the antenna and muscular
fibres passingfrom the aorta. Such organs appear to have been recorded from a wide range
of insect orders. Wigglesworth, Zoc.cit., notes them as recorded in Periplaneta, Locusta and
Acridiidae and that similar vesselsand ampullae supply the antennae of the honey-bee.
Clements (1956 b) records an antenna1 organ strikingly similar in Panorpa (Mecoptera).
What appears to be the same organ has been recorded not only in Anopheles, Culex,
Theobaldia, Alfdesand Chaoborus(Clements, 1956b) but in many Nematocera: Tipulidae
(Dufour, 1851) ; Ptychoptera, Tricoceridae, Scatopsidae,Blepharocidae (Clements, 1956b) ;
Chironomidae (Miall and Hammond, 1900) ; Ceratopogonidae (Jobling, 1928) ; Psychodidae
(Christophers, et al. 1926) ; Rhyphidae, Cecidomyidae, Mycetophilidae and Sciaridae (Day,
1955). The organ has not been found by Clements in Thaumalea testacea,Simulium ornatum,
or Dilophusfebrilis. Day was unable to find the organ in a speciesof Stratiomyidae or in
Musca domesticaand considered it was probably absent in Diptera Brachycera. Clements,
however, has confirmed the description by Miller (1950) in Drosophila melanogasterMg. of
a single vesicle below the ptilinum from which two musclesarise directly without a distinct
syncytial organ and run to the aorta. Antenna1 vesselspass from each side of the vesicle
to the antennae.
The whole appearance of the organs, situated just where the dorsal ocelli might be
expected and with some indication of what might well be degenerate ocellar structure,
suggeststhat they are ocelli modified as propulsatory organs. That such organs might
easily be recorded as ocelli would seem likely; and contrariwise ocelli might sometimes be
thought to be these organs. According to Miall and Denny (1886), the white fenestrae
which in the cockroach lie internal to the antenna1 sockets may represent two simple eyes
that have lost their dioptric apparatus (p. 100). Jobling (1928) gives a figure showing a
longitudinal section of an organ in Culicoides(Pl. IX, 1) considered by him to be a dorsal
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ocellus which has some resemblance to the organ in the mosquito except that it does not
possessa cavity. He notes that the chitinous integument is transparent, that the cellular
layer of the anterior part of the ocellus apparently represents the modified corneagen
cells and that below this layer is a cone formed by cells that are loaded with pigment
granules and are in direct connection with the fibres of ocellar nerves arising from the
protocerebral lobes.
The answer as to the nature of the organs would seem to be decided by whether, when
such pulsatile structures are present, dorsal ocelli are absent. Day (1955) states that in
certain families the presenceof the organs together with ocelli showsthat the two structures
are distinct. Apparently, however, in the cockroach there are no structures other than the
propulsatory organs that could be taken as dorsal ocelli and clearly in Culicoides as
Figure 80. Compound eye and ocelli.
Tangential sectionin region of lateral ocellus,showingnerve to ocellusfrom the ganglionic
plate of the optic tract.
Frontal region of head, showingposition of the dorsal ocelli.
Coronal section through the two antenna1 pulsatory organs (modified dorsal ocelli).
a, cuticularplate; b, cellular massbelow same; c, cavity (blood sinus); d, ganglion-likemass
(possiblyrepresentingretinal cells); e, musclefibrespassingto d from wall of aorta.
4 Reconstructionfrom serial sections,showingantenna1blood vesselpassingfrom antenna1
pulsatory organ. a-d, as in no. 3; e, tubular vessel.
5 Logitudinal sectionof ommatidium of compound eye of Ak;des aegypti, as seen without
removal of pigment. e, level at which the transversesectiongiven in no. 12 is taken.
6 The same of two ommatidia after removal of pigment. a, nucleus of iris pigment cell;
b, nucleusof accessorypigment cell; c, indicateslevel at which transversesectiongiven in
no. 10 has been taken; d, level at which no. 11 is taken; f, level at which no. 13 is taken.
7 Portion of tangentialsectionof compoundeye passingthrough the dark stainingrim of the
corneae(as shownat a and b in no. 8). a, positioncorrespondingto a of no. 8; b, positionb
of no. 8; c, the four crystal cell nuclei situatedclosebeneaththe lens (showndotted in ommatidium to the left) ; d, nucleiof the two iris pigmentcells;e, portion of peripherywherethe
sectionpassesthrough the corneaejust above the dark-staining(more sclerotised)lower rim.
8 Vertical sectionthrough rim of cornea, showingsclerotisedrim and interval between the
corneae (cuticular frame). a, correspondingto position a in no. 7; b, correspondingto
position b in no. 7.
9 Transversesectionthrough level correspondingto b in no. 6 (level of nuclei of accessory
pigment cells). Showsiris pigment cells surroundingnarrowed portion of cone-like body
and surroundingnuclei of accessorypigmentcells(pigmentremoved).
10 Transversesectionat level c of no. 6 (pigmentremoved).
11 The same at level d. Rhabdome formed of rhabdomeressurroundedby cytoplasm of
retinula cells(pigmentremoved).
12 The same at level e of no. 5. Rhabdome in centre with pigment surroundedby ring of
pigmentin inner portion of the retinula cells.
13 The sameat level offin no. 6. Showingnuclei of 7 retinula cells.
Lettering: ao, aorta; apt, accessorypigmentcells; cb, cone-likebody; cbn, nucleusof cone-like
body; co, cornea; E, compoundeye; F, frons;JiZ,flagellum(of antenna); gp, ganglionicplate of
the optic tract; hpc, hypobasalpigmentcell; ipc, iris pigmentcell; jo, Johnston’sorgan; Ze,lens;
m, musclebundles(m.21 and 22); n, nerve to ocellus;oc, ocellus;P’, anterior portion of oesophagealpump; pd, pedicel; rb, rhabdome; rc, retinula cell; rcn, nucleusof retinulacell; sea, scape;
t, trachea; V, vertex.
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described by Jobling only either the ocelli or the organs are represented. It seemspossible
that the organs have the function of maintaining due tension in the antenna, especially
where these are long and filamentous. It is even further possible that there might be an
alternative relationship as between the use of long antennae and the dorsal ocelli as perceptive organs.
THE

COMPOUND

EYES

The compound eyes of Culex have been described by Constantineanu (1930); see also
Buddenbrock (1939). Recently a very detailed study of the structure and development of
the compound eyes of a speciesof Culex (Culex pipiens var. pallens Coq.), of a speciesof
Aedes (A. (F’inlaya) japonicus Theo.) and of Anopheles (A. hyrcanus var. sinensis Wied.) has
been made by Sh8z6 Sato (1950; 1951a, b; 1953a, b).
In Aedes aegypti the compound eyes occupy the greater part of the lateral aspectsof the
head and are approximately of the same relative size in both sexes.They are kidney-shaped
with a hollowed-out border anteriorly, deeper in the male than in the female, to accommodate the basal antenna1segments. Dorsally the eyes approach each other, leaving a narrow
isthmus of vertex between them. Ventrally they nearly meet beneath the head. Each eye is
surrounded by a rim of thickened cuticle which forms a shallow apodematous frame, the
ocular sclerites. These are linked together dorsally by a thickened bar where the vertex
meets the frons. Each eye is composed of some hundreds of ommatidia, which on the
surface appear as regularly aligned facets.
The ommatidia (Fig. 80 (5-13)). The structure of the ommatidia of the compound eye in the
mosquito has been described by Sh8z6 Sato in the speciesstudied by him. His description closely accords with the findings in Aedes aegypti. Each ommatidium consistsof three
parts, namely a cornea1portion, an iris portion and a retinal portion. The cornea1portion
includes a thin outer cuticle, the cornea (Fig. 80 (5) co) and an underlying biconvex corneal
lens (Ze). The cornea is a rigid strongly convex structure about a micron in thickness and
almost hemispherical in form. The lens is also strongly convex distally, but somewhat
flatter, though to a variable extent, proximally. When stained it commonly shows a darker
portion towards its base or several such areas in a nest-like arrangement. Below the lens
is the cone-like body (cb). In the mosquito this is formed of four crystal cells, the nuclei of
which, being situated just below the lens, form a characteristic appearance in tangential
sectionsthrough the eye (Fig. 80 (7) c). That the cone-shapedbody is not a true crystalline
body secreted by the crystal cells but constituted by these, places the mosquito eye in the
classof acone eyes, as distinct from the eucone eyes of many insects.The crystal cells narrow
proximally so that the cone-like body tapers towards the retinal portion of the ommatidium, finally meeting the central sense body or rhabdome. Surrounding the cone-like
body are two densely pigmented cells, iris pigment cells (ipc), the nuclei of which appear in
tangential sections situated to the side of the four crystal cell nuclei (Fig. 80 (7) d). The
retinal portion of the ommatidium consistsof eight pigmented sensecells, retinula cells (rc),
the large nuclei of seven of which are situated close to the basement membrane (Fig. 80
(6), (13)). Formed by the inner portions of the retinula cells are the rhabdomeres, which
together form the rhabdome or central senseorgan (Fig. 80 (5), (6) rb). The retinula cells
contain pigment granules, massed especially in the inner portions around the rhabdome,
but leaving a clear area, intermediate area, consisting of neurofibrils (Fig. 80 (5-12)).
Basally is the basement membrane through which fibres pass from the retinula cells to the
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plexus of nerve fibres passing between the retinal portions of the ommatidia and the
ganglionic plate of the optic tract. Beneath the basement membrane opposite each ommatidium is a branched pigmented cell, hypobasal pigment cell of Shozo Sato (hpc). Surrounding the ommatidium is a circle of elongate pigment cells passingbetween the external
cuticle of the eye and the basement membrane, but with nuclei all at a level slightly below
the crystal cells, accessory pigment cells (apt). The outer parts of these cells form a dense
continuous pigment mass underlying the cuticular frame in which the corneae are set as
described later in the section on the facets. The iris pigment cells, the retinula cells, the
accessory pigment cells and also the basement membrane, hypobasal cells and nerve
plexus are all heavily loaded with pigment. The cone-shaped body and to some extent the
rhabdome are free from pigment and appear as clear areas in the otherwise densely pigmented ommatidium.
Certain changestaking place in the eyes of Culex under conditions of light and darkness
are described by Sh8z8 Sato (1950). In the light adapted condition the parts are as
described above for AZdes aegypti. After some hours exposure to darkness, however, the
rhabdome pushesoutwards opening up the crystal cells and moving into the iris portion
of the ommatidium, approaching and nearly touching the lens, which thickens proximally.
Some change in the same direction is figured by Shoz6 Sato (1953a) in A. japonicus,
though to a less degree.
It is clear from the description given above that the mosquito eye is to be classedas of
appositional type, that is, the retinula cells and rhabdom are placed immediately behind the
cone and not separated by a long interval with segregation of pigment to allow lateral
passageof light between neighbouring ommatidia as in the superpositional type of eye as
seen in some nocturnal insects.
The facets (Figs. 80, 81). The facets of the compound eyes of insects,including those of the
mosquito are commonly described as hexagonal. In the case of the mosquito as seen in
AL;desaegypti this requires some modification, or at least amplification. The appearance
of the facets varies a good deal depending upon the conditions and magnification under
which the eye membrane is viewed. If the eye membrane of A. aegypti, appropriately
treated as described later, is viewed in water under fairly high magnification, each facet
appears as a clear transparent circular area, representing the cornea with the subjacent
lens, surrounded by what appears as a ring of less transparent cuticle (Fig. 81 (3)). The
rings, like the corneae, are circular and hence leave areas where their contours fail to meet.
Such areas appear as small equilateral triangles, six in number, set around each cornea.
That these are not merely artefacts is shown by the fact that air may be trapped beneath
them forming small triangular air bubbles (Fig. 81 (4)). When, however, the eye membrane
is examined mounted in a medium such as canada balsam, the corneae usually appear as
large clear circular areas filling or almost filling the facet and with their circumferences in
contact. Being circular they still leave triangular areas where their circumferences fail to
meet. Sometimes the small triangular areas described above may be made out within such
spaces,but commonly the cuticle being now more transparent the appearance is merely of
triangular spacesbetween the circular corneae (Fig. 81 (5)). Occasionally the corneae may
themselves be more or less hexagonal, possibly as a result of pressure in mounting, but
even so in no case do they form sharp-angled hexagons.
As shown by the study of mounted preparations and sections,the following conclusions
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appear to hold good. The corneaeare circular in outline, leaving a certain amount of
relativelyflat cuticlebetweenthem.The lowerrimsof the corneaealsoconsistof sclerotised
cuticleas distinctfrom the cornea1substanceproper. The differencebetweenthe cornea1
substanceproper and the darker-stainingsclerotisedmarginsmay often be very clearly
shown as in the sectionstainedby Holmes’ method shown in Fig. 80 (7). Thus, taken
together,the cuticularsubstanceforms a frameworkin which the corneaeproper are set.
The intercornealcuticlefurther correspondsto and overliesspacebetweenthe ommatidia
in which the accessorypigmentcellslie. In the undecolorisedeye the accessorypigment
cells underlyingthe circumferentialarea form a denselypigmentedmassof cytoplasm
immediatelybeneaththe cuticlefurther emphasisingthe fact that the facetsare essentially
circular.
The facets,may, however, convenientlybe consideredas hexagonalin so far as in
apportioningthe total eye areabetweenthem the areaallotted per facetwould needto be
hexagonal.The point, as will be seenlater, arisesin relation to measurementof the facet.
Number of facets. In Culexpipiens Sh6z8 Sato (1950) found the number of facetsin each

eyein the femaleto be 503-60, and in the male 440-62, the surfaceof the eyein the female
being0*285--0*295
nnn2 andin the male0.21l-O.236 mm.2. In AZdesjaponicusthe numbers
were 504-27 in the femaleand 409-28 in the male, the eye area being respectivelyO-2860-314mm.2 and O-199-0*223mm.2.
Table 48. Number of facets and area oj’ the compoundeye of female and male
I
Aedesaegyptiwith calculated data basedon same

Material
Female no. 1
Female no. 2
Female no. 3
Female no. 4
Mean
Male no. 1
Male no. 2
Male no. 3
Mean

No. of
facets
468
492
421
447
457
362
358
369
363

Calculated
area of
Area of
hexagonal
facet
eye
(mm.2/1000)
(cL2)
216
462
236
480
203
482
211
472
216
474
445
161
140
391
355
131
144
397

Calculated
diameter
of
inscribed
circle (d)
(p)
23-l
23.6
23.6
23.4
23.4
22.7
21.2
20.3
21.4

Figure 81. Facets of the compound eye.
Showing relation of area of hexagon to diameter of the inscribed circle. The figure shows that
the area of the hexagon equals that of six equilateral triangles with sides equal to h and that r
is readily calculated from h since the half base ad is equal to half h and the angle adc which
is a right angle.
Camera lucida drawing of eye membrane divided and flattened. The facets are indicated by
dots placed in their centre. The small crossesindicate lines that terminate (see text). A-D, areas
ofeye ;A, dorsal ;~,anterO-ksteral;
c, lateral ;D, postero-lateral;E,ventral;
a,vertex;b, Cuticle
surrounding base of antenna ; c, cuticle of occiput.
Showing appearance of facets as examined in water.
Showing trapping of air under inter-cornea1 cuticle.
Showing appearance of facets as mounted in balsam.
To show arrangement of facets in lines at 120”.
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The area of the eye and number of facets as determined in four female and three male
A. egypti are given in the accompanying table (Table 48). The counts have been made
from camera lucida drawings of eye membrane suitably cut to lie flat. The mean number of
facets for female and male respectively works out as 457 and 363. Allowing for some
possible loss in cutting the membrane the actual numbers may be very slightly greater.
Arrangementsof facets. A few words may be said regarding the arrangement of the facets.
It is evident that these are arranged in very regular rows. It is also evident that, if the
facets are circular or hexagonal, of equal size and fitted as closely as possible, they must of
necessity on a flat or uniformly curved surface be arranged so that in three directions at
120” to each other they form lines in which diameters through their points of contact are
continuous and in the same straight line (Fig. 81 (6)).
Except that the lines of facets in the eye are slightly curved, this is very obviously the
arrangement (Fig. 81 (2)). The lines are quite long, running from one margin of the eye to
another, one series nearly horizontal, one dorso-anterior to ventro-posterior and one at
the same angle in an opposite direction. The surface of the eye not being wholly equally
convex some adjustment is, however, necessary. One method by which this is effected is
by the dropping of a line at a suitable point (Fig. 81 (2) x). Another is to make some
increase in the inter-facetal intervals as is commonly seen in the antero-lateral portion of
the eye as noted later.
Since rows of facets are often nearly straight, there are always in all parts of the eye many
examples where three or four facets have the diameters through points of contact in a
straight line so that they can be measured simultaneously and the mean taken, thus much
reducing the labour involved and probably increasing accuracy. An even more important
point is that with the three directions noted measurements can be made in the three
directions. In measurementshere given, unlessotherwise stated, the diameters of the facets
given have been the means of a considerable number of observations, nearly always fifty
or more, made in the three directions noted.
Size of facet. In recording size of facets Sh8z8 Sato divides the kidney-shaped eye into
the following areas: dorsal ; antero-lateral ; lateral ; postero-lateral ; and ventral. In Culex
pipiens the facets in the postero-lateral area were smaller than in other parts of the eye
(diam. 17.7-23.1 ,u), and those in the ventral area larger (diam. 23.1-27.1 ,u). In AL;des
japonicus the smallest facets were also in the postero-lateral area (diam. 19G29*5,~), the
facets in other parts of the eye ranging from 23.3-29.5,~. In this case gradation in size
showed a contour effect, the facets being smaller posteriorly and increasing in size towards
the anterior margin with a maximum in the ventral area. In measuring the size of the facet,
which he describes as hexagonal, Sh8z8 Sato uses the diameter of the inscribed circle
within the hexagon.
A special interest attaches to the size of facet in different areas of the eye in A. aegypti
since, while Culex pipiens is essentially a nocturnal or crepuscular feeder, Ai;des aegypti
under natural conditions is strictly diurnal, though usually attacking in the shade. Another
reason why size of facet in different parts of the eye is of interest is that Kennedy (1940),
basing his conclusionson behaviour in flight of A. aegypti, considered that there was some
difference in function of the different parts.
Before giving observations made on this speciesa word may be said on technique. One
difficulty is the pigment which must be removed. Another is the markedly convex shape
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of the eye surface which prevents the eye membrane being spread flat without dividing it
up in some way. The best results have been obtained by treating the bisected, or otherwise
divided, head, of material fixed in Bles’s fluid (form01 acetic alcohol), overnight in 10 per
cent KHO at 37” C. and after changing to water removing with a few touches of the needle
any still adherent tissue. This leaves the eye membrane perfectly clear from pigment and
retaining its original form. I have not found Grenacher’s fluid so effective for this purpose.
To ensure the eye membrane being suitably flat for examination it is necessaryeither to
nick it, or better, to divide it up into recognisable portions (or the head before potashing
may be suitably divided). The portions may then, after transfer to water, be mounted
direct in a very small drop of water under a cover-glass. The same fragments can later, if
desired, be mounted in the usual way. A useful medium for the purpose is Bhatia’s
medium (see under ‘ Technique’, p. 116) to which the specimen can be transferred direct
from absolute alcohol. By measuring the same specimensin water and again after mounting
in Bhatia’s medium it was ascertained that no appreciable difference in size of facet had
occurred. The advantage of examining in water is that the material is softer and lies flatter.
Measurements made from sectioned material also gave very similar results indicating that
the eye membrane is a relatively rigid structure, as is also shown by the shape being
retained after treatment with potash.
One method of determining the mean area of the facet is to determine the total eye area
and divide this by the number of counted facets. Data in this respect are given in the
accompanying table (Table 48). The mean area so determined from four females was
0.216 mm? and from three males O-144mm.2.
The area of facet so given is that where the facet is considered as a hexagon and to
obtain the diameter of the inscribed circle as used by Sh6z8 Sato it is necessaryto calculate
this from the data. This can readily be done.
By graphical methods it can be shown in regard to a regular hexagon and the inscribed
circle that the area of the hexagon equals twelve triangles of the size of the triangle ADC
(Fig. 81 (l)), t wo of which are equal to the parallelogram AEDC of which the sides are
equal respectively to the radius of the inscribed circle and half the side of the hexagon.
From such a relation it can be readily worked out that the area of the hexagon in terms of
d (2r) is given by the expression
d= l-075 ,/A,
where d is the diameter of the inscribed circle and A the area of the hexagon. Using this
formula, the mean for the diameter of the inscribed circle in four female and three male
A. aegypti has been given in column 4 of Table 48. The values give as the mean for the
female 23.35~ and for the male 21.4,~~
To arrive at the size of facet for different areas of the eye, however, it is necessaryto
measure d directly. Data in this respect are given in Table 49.
The data given in the table show very definitely that the facets in the male are smaller
than in the female, the mean values being 23.4,~ for the female and 21.4~ for the male,
incidentally almost exactly the figures obtained by the first method of arriving at these
values.
It is evident also that in A. aegypti any difference in size of facet in different parts of the
eye is very small. Such differences as do appear are the slightly smaller facets in the dorsal
area and somewhat larger facets in the lateral and antero-lateral areas, the effect in the
latter instance being, at least to some degree, due to an increasein the cuticular framework.
42
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There is alsosomeindication,asnoted by Sh8z6 Sato in his species,of an increasein size
passingforwards from the postero-lateralarea to the antero-lateral,including to some
extent the ventral area. It may be worth noting that in the larva the ommatidia of the
compoundeyescommenceas a fine crescenticline just in front of the ocellusthat will
eventuallyform the posterior margin of the eye and that growth of the eye occursby
successive
addition of lines of facetsanterior to this.
Table 49. The diameter of the inscribedcircle of facets in d@erent areas of the
compoundeye of @male and male Aedesaegypti
Material
Female A
Female B
Female C
Female D
Female E
Female F
Female G
Female H
Mean
Male K
Male L
Male M
Male N
Mean

Dorsal
w
21.3
22.5
224
21.9
23.4
22.1
21.6
22.9
22.3
20.6
20.1
19.9
20.3
20.2

Anterolateral
@I
23.8
24.5
24.4
24.4
23.8
24.7
24.2
22.1
24.0
22.1
21.2
22.6
21.6
21.9

Lateral
0
23.9
23.4
22.9
23.2
23.8
23.8
22.9
24.6
23.6
21.2
21.9
22.5
22.6
22.05

Posterolateral
w
22.4
23.4
22.6
22.6
23.4
23.4
22.2
22.5
22.8
20.3
21.3
19.1
21.2
20.5

Ventral
(CL)
23.1
24.2
23.1
23.4
23.4
22.9
22.9
22.5
23.2
20.9
21.8
21.6
20.3
21.15

Examined in
Water
Water
Water
Water
Water
Water
Bhatia’s medium
Serial sections

Water
Bhatia’s medium
Serial sections
Serial sections
-

Mean
22.9
23.6
23.6
23.2
23.6
23.4
22.8
22.9
23.25
21.0
21.3
21.1
21.2
21.15

Note. A, B, C, D are normal-sized females.
E is a selectedlarge female, measuring7.2 mm. from tip of proboscis to tip of abdomen.
F is a selectedsmall female giving 6.0 mm. for the same measurement.
G is the same female as F but measurementsmade on the eye parts after mounting.

Sincetherewasa reductionin sizein the male ascomparedwith the much largerfemale
insectit wasthought of interestto seeif reductionin sizeof facet occurredwith reduction
in size of the female. As shownin the table a small female, however,gave very similar
measurements
to thoseof a selectedlarge female. To obtain a female as small as a male
would have requiredspecialbreedingand the questionmust be left unansweredfor the
present. It is clearly,however,mainly by reductionin number of facetsthat adjustment
is madeto the sizeof the eyein the respectivesexes.
JOHNSTON’S

ORGAN

The senseorgan in the secondsegmentof the antennacommonly known as Johnston’s
organis presentvery generallyin insects,but is especiallydevelopedin the Culicidaewhere
it hasreceivedmuchattention. First drawnattentionto by Johnston(1855)asthe auditory
apparatusof the Culexmosquitoit wasstudiedin respectto its functionsby Mayer (1874)
and its structuredescribedby Child (1894). Later it has beendescribedin great detail by
Eggers (1924), in Culex and in Anopheles stephensi by Risler (1953, 1955) (see also
Debauche,1935; Tischner,1953). I haveseena referenceto P. Mayer, Sopra certi organi di
sensenelle antennae dei Dipteri (Rome, 1879), but have beenunable to seethis work or
find any note as to its contents.
Essentiallythe organ is a massivecollectionof sensillaof scolopophoretype inserted
into the regionof the articulationof the antenna1flagellumwith the pedicel. It is considered
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to register movements or vibrations of the flagellum. To judge from its great size and
complexity it almost certainly has some very important function and according to Mayer
the vibrations of the antenna1 hairs enable it to function as a directive organ towards
sounds, notably by the male, in which the antenna1 hairs and the organ are especially
developed, in locating the female. The differences in the organ in the sexesin A. aegypti,
however, seem insufficient to point to the organ as having a function restricted to the
male for such a purpose.
The organ is located in and occupies the whole interior of the globular second antenna1
segment or pedicel. Apically this is flattened and its walls turned in and depressedto form
a deep somewhat funnel-shaped depressionor pit, apical pit, at the bottom of which is the
articulation with the third segment of the antenna forming the base of the flagellum. The
outer wall of the pedicel is strongly and uniformly sclerotisedwith an inner lining of cells
of hypoderm type. There appears to be no special attachment of the organ to the walls.
The apical pit is also lined with hard and rigid cuticle covered with numerous microtrichae
and irregular circularly disposed linear thickenings. The lower margin of the wall of the
pit, which is much thickened, forms a strongly sclerotised circular ridge covered with
thorn-like microtrichae, basal ridge. The floor of the pit is flat formed by a circular plate in
the middle of which is set the base of the flagellum. The plate, basal plate, articulates by
a narrow line of articular membrane with the base of the flagellum and by its outer edge
with the sidesof the apical pit below the basal ridge (Fig. 82 (1)). The plate stainsdifferently
from the usual cuticular thickenings and may be more resilient in character. It is thickest
where it articulates with the base of the flagellum and thins out towards its edge. Beneath
it is a thick layer of cells with large nuclei resembling those of the subcuticular hypoderm.
In connection with the plate is a rather complex arrangement for the insertion of the
numerous scolopale elements or senserods (St@ of German writers) of the massof sensilla
forming the organ. Briefly this consistsof ridges which radiate out on the basal plate and
are continued on to the lower wall of the apical pit below the basal ridge. Into these ridges
(Spangenof the German writers) are inserted rows of the numerous fine senserods coming
from the main mass of scolopophores, that is, those coming from the sensecells of all the
outer layer of the organ other than those of the extreme apical portion. Between the ridges
are membranous septawhich form a conspicuousfeature in sectionsthat passthrough them
(Fig. 82 (0, (2)).
Not all the scolopophores are inserted into the ridges. Three sets of scolopophores are
distinguished by Eggers. The main bulk, outer series,are those referred to above as arising
from the greater part of the outer layer of the organ and having senserods inserted into the
ridgesdescribedabove. In the apical portion of the organ are scolopophores,innerseries,the
senserods of which pass down between the septa to be inserted into the upper surface of
the basal plate towards its outer edge (scp’). A third and still smaller series of scolopophores have rods inserted into the lower surface of the basal plate (scp”‘).
The scolopophores as described by Debauche (1935) and figured by Eggers and others
consist of an outer sensecell and two supporting cells, namely a proximal sheath cell and
a distant cap cell. But though the sensilla of Johnston’s organ are of scolopophore
nature they do not according to Snodgrasspossessthe characteristic peg-shaped rod or
scolopscharacteristic of the scolopophore sensilla of some other senseorgans. The outer
zone of the organ consistsof the sensecells, the nuclei of which form a double or triple
layer (Fig. 82 (1) sn.c). Internal to this outer zone is a zone free from nuclei that consistsof
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nerve fibres. Internal to the zone of nerve fibres there are two zones characterised by
elongate oval nuclei, the nuclei respectively of the sheath and cap cells. The nuclei of these
cells and the bundles of scolopidial filaments are arranged, especially in the male organ,
in radially aligned sheets, the nuclei situated externally and the mass of fine filaments
internally.
In the centre of the organ is a spacein which passtwo nerves to the flagellum, the tubular
blood vesselfrom the propulsatory organ and a small trachea. The central spaceis formed
by the antenna1nerve opening up as it enters the organ in a calyx-like manner. As it does
so it leaves ventrally and internally a gap that acts as a passage-wayinto the central space,
it being through this gap that the blood vessel of the propulsatory organ and the trachea
pass. It is from here also that the two nerves to the flagellum arise from the inner aspect
of the antenna1nerve (Fig. 82 (1) b).
THE

SENSE

ORGANS

OF

THE

HALTERES

A description of the halteres has already been given when dealing with the external
structure of the imago. It is necessaryto supplement this in the present connection by a
more detailed account of the sensory organs with which these are so well supplied. A most
detailed account, giving practically all that is known of the structure of the sensory organs
Figure 82. Senseorgansof Johnston’sorgan and haltere.
Vertical sectionthrough secondantenna1segmentto showmain featuresof Johnston’sorgan.
a, central space;b, showingposition of openingthrough the antenna1nerve and site of giving
off of nervesto the filament.
Showinginsertionof the three seriesof scolopopidiaand nature of the septa. a, septumseen
on the flat; b, septaas usually seencut in transversesection.
Lower portion of right haltere showingdorsal surfaceand position of the dorsal scapalplate
and basalplate. On the right border are the two undifferentiatedpapillae.
Portion of ventral surfaceof left haltere showingraisedmembranousprotuberanceon which
is situatedthe ventral scapalplate. Note size and number of microtrichae.
A small portion of the dorsal scapalplate to showfeaturesof the rhomboidal sensillaeand
scatteredmicrotrichae.
Cross-section
of rhomboidalsensillaof scapalplates. A, dorsalscapalplate; B, ventral scapal
plate.
Tangential and vertical sectionof sensillaof basal plate. A, superficialcut showingcentral
sensoryrod and absenceof microtrichae; B, cut through base of sensillashowingcentral
body and cuticularframework; c, vertical sectionshowingprocessesof sensecells.
Sectionsthrough rhomboidal sensillumto show structure (after Pflugstaedtand Pringle).
A, cut in direction of slit; B, cut transverselyto slit.
Tangential sectionnear tip of terminal segmentof maxillary palp to show club-shapedand
hair-like sensilla. a, thin-walled club-shapedsensitivehairs; b, thin-walled sensitivehairs;
c, microtrichae;d, normal thick-walledhairs.
Lettering: a.p, apicalpit; b.p, basalplate (of Johnston’sorgan); b.r, basalridge;b.v, blood vessel
(from propulsatileorgan); bp, basalplate (of haltere); dsp, dorsalscapalplate; nf, one of the two
nervesto antenna1filament; XC, sclerotisedanterior border of haltere; scm,membranousarea;
scp, zone of distal cap cells (inner) and envelopingcells (outer) of scolopophoroussensilla;
scp’, inner series of scolopophoroussensilla; scp”, outer seriesof scolopophoroussensilla;
scp,“’ third seriesof scolopophoroussensillainsertedbeneath the basal plate; sn.c, sensecell
zone; spn, cuticular rods (Spangen); up, undifferentiatedpapillae.
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of the halteres in the higher Diptera (Sarcophaga, CalZiphora, Syrphis, and Eristalis), is
that by Pflugstaedt (1912). A more recent account, giving a very clear and concise description of the organsin Calliphora, is that by Pringle (1948) (seealso Lee, 1885; Weinland, 1891;
Lowne, 1895). On these organs in the mosquito the only detailed account is that by
Prashad (1916). From this account it is clear that the organs, both in anatomical features
and minute structure, are very similar to those of the higher Diptera. They consist of
(1) the dorsal scapal plate; (2) the ventral scapal plate; (3) the basal plate; and (4) two
undifferentiated papillae on the posterior edge of the scape. How far other structures can
be stated to be present will be discussedlater.
In Calliphora there are also present: a group of sensilla situated close to the anterior
margin of the basal plate, dorsal Hicks papillae; a smaller group on the ventral surface
proximal to the ventral scapal plate, ventral Hicks papillae; an undifferentiated papilla,
apparently distinct from (4) as given above, and situated on the anterior side of the dorsal
scapal plate; and two chordotonal organs situated in the basal portion of the haltere, a
small and a large chordotonal organ.
The dorsal scapal plate in AL;des aegypti consistsof about 12 rows of sensilla, the same
number as noted by Prashad for A. pseudotaeniatus. In the middle rows of this series the
number of sensilla is seven, the total number of sensilla in the group being from 60 to
65 (Fig. 82 (3)). The sensilla consist of rhomboidal papilla each composed of two opposed
lateral elevations with thickened crests which form the edges of a cleft-like opening into
a cavity in which the termination of the sensory cell is situated. The arrangement of the
sensilla suggestsridges thrown into oblique corrugations, each corrugation forming a
sensillum(Fig. 82 (5)). When cut transverselyto the ridgesthe sensillaappear as mound-like
elevations with flat intervening areas of cuticle from which arise scattered microtrichae
(Fig. 82 (5)). Within the opening of the sensillumthere is an elongate sunken cuticular body
and deeper in than this a globular mass. The sensilla therefore conform to the structure
given by Pflugstaedt for the rhomboidal sensilla in CaZZiphora and the higher Diptera as
indicated in Fig. 82 (8).
The ventral scapalplate has about nine to ten rows of sensilla, but differs from the dorsal
scapal plate in that each row is formed of two, or at most three sensilla. The sensilla are
rhomboidal and resemble those of the dorsal plate, but are slightly smaller and the microtrichae arising from the cuticle are much longer and thicker, so much so that the sensilla
are not so clearly displayed as are those of the dorsal plate. Also the sensillaof the ventral
scapalplate, in place of being like those of the dorsal scapalplate on a flat surface, appear to
be borne upon a rather prominent narrow membranous elevation situated just posterior
to the hard scapal anterior margin. On this elevation the more anterior of the sensilla
are contained as double furrows (Fig. 82 (4)).
The basal plate consists of nine rows of sensilla, the number of sensilla in the rows
varying from nine anteriorly to two or three posteriorly, the whole forming a roughly
triangular area (Fig. 82 (3) bp). The sensilla appear as hemispherical swellings smaller
than the rhomboidal sensilla of the scapal plates and in close contact without any microtrichae. In section they show as rather globular structures set in a cuticular framework.
Passinginto each sensillumis a stout process from a sensorycell, the whole seriesof such
processesforming in sections a fan-like arrangement (Fig. 82 (7) C). Accompanying the
large nuclei of the sensory cells are smaller nuclei of the associatedcells.
The two undi~rentiatedpapillae
are situated on the thin membranous edge of the scape
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towardsits proximal end (Fig. 82 (3) up). They are on the oppositeside of the dorsal
scapalplate to the large singleundifferentiatedpapilla as figuredby Pringlein Calliphora.
In Calliphora the dorsalHicks papillaeare situatedcloseto the basalplateon its anterior
side, that is towards the curved-inlower end of the sclerotisedanterior border of the
haltere. In Agdes aegypti there is no separategroup of sensillain this position,but the
two most anterior rows of sensillaof the basalplate, which are slightlyout of line with
the rest,may representthis structure(Fig. 82 (3) bp). The ventral Hicks papillaein Calliphora are situated on a prominenceproximal to the ventral scapalplate. I have not
succeededin finding a correspondingstructurein AL;desaegypti.
The two chordotonal organsin Calliphora, as given by Pringle after Pflugstaedt,are
situatedin the basalportion of the haltere. The large chordotonalorgan consistsof a
large number of typical sensillasituated beneath a well-marked protuberanceof the
cuticleon the ventral side of the basalregion of the haltereposteriorto and proximal to
the scapalplate. Its directionis acrossthe baseat an angleof 45” to the longitudinalaxis
of the haltereslopingdistallytowardsthe rear. The sensillaare not visibleon the surface.
The small chordotonalorganextendsfrom the dorsalsurfaceat the distal margin of the
basalplate verticallyto the ventral surfacebehind the proximal end of the scapalplate.
The dome-shapedprotuberanceappearsto be presentin Ak’des aegypti as also a massof
sensorycells,but the actual structurespresentstill requireto be ascertained.
Entering the baseof the haltereis the large haltere nerve. Before enteringthe haltere
thisgivesoff a lower branchwhichpassesto the baseof the organ.The main nervedivides
into fan-shapedportions,passingto the sensorycellsat the basesof the differentsensory
organs.
SENSE

ORGANS
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Trichoid sensillaconsistingof thin-walledhairson the antennaeof both sexesin A. aegypti
are describedby Roth and Willis (1952) (see also Roth, 1951). In the male these are
restrictedto the last two flagellarsegments(the other segments,apart from the largehairs,
being smooth and hairless). But in the female suchhairs are presenton all the thirteen
flagellarsegments.They are 40-50,~ in length, thin walled and without articulatedbase,
arisingfrom thin membraneovera pore canalsurroundeddistallyby a semicircularridgein
the cuticle. Proximallya medianridgepasses
backwards.They are setat irregularintervals
alongthe lengthof the segmentand in the femalenumbersome30-50 on a segment.They
are consideredon experimentalevidenceby Roth and Willis to be hygroreceptors.In
addition to the thin-walled hair sensilla the above-mentionedauthors also note the
presenceof a certain numberof peg-likesensillaon the antenna1segments.Smith (1919)
has figured basiconicsensillaat the tip of the antennain Culexpipiens. In the male of
AnophelesstephensiRisler(1953)notesthepresence
of sensecellsat the baseof the longhairs
on the first flagellar segment. In Ak;desaegypti in both male and female the tip of the
antennaendsin a rathersuddenlyconstrictedspikeat the end of whicharetwo thin-walled
papilla-likeelevations.
The female palps of A. aegypti are abundantlysuppliedon the terminal segmentwith
thin-walled club-shapedsensillaas describedin this speciesby Roth and Willis (1952).
This segmentis free from scaleson its ventralaspectwherethe sensillaare chieflypresent
and the surfaceis stronglyconvex,suggesting
a definitelytactile organ. On the preceding
segmentfew or none of thesesensillaare present.The sensillaare characteristically
club663
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shaped hairs about 20-30,~ in length arising from membrane covering a circular pore canal
surrounded by a circular cuticular ridge (Fig. 82 (9) a). Pointed trichoid sensilla are also
present (b). The terminal segment of the male palps is not swollen like that of the female
and is uniformly covered with scales. It lacks the above-mentioned sensilla and has not
the appearance of an organ used for tactile purposes. At the extreme tip of the female
palps is a large circular area of membrane carrying a central short sclerotisedpeg.
SENSE

ORGANS

OF

THE

LABIUM

AND

BUCCAL

CAVITY

Frings and Hamrum (1950) describe the sensory structures on the labella of A. aegypti.
They note four types of hairs on the labella in both female and male, namely (1) short
epicuticular hairs about 7,u long (non-sensory); (2) long pointed hairs about 40,~ in length
arranged in a fan-shaped pattern at the tip of the labella and scattered elsewhere, which
appear to be tactile; (3) medium-sized curved hairs 20,~ in length at the tip and on the
ventral surface similar to gustatory end-organs on labella of other Diptera (Frings and
O’Neal, 1946; Frings and Frings, 1949) that may be chemoreceptors; (4) short blunt peglike hairs, 6,~ in length, of which there are about fourteen on the dorsal surface of each
labellum of unknown function.
Towards the tip of the labrum are the two small gustatory papillae (of authors) (Fig. 54
(8) A). They are present also on the modified labrum of the male (Fig. 54 (8) B).
In the buccal cavity are the sensory pits on, and at the sidesof, the anterior hard palate
and those on the posterior margin of the organ (Fig. 63 (4), (5), (8)). These appear as
circular pore canals covered with membrane bearing usually a small central hair. Those on
the hard palate itself are larger and more typically of basiconic type.
SENSE

ORGANS
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One of the most striking features of the sensory equipment of A. aegypti apart from the
major senseorgans is the large number of ‘sensory pits’ with which the under surface of
the thorax and basesof the legs are provided. A rather conspicuoussensillumis present on
each side of the face of the prothorax at the edge of the propleural extensions from the
prosternum (Fig. 55 (4) so). On the mid-coxae are the little groups of eight sensillain two
rows of four (Fig. 56 (1) so) and on the posterior aspect of the hind coxa is on each side a
little group of three sensilla (Fig. 55 (7) so). On the trochanters, close to their articulation
with the coxae are two groups, each of two rows of four sensilla (Fig. 56 (4), (9) a, 6) and
on the bulge near the base of each femur is again a double row of sensilla(Fig. 56 (4), (5)).
According to Frings and Hamrum there are on the tarsi of the fore- and mid-legs of
A. aegypti, among non-sensory spines and scales, many slightly curved hairs probably
tactile in function. At the distal end of each segment of the tarsus these authors also note
the presenceof groups of short curved hairs of approximately the same size and appearance
as those they have described on the labella. These may be tactile receptors, though proof is
wanting. Menon (1951) describestwo rows of bud-like sensilla on the fore- and mid-tarsi
in Culicines, on the fore-tarsi only in Anophelines and none in Megarhinus. Wallis (1954)
in AZdes aegypti found all tarsal segmentsprovided with curved thin-walled spines corresponding with the sensory areas. There do not appear to be any sensory pits, so far as
I have been able to ascertain, on the tarsi of A. aegypti.
Two small groups of scattered sensory pits are present on the remigium at the base of
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the wing (Fig. 57 (8) Rg). These are circular or slightly oval sensillaabout 3,~ in diameter,
hemispherical in shape and lacking any central hair. If they are proprioreceptors and of
campaniform type, they would resemble the sensilla of the basal plate of the haltere and
not the rhomboidal sensilla of the scapal plates.
In another communication (Christophers, 1951) I have described in Culex pipiens and
C. molestusa sensory pit of the hair-bearing type at the side of the female hypopygium
just posterior to the ninth tergite at its outer angles.
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xxx
THE IMAGO: THE EXCRETORYAND
REPRODUCTIVE SYSTEMS
(h) THE

EXCRETORY

SYSTEM

Excretion may be external or internal. The chief organs of external excretion are the
Malpighian tubules, the waste products being passedout of the body with the faeces. The
organs of internal excretion are mainly the fat-body cells and the nephrocytes in which
waste products are accumulated in the cells and retained in the body.

THE

MALPIGHIAN

TUBULES

(Fig. 83)

The Malpighian tubules in the imaginal mosquito have been described in Culex pipiens
and in Theobaldia annulata by Schindler (1878), who gives a drawing of the gut in the
imago with the five tubules. He also notes the unusual number of five, but records a
similar number in Psychoda and in Ptychoptera. It was in the imago also that Lecaillon
(1899) observed ciliform processesin Culex pipiens. More recent are the observations on
the tubules of the imago of Culex pipiens by Roubaud (1923) ; on those of Anopheles
maculipennis by Nuttall and Shipley (1903) and by Roubaud, Zoc.cit. ; and on the tubules
of the imago of Anopheles claviger (a hibernating species) by Missiroli (1925, 1927).*
Especially informative is the paper by Wigglesworth (193 1) describing the mechanism and
appearances seen in Rhodnius (a blood-sucking insect that, like the mosquito, gorgesitself
at one sitting with a blood meal) and the recent work of Ramsay (1953) on excretion
(see under ‘ Physiology’, p. 7 10).
Unlike the alimentary canal and many other structures which change considerably
during passagefrom larva to imago, the Malpighian tubules remain intact, including their
epithelium, throughout metamorphosis and the description already given of the tubules
in the larva largely holds good for those of the imago. They have much the same length as
in the full-grown larva, about 2.5-3.5 mm., but the more restricted space in the imaginal
abdomen causes them to be more crowded together and coiled. Even so their original
arrangement as described in the larva is usually to be made out. Thus the two loops of the
dorso-lateral and ventro-lateral tubules, for example, show up conspicuouslyin the gorged
insect through the transparent cuticle of the pleura against the black background of the
blood-filled mid-gut (Fig. 51 (4)), and the ends of the two ventro-lateral tubules come
characteristically into relation, close to the middle line, with the posterior end of the seventh
sternite. Their relation to other structures remains also much as in the late larval period,
that is they take origin in the fifth abdominal segment from the anterior portion of the
pyloric ampulla, one dorsal and two on each side laterally. In the posterior part of the
abdomen, especially when the ovaries are enlarged, they come into close relation with the
* Seealso Veneziani (1904), Bugajew (1928), Saint-Hilaire (1927), Patton (1953).
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proximal portion of the rectum, which, swollen with its rectal papillae, holds much the
same relation to the tubules as formerly did the colon.
The structure and character of the cells also remains essentially as described for the
larva, though some points in this respect require to be considered.
One suchpoint is the decision as to whether in the imago at any stagethe striated border
of the cellsis definitely of the brush type. That it is of this type is probable, sinceunder darkground illumination the conspicuousbrilliant white line bordering the lumen in the early
larval stagesis absent or only very imperfectly demonstrable. I have been unable, however,
to seein any of the material examined the long ciliform processesone might have expected
to see with such a form of striated border. Lecaillon has described such processesin the
tubules of Culexpipiens, but gives no figures. Also he saysthat the filaments are of regular
length and have the same appearance in the intestine and in the Malpighian tubules.
Missiroli states that the cells in Anopheles claviger have a border of motionless ciliform
appendages, but gives no specific data except in a diagram which shows much the same
appearancesas seenby me in the imago of A&les aegypti and which scarcely bear out what
the statement signifies. So far I have not been able to find any later author who has
definitely described at first hand long ciliform processesin the mosquito.
Another point relates to the accumulation of urate excretion in the tubules. Roubaud
noted the accumulation of urate deposit in the tubules of the larva of Anopheles under
conditions of overcrowding and in the imago in hibernation and considered that this was
a cyclical phenomenon. Missiroli, however, showed that such changeswere the result of
the organs being at rest, as during hibernation, or showing secretory activity as during
digestion. He notes that in the first-mentioned condition the cells are swollen and loaded
with granules which obscure the nucleus and the lumen. But when actively secreting the
volume of the cells is reduced, the granules are cleared from the outer zone exposing the
nuclei and the lumen is loaded with excretory matter.
In AL;desaegypti the tubules in the early larval instars are clear and transparent and free
from coarse granules. But during the fourth instar the tubules become milky white and
opaque and so they remain throughout the pupal period and into the adult stage. In the
female they remain so with little change throughout life. Only after a blood meal and at
Figure 83. The excretory system.
Camera lucida drawing of dissection of Malpighian tubules of imago. Coverglass preparation
fixed Schaudinn’s fluid. The crossesindicate where a cell as described by Pantel in Ptychoptera
is present. The two long outlying tubules are the ventro-lateral tubules.
Dorsal view of the Malpighian tubules in the larva. Camera lucida drawing. a, ventro-lateral
tubule; b, dorso-lateral tubule; c, dorsal tubule.
Lateral view of Malpighian tubules in the imago. Reconstruction. Only the tubules of the
left side are shown. Lettering as for 2.
To show appearance of honey-comb type of striated border as seen under dark ground
illumination. Early fourth instar larva.
Transverse section of Malpighian tubule of adult showing interstitial cell as described by
Pantel in Ptychoptera. a, normal epitheliumcell of tubule; b, interstitial cell.
As 5.
Longitudinal section to show interstitial cell. Lettering as in 5.
As 7.
Lettering : Co, colon; Mg, mid-gut; Rc, rectum; V-VII,
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the time when the insect is passing copious clear urine do the tubules show any marked
change. At this time the lumen is enlarged and the cells, especially their inner portion, are
less packed with granules. In some casesafter oviposition, especially some days after, the
tubules were reduced almost to the transparent condition seen in the early larval stages.
But in others they were still heavily charged with granules.
The granules are refractile, and vary in size from a fraction of a micron to four or up to
eight microns. They give the appearance of small oil globules. They do not stain with
Sudan black or easily with eosin or methylene blue. According to Wigglesworth (1942) in
Rhodnius they are probably not the same as the urate deposit in the lumen and are not
blackened by ammoniacal silver nitrate as are the granules of uric acid in the lumen. In
&des aegypti in the fresh condition the granules in the cells as noted above have the
appearance of fat globules. Secretion in the tubules, on the other hand, appears as amorphous granular material. In sections the granules usually appear as small clear vacuoles,
the Malpighian tubules as a result staining only very moderately in contrast to these organs
seenin the fresh state or in mounted whole larvae. In sections stained by Holmes’ silver
impregnation method, however, they stain an intense black.
In the male the tubules are narrower than in the female, 4-7,~ as against 7-10,~ in the
female. They also tend to run a straighter course and are often less packed with granules
and more transparent. These differences are present also in the pupal stage and even in the
late fourth instar larva, so much so that a rough diagnosis of sex can often be made in the
mature larva by the appearance of the tubules.
MECHANISM

OF

EXCRETION

An important point in connection with the Malpighian tubules in insectsis that in many
insects, in addition to serving as organs of excretion, they play a role in the conservation
of water and in the maintenance of the isotonicity of the haemolymph by abstracting water
from the urine before its discharge. Patton (1953) recognisesfour types of tubule. In two
of these, types B and D (cryptonephridic types), the tubules are organically connected in
their terminal portions with the rectum and play a part in abstracting water from urine
passed into this organ. In another two types, types A and C (cryptosolenic types), the
tubules are not associatedwith the rectum in this manner. In type A the tubules are solely
concerned in excretion, absorption of fluid from the excreta usually being a function of the
rectum. In type C one portion of the tubule, the most proximal, has an excretory function,
whilst a distal portion abstracts water from urine excreted by the proximal portion. The
tubules in A. aegypti would appear most nearly to approximate to type A of Patton.
The mechanism of excretion and the appearances given rise to have been very clearly
shown by Wigglesworth (193 1) in the blood-sucking bug Rhodnius. The tubules in this
case clearly come under type C. They consist of two quite distinctive portions, a proximal
portion characterised by cells with striated border of honey-comb type and a lumen free
from solid urate matter, and a distal portion in which the cells have a striated border of
brush type and a lumen in which solid urate matter accumulates. After a blood meal, when
for the first few hours the insect is secreting clear urine, both distal and proximal portions
are distended with clear fluid. Other than this, the proximal portion shows no marked
change and by the second day has returned to the normal condition. The distal portion is
at first swept free from granules by the initial flow of fluid, but later shows newly formed
urate crystals, which increase greatly in number, intermixed with many long ciliform
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filamentsderivedfrom the striatedborder. Later thesefilamentscontractto the normal
restingstate,leavingthe lumen packed with urate spheresand the cells with a striated
border of the normal restingtype.
As shownby Wigglesworththe physiologicalexplanationof theseappearances
is that in
theupperproximalportion potassiumor sodiumurateis excretedin solution. In the lower
portion water and alkali are reabsorbedleavinguric acidto crystalliseout in characteristic
spheres.The absorbedalkali is further availableto combinewith more uric acid produced
in the tissues.
Briefly then in A. aegypti it would seemthat the tubulesasa wholeexcreteand reabsorb
water, or lesslikely, that the small portion of tubule forming the ascendingpart of the
anteriorloop, which differssomewhatin characterfrom the rest, excretesand the rest of
the tubule reabsorbswater. Againstthe latter view is the probabilitythat in the mosquito
the rectum with its large rectal papillae is more likely to be the mechanismfor water
absorption.Whateverthe mechanismmay be, it can easilybe seenhow in the mosquito
smallchangesin conditionsmight giveriseto differentappearances.An exampleof this in
the larva is givenby Wigglesworth(1933).Thusin larvaeof A. aegypti rearedin saltwater
soliduric acidis seenin the Malpighian tubulesmakingthesewhite and opaque,but in the
samelarvae a few minutesafter transferto freshwater the tubuleshave beenflushedout
by water enteringthrough the anal papillae.
Pantel’s cells (Fig. 83 (l), (6), (8)). A feature of someinterestthat has so far not been
notedis the occurrencein the Malpighiantubulesof A. aegypti of occasionalcells,differing
from thoseforming the normal epitheliumof the tubule, suchas have beendescribedby
Pantel (1914) in Ptychoptera. In Ptychoptera theseare thin cells,devoid of granulesand
without a striatedborder,that occurscatteredamongthe normal epithelium. Similarcells
devoid of granulesare describedby Missiroli in Anopheles. Those in AFdes aegypti occur
at more or lessregularintervalsalongthe tubule. In sectionsthey appearasthin flat cells
with ratherdeeply-staining
homogeneouscytoplasmand are devoidof any striatedborder.
The nucleusis smallerand the chromatin more compact than that of the normal epithelium. In fact they are preciselysimilar to the cellsas depictedin the figure by Pantel
(Fig. 83 (6) b). In ALidesaegypti they are well shownin the clearMalpighian tubulesof the
male in Schaudinn-fixedcover-glasspreparationsof the freshdissectedorgansstainedby
acidfuchsin.They areusuallysituatedoppositeto a normal epithelialcell,that is in the gap
betweenthe two cellsfacingthis on the oppositesideof the tubule (Fig. 83 (6), (7)). They
have beensupposedto servesomefunction. It seemspossiblethat they are the nuclei of
cellsresponsiblefor forming the basementmembraneof the tubule, a small portion of
cytoplasmleft in the neighbourhoodof the nucleusgivingriseto the appearanceof a cell.
Fat-body and nephrocytes.Thesehave alreadybeendescribedin the sectionsdealingwith
the circulatorysystemand associatedtissues.

(i)

THE FEMALE
GENERAL

REPRODUCTIVE
DESCRIPTION

SYSTEM

(Fig.84)

The segmentalparts composingthe external genitalia of the female have already been
described.It remainsto describethe internalorgansof generation,namelythe gonadsand
efferentductswith their accessorystructures.
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A very full account of the histology of the female reproductive system in insectsis given
by Gross (1903).* On the female organs in Nematocera are : Miall and Hammond (1900,
Chironomus); Bodenheimer (1923, Tipula) ; Abul-Nasr (1950, post-embryonic development
and structure in Chironomus,Anisopusand Mycetophilidae).
Of early papers describing the female organs in the mosquito are : Lecaillon (1900, ovary
of Culex pipiens); Grandpre and Charmoy (1900) ; Christophers (1901, 1923) ; Kulagin
(1901) ; Neveu-Lemaire (1902, spermathecae); Eysell (1924) ; Herms and Freeborn (1921,
mechanism of egg-laying) ; der Brelje (1924, comparative study of the female organs in
different Culicidae). A more recent anatomical and histological study of the female
reproductive system and follicular development in AkYes aegypti is that by Parks (1955).
On the changesin the egg follicle are : Christophers (19 11, Anopheles); Nicholson (192 1,
a very complete account of follicular structure in Anopheles); Vishna Nath (1924, 1929, the
egg follicle and Golgi apparatus in Culex); Christophers, Sinton and Cove11(1939, includes
abstract of Christophers, 1911, with original figures); Hosoi (1954, growth and degeneration of ovarian follicles in Culex pipienspallens Coq.) ; Gillies (1954, 1955, Anopheles).
On the oviducts and changesindicative of age are: Mer (1932, 1936) ; Almazova (1935) ;
Polodova (1941, all on Anopheles); Roy and Majundar (1939, Culex fatigans). A study
* See also Snodgrass(1933, 1935), Weber (1933), Imms (1938), Wigglesworth (1942).

Figure 84. The female reproductive system.

I

Dorsal view of female organs two days from emergence. The drawing is from a dissection
made from a fixed and hardened whole female.
Transverse section of ovary. a, nucleated peritoneal membrane; b, membrane surrounding
lumen.
Germarium and forming follicle at upper end of an ovariole.

6

7
8

9
10

Section showing follicles at emergence.
Section showing follicles 21 hours after a blood meal. The lower follicle has increased greatly
in size, the succeeding follicle remains much as at emergence. The stage in the lower follicle
is a little beyond stage 2 as in a fresh preparation the nucleus would be obscured by the yolk
granules.
Sagittal section at about the median line of the body, showing structures in the region of the
genital opening. The spermatheca contains spermatozoa. Ventral to the genital opening the
section passes through the sclerite referred to in the text as possibly representing the female
gonapophyses.
Dissection showing the spermathecae and spermathecal ducts.
Coronal section showing arrangement of the spermathecae. The section corresponds to one
passing logitudinally in a plane at right-angles to Fig. 84 (6) through the spermatheca and
vagina as there shown.
Transverse section of spermathecal duct.

Posterior portion of first instar larva, showing early ovary in segment VI.
Ovarian rudiment in pre-ecdysis third instar larva. a, outer layer of cells; b, commencing
follicle formation.
Lettering : at, atrium; cod,common oviduct; cs, caecus; cw, cowl; Jep, follicular epithelium;
fol, lower follicle ; fol’, preceding follicle; grn, germarium; lo, lateral oviduct ; mst, mesodermal
strand; nsc, nurse cells; ooc, oocyte; ov, ovary; ovl, ovariole wall ; pdo, pedicel; pgp, postgenital
plate; Rc, rectum; slg, suspensory ligament; spd, spermathecal duct; spm, spermatheca; vg,
vagina; y, yolk granules; VIII’,
hollow behind sternite VIII at bottom of which is the genital
opening.
11
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of insemination and the bursal pouch in Ai;desaegypti is given by Hayes (1953). A recent
important paper by Miillring (1956) figures the ovary of Culex (autogenous and anautogenous) as seenby phase contrast and gives much information regarding ovarian structure
and development.
The female generative organs in the mosquito consist of the gonads, ovaries (Fig. 84
(1) ov) situated one on each side dorso-laterally in the hinder part of the abdomen, the
paired or lateral oviducts (lo), one on each side passing from the ovary to the median
common oviduct (cod), which in turn is continued into a short vagina (vg) and still more
distally into the atrium (at). Into the vagina also open the ducts from the three spermathecae (spm) and into the atrium the caecus (colleterial or accessorygland) (Fig. 84 (6), (7)
cs).
The ovary (Fig. 84 (l-6)). The ovary is a fusiform structure situated when undeveloped
in the fifth and sixth abdominal segments,but when fully developed with mature follicles
occupying the greater part of the distended abdomen. Anteriorly it is continued as a fine
filament, the suspensory ligament (slg), which in AFdes aegypti can be traced to the posterior
end of the fourth segment where it is attached to the body wall in the region of the alary
muscle. Posteriorly the ovary joins the lateral oviduct, its lumen being continuous with
that in the latter structure. The ovary lies free in the haemocoele and receives large tracheal
branches from the spiracle complexes of segmentsV and VI.
Covering the ovary externally is a thin membranous coat with small scattered nuclei, the
peritoneal membrane (Fig. 84 (2) a). Lining the rather wide central lumen is a similar thin
nucleated membrane ((2) b). Between the two membranes are some lOO-12O~foZZicuZartubes
or ovarioles (fol). These take origin from the inner aspect of the peritoneal membrane and
pass downwards and inwards to the wall of the central lumen. Each consistsof an outer
tube of thin membrane formed of flattened cells which at the inner end of the ovariole is
continuous with the wall of the central lumen (Fig. 84 (4)). Lying within and distinct
from the tube is a column of germinative cells, the ‘egg-string’ of Nicholson. In the apical
portion of the tube the cells in the column are still largely undifferentiated, forming the
germarium (Fig. 84 (3) gm). Distal to this part the column consists of a successionof
developing follicles, each of which, circumstances permitting, will become an egg, the
vitellarium (Fig. 84 (4) fol’, ,foZ). Between each successivefollicle is a portion of the
column in which the cells are compacted forming a short solid connecting-piece. A similar
cord distal to the lowest follicle is referred to in the literature as the pedicel (Fig. 84 (4) pdo).
Each follicle consists of eight cells surrounded by a single cell layer, the follicular
epithelium (Fig. 84 (5) f.ep). Of the eight cells, seven are the nurse cells performing a
nutritive function, and one, the most distally situated in the follicle, is the oocyte or future
ovum (Fig. 84 (4), (5) ooc). The lowest follicle is the most advanced in development, very
greatly so when final development proceeding to egg formation is in progress. Usually two,
or at most three, recognisablefollicles are present in A. aegypti in each ovariole. The lowest
follicle throughout the ovary is always approximately in the same stage of development.
The ovary of the mosquito is peculiar in that it does not consist, as in many insects, of
separate individual ovarioles, but of a large number of ovarioles bound into a single organ
by a thin containing membrane, which is therefore not correctly termed the tunicapropria,
this term being that applied to the outer covering of an ovariole. Nor do the upper ends
of the ovarioles combine to form the suspensoryligament, but take origin from the peritoneal membrane along the length of the ovary. The correctnessof the term ovariole has
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indeed to be considered.It is statedby Imms, making referenceto Henneguy,that in
Chironomus, Anopheles and some Braconidae,although there is a differentiation into
follicles,ovariolesarewanting.The useof the term ovariole,however,seemsjustified,even
thoughthetubuleslodgingthe germinativecellsin the mosquitoarepossiblyan adventitious
tissue,sincethecolumnof germinativecellsclosely resemblesthatofinsects
withfreeovarioles.
More important is the fact that someconfusionseemsto existin the literatureregarding
the term follicularepitheliumin the mosquito.This term is correctlyappliedto the layer of
cellssurroundingthe follicle. It is, however,sometimesusedas though the cellscovering
the follicle and thoselining or forming the walls of the ovariolewere identical.The follicular epitheliumsurroundingthe follicle is alreadypart of the future eggof which it will
form thechorionandhas,whenfirstseen,alreadylostall connectionwith the ovariolewall.
In AFdesaegypti early developmentin the pupa clearlyshowsthat the wallsof the ovariole
are formed around the columnsof germinativecells from interstitialcells of the ovary
(Fig. 84 (4) ovl).
A conspicuousfeature of the ovary in the pupa and imago is the abundanttracheal
supplyand large sizeof the trachealvessels.As noted by Nicholsonlarge tracheaeform
coiledmasses
at the baseof the ovariolesto allow for eventualextensionof the tracheaewith
growth of the follicles. Nicholsonalso notesthe presenceof trachealcellsandleashesof
trachealcapillariesdevoid of taenidia.
DEVELOPMENT

OF THE OVARY

(Fig. 84(10),(11))

The ovary of insectsdevelopsfrom thickeningsof the mesodermof the splanchnicwall
constitutingthe genital ridges. In the cockroachcolumnsof cellsare formed which pass
from the genitalridgeon the coelomicwall to a ventralstrandcontinuouswith the oviduct
rudiment.Thesecolumnsbecomethe ovariolesand eventuallyappearas openingin series
into the proximalportion of the lateral oviduct. A closeapproachto this primitive condition in Nematocerais seenin Mycetophila (see Abul-Nasr, Fig. 26). In the mosquitothe
lumen of the ovary would appearto representthis proximal portion of the oviduct rudiment. It is continuouswith the lumen of the lateral oviduct developedfrom the mesodermalstrandand in an early stageasseenin the pupa the lumen of the ovary tendsto lie
nearerthe internal face of the organwith the young folliclessituatedfor the most part on
its externalside.
In the firstinstarlarva the ovaryis a smallbody,measuringabout 60,~in length,situated
in the sixthabdominalsegment.It is formedof a smallgroupof cellsresemblinggermcells
with somesmallercellsat its periphery. By the secondinstar the organhas increasedto
about 70,~with much the samecharacters.In the third instarit is a small fusiform body
about 150,~in length (Fig. 84 (11)). It is continuedanteriorlyas a fine filament traceable
to the intersegmentalregion IV-V and continuedposteriorlyas a thicker filament, the
mesodermal strand (mst), which ends blindly towards the posteriorend of segmentVI.
The body of the organat this stageconsistsof a massof cellssomeof which form a rather
regularlayer one cell deepat the surface. Among the cellsin the interior are somelarger
cellswhichshowindicationsof earlyfollicularformation.The organis solidwith no lumen.
Towards the end of the fourth instar the body of the ovary measuresabout O-3mm.
and extendsinto the fifth segment.The mesodermalstrandis rather thick and somewhat
clubbed. It hasa lumencontinuouswith that now passingthroughthe lengthof the ovary.
The ovary now hasa thin outer nucleatedmembranethat appearsto be distinctfrom the
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peripheral layer of cells previously noted, which is still recognisablein parts. In the central
portion are groups of cells forming early follicles lying in spacesin a matrix of smaller
cells. The organ is noticeably solid and compact, not extended as in the pupal stage with
enlarged tracheal vesselsand the follicles widely separated.
In the pupa the ovary has much the appearance of the organ in the young imago with a
central lumen and follicles throughout its whole length. Towards the end of the pupal stage
the follicles have already taken on their characteristic appearance. There is a lower
follicle about 25,~ long and 20,~ broad with well-marked nurse cells and oocyte, the latter
sometimes distinguishable by its clear nucleus and marked nucleolus. Proximal to this
lower follicle is a second follicle and sometimes indications of a third. Between successive
follicles there is a connecting column of rather flattened cells. A feature very clearly shown
at this stageis the column of cells forming the pedicel passingfrom the lower follicle to the
wall of the central lumen. The exact relation of the pedicel to the wall of the lumen at this
stageis, however, difficult to ascertain owing to the aggregation of nuclei about the central
lumen. It seems probable that there is no actual opening, and that there is a cellular
block at the distal end of the ovariole, the wall of the ovariole and the wall of the lumen
being confluent with the substanceof the pedicel. Surrounding the follicle, but distinct
and separated by a space, is the thin membranous ovariole wall. The follicle is already
surrounded by the layer of rather flattened cells that will later develop into the characteristic follicular epithelium.
For some time following emergence the ovary still remains only about O-6 mm. long
with the appearancesas described in the pupa. By the fifth day, or later, in the absenceof
a blood meal, it has increased at most to 1.0 mm. in length and extends to the fourth
segment. There are two, or at most three, follicles in each ovariole, the lowest of which has
not developed beyond stage 2 as described in the next section.

DEVELOPMENT

OF

THE

FOLLICLE

In the early follicle the nurse cells and oocyte are similar in appearance, the oocyte always
being situated distal to the nurse cells. At emergence or shortly after, however, the oocyte
becomes conspicuously different by reason of its clear nucleus and prominent nucleolus
in contrast with the rather diffusely stained and much enlarged nuclei of the nurse cells
apparently lacking a nucleolus. In the fresh condition the oocyte at this stage is still free
from granules in the cytoplasm. But shortly afterwards fine granules appear and these are
followed by large characteristic yolk granules. As development proceeds the oocyte
increases in size, its cytoplasm becoming densely packed with yolk granules, so that it
successivelyoccupies half, three-quarters and later practically the whole of the much
enlarged follicle. The follicle at first retains its oval shape, but eventually it elongates,
taking on more and more the shape of the egg. The nurse cells, which for a time remain
very much of their original size and appearance as compared with the rapidly growing
oocyte, become eventually inconspicuous bodies at the anterior end of the egg. The
follicular epithelium which first appears as rather flattened cells becomes, as the follicle
increasesin size, more and more epithelium-like eventually forming a definite epithelium of
cubical cells. As the follicle elongates to take on the shape of the egg, the follicular epithelium shows changespreparatory to the formation of the chorion and eventually forms
the egg-shell.
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With due regard to temperature and other modifying conditions the above changeshave
been much used in determining the age, relation to blood meal and other biological data
in Anopheles captured under different natural conditions. For this purpose the following
stageshave been made use of:
Stage 1.
Stage2.
nucleus.
Stage3.
shape.
Stage4.
Stage5.

,

Cytoplasmof the oocyte free from granules.
Yolk granulespresentin the cytoplasm of the oocyte, but not entirely hiding the
The nucleusof the oocyteis obscuredby yolk granules,but the follicle is still oval in
The follicle is elongateand more or lessthe shapeof the future egg.
Chorionic structureis shown.

Stage 1 is only seenin the newly emerged mosquito and indicates that nearby breeding is
in progress. Stage 2 may be seenin a mosquito that has emerged some time previously but
has not yet fed on blood, or one that has fed but oviposited and has not since had a blood
meal unlessa very recent one. Usually if a blood meal has been taken the ovary will have
advanced beyond stage 2. The most important fact is that in the absence of a blood meal
development of the follicle does not proceed beyond stage 2.
The extent to which development takes place in the absence of a blood meal has been
studied by Mer (1936) in Anopheles e&us. It has been shown that it is dependent upon the
extent to which available reservesare present. Thus in A. elutus development up to stage 2
can be achieved either at the expense of reservescarried over from the larval stage or by
feeding on raisins. One blood meal will then suffice for oviposition. With poor larval food,
as at the onset of adverse conditions prior to hibernation, development to stage 2 is impaired and a single blood meal does not suffice. Hecht (1933) also records that feeding on
sugar stimulates egg maturation in Anopheles macuhpennis previously fed on blood. In
Ai;des aegypti reared under reasonably good conditions a single blood meal is normally
adequate for oviposition.
The nuclear changes in the oocyte and nurse cells have been described by Nicholson in
Anopheles and by Vishna Nath (1924) in CuZex ,fatigans. In the latter specieswhen the
mosquito feeds on blood the oocyte quickly becomes differentiated from the nurse cells
by a prominent nucleolus in a clearly defined nucleus. Later the nucleus of the oocyte
enlarges and after extruding a small mass of chromatin threads (chromatin residue of
Nicholson) eventually disorganises in the yolk. The extruded chromatin becomes the
female pronucleus situated at the anterior pole of the egg.
The granules in the oocyte are described by Vishna Nath (1929). They are of two kinds
only, namely large solid granules of proteid nature macrospheres, measuring about 2-4~
and small drop-like granules, microspheres, containing free fat. No evidence of mitochondria was found by this author. Under the centrifuge the macrospheres and fatty
microspheres (Golgi vesicles) pass to opposite sides. A certain number of microspheres
that do not contain fat remain with the cytoplasm in the intermediate zone.
The character of the chromosomes is dealt with in a later section.
THE FEMALE

EFFERENT

SYSTEM

(Fig. 84(1),(6-9))

The homologies of the different parts of the female efferent system in the mosquito have
been much clarified by the developmental studiesof Abul-Nasr on different Nematocerous
families. It would appear that in the early larval stage in both sexesthere are on each side
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two mesodermalstrands one passingfrom the ovary or testisto the seventhsegmentand
one to the ninth segment. In the female the latter disappearsbeforeadult life and in the
male the former. The lateral oviducts may be developedfrom the female mesodermal
strands,or with the backwardgrowthof the ovaryand shorteningof the mesodermalstrands
the mesodermaltissuemay bereplacedor reinforcedby ectodermaltissuefrom the common
oviductinvagination.The commonoviduct,spermathecaeand a vaginal apodeme,whenthis
structureis present,all arise from separateinvaginationstaking origin from a cavity
formedby the fusionof the peripodialcavitiesof two imaginalbudswhichappearventrally
on eachsideof the middle line behindthe seventhsternite.The caecusis formed from an
invaginationthat takesorigin from a cavityformedby fusionof a pair of imaginalbudson
the ventral surfaceof the ninth sterniteof the larva. The original peripodial cavitiesare
eventuallyincludedin a common depression,the atrium.
In ALidesaegypti the mesodermalstrandin the femalepassingto the posteriorend of the
seventhsegmentis alreadypresentin the third instar larva. Whether thereis at any stage
a secondstrandhas still to be determined.The lateral oviductsappearto be entirely of
mesodermalorigin beingformedwholly from the mesodermalstrands,the swollenendsof
whichcanstill berecognisedafterjoining up with the commonoviduct. In accordwith this
view is the fact that, whereasthe lumen of the lateral oviduct at emergenceis openly
continuouswith that of the ovary, thereis still a block, evenafter the partshavefused,for
sometime in the lumen at the.point of junction.
In .AnopheZes
there are dilatationsat the points of junction of the lateral oviductswith
the commonoviductthat havebeentermedampullae and the sizeand shapeof thesedilatations have beenusedin determiningwhethera female has previouslyovipositedor not.
Accordingto Mer (1932) the ampullaein Anopheleselutus in the nulliparousfemale are
small and well delimited from the common oviduct,but not from one another. But after
ovipositionsthey are increasedin sizeand clearlydividedfrom eachother. They alsohave
the appearanceof beingmore a part of the common oviduct at the expenseof the lateral
oviductswhich have becomeshorter. For measurementthe author usesa figure obtained
by multiplyingthe crossand longitudinaldiameterstaken at right angles. Almazova and
later Polodova have also usedthis method for A. maculipennisvar. atroparvus and some
other varietiesof this species,asalsofor A. claviger and A. superpictus.The last-mentioned
author notesthat the parts shouldbe measuredin salineisotonicfor the mosquitowhilst
still pulsatingand at intervalsbetweenthe pulsations,or in salinewith a narcoticto prevent
pulsations. Female atroparvus newly emergedgavea figure of O*Olmm.? After one oviposition the figure was 0.02 mrn2, after two ovipositions0*028mm.2 and after three
0.031 mm.2.
In Ai;desaegypti dissectedin Ringer’s fluid at O-7per cent salinitythe dilatationsat the
junction of the lateral oviductswith the common oviduct were much lessmarked than
describedin Anopheles,giving a figureof only OGO4mm.2. Also suchincreasein sizeand
appearanceas was noted after ovipositiondid not suggestthat the test could be usefully
usedin the caseof thisspecies.Further observations
on thispoint are,however,desirable.*
The lateral oviducts(Fig. 84 (1) lo) are tubularwith ratherthin walls.They havean inner
lining of small rather flattishcellsand a thin coat of muscularfibres,chieflycircular.
* Recently Gillies (1956) has describedin Anophelesgambiaea new characterfor recognition of recently fertilised
females, a mating-plug of translucent material in the common oviduct derived from the male and absorbed in
36 hours from fertilisation.
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The common oviduct (cod) is very similar in appearance to the lateral oviducts but
broader. It has an inner lining of cubical epithelium, external to which is a coat of longitudinal and circular muscle fibres, the former for the most part internal. It lies close
behind the eighth sternite passing backwards to its posterior border and then making
a sharp bend at right-angles dorsally to join the vagina.
The vagina (vg), unlike the common oviduct, has a thick transparent cuticular intima.
Its proximal portion is dilated forming a well-marked chamber with a thick pad-like roof.
Its distal portion is thrown into a sharp transverse fold just beyond which are the openings
of the spermathecal ducts and caecus. There is then a short terminal portion ending at the
genital opening as described later with a small posterior cul de sac. How much of the
cavity is to be regarded as atrium is uncertain.
The spermathecae (Fig. 84 (7), (8)) are situated in segmentVIII. They are three in number
a larger one situated medianly and a smaller one on each side of and slightly posterior
to this. All three lie close to the sternite, the median spermathecawith its ventral aspect in
contact with the common oviduct. Each sperrnatheca consists of an almost perfectly
spherical shell of dark sclerotised cuticular substance. Covering the greater part of this
externally is a very thin cellular layer with scattered small flattened nuclei. At or near the
posterior pole is a thickened plaque of larger cells through the middle of which the
spermathecal duct takes off abruptly. In the unfertilised female the sperrnathecae are
empty of cellular contents, but after fertilisation they are filled with a mass of spermatozoa.
The spermathecal ducts (spd) take origin abruptly from the spermathecal globes. They
loop dorsally and then, bending ventrally, enter the vagina as described above. The duct
from the median spermatheca remains distinct and enters the atrium independently of the
others. The ducts from the two lateral spermathecaejoin a little before their termination to
form a short length of common duct which enters close to, but separately from, the duct of
the median spermatheca. The ducts have a very narrow lumen, lessthan 2.0,~ in diameter.
This is surrounded by a very thick clear sclerotised intima, external to which is a closely
packed layer of cells with darkly staining nuclei and, scattered somewhat irregularly on
the outer surface of this layer, there are larger cells possibly glandular in nature. The ducts
give the appearance of being narrow rigid tubes incapable of expansion and, seeing that
their lumen is so narrow, it is remarkable that the spermatozoa apparently so rapidly gain
entry to the spermathecae. It is unusual to find a mass of spermatozoa still present in any
other part of the efferent system. The ducts end abruptly where they enter the vagina without any special thickening or other noticeable structural feature. This may lead to the more
conspicuous entry of the caecal duct being mistaken for that of a common spermathecal
duct (see the duct marked in the genital opening in Fig. 84 (1) which is that of the caecus,
not the less conspicuousspermathecal duct openings).
The caecus (cs) in A. aepypti is a relatively small structure with the characters of a mucus
gland. It lies close to and ventral to the rectum and its duct opens just posterior to the
spermathecal ducts. The terminal portion of the duct is sclerotised, forming a short length
of rigid tube with a terminal ring-like thickening.
The genital opening (Fig. 84 (l), (6)). A word may be said regarding the genital opening,
especially as some confusion has occurred in the literature over the structure termed the
in&a.
In A. aegypti the parts are rather complicated by the extent to which the terminal
segmentsare intussuscepted.This gives rise to a deep pouch between the eighth sternite
and the postgenital plate that must be distinguished from the atrium. At the bottom of
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this pouch, that is at its anterior end, is the characteristic wide transversegenital opening as
seen, for example, in Anopheles (Christophers, 1923). This has a bow-shaped sclerite corresponding to the cowl in Anopheles bordering its posterior edge and a sclerotised ridge
forming its anterior lip. This ridge has on each side a sclerotised hairy plate and in the
mid-line between these is a small, not very conspicuous, hairy area which is clearly the
insula as described in Anopheles where it is more developed. Where the lips meet at each
corner of the opening there is the small characteristic ribbon-like thickening which leaves
no doubt as to the identity of the opening, which is in almost every particular similar to
that in Anopheles and Culex. In Agdes aegypti, however, it lies hidden in the outer pouchlike hollow beneath the seventh sternite (Fig. 84 (6)).
In A. aegypti the atrium is not large and it is difficult, as already noted, to say how much
of the cavity should be considered this structure and how much vagina. On its roof open
the spermathecal ducts and the caecus. In the forms studied by Abul-Nasr there crossesthe
roof between these respective openingsa structure homologised by this author as the ninth
sternite and termed by him the insula. It should be pointed out, however, that the insula,
as so named in Anopheles, is a structure on the anterior lip of the genital opening and
therefore quite distinct from the insula of Abul-Nasr. The position of the ninth sternite
would appear to be correctly as assignedby Abul-Nasr. The insula on the lip of the genital
opening cannot be the ninth sternite since the female opening would then be posterior to
the ninth sternite, which is very improbable. The sclerotisations on the lip are, however,
very suggestiveof some segmental structure and it is just possiblethat the lateral plates in
A. aegypti, which are hairy, represent in a very obsolescentform the first ovipositor valves
(anterior gonapophyses), which in many insects are situated in this position, that is just
posterior to the eighth sternite.
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(Fig.85(1))

The internal organs of generation in the male consist of the two gonads, testes (te), a long
thin duct (vd) passingfrom each testisto a median rather flask-shaped structure (ejd) which
is continued distally as a short median duct passingto the intromittent organ (Ph) and two
sac-like bodies (ag) that open by short ducts on each side at the base of this. The nomenclature of the parts requires consideration.
According to Snodgrass(1935) ducts passingfrom the testicular tubules to a common
duct are vasa efirentia, the common ducts on each side being the vasa deferentia. The
lower portions of the vasa deferentia may be swollen, forming the vesiculae seminales, and
the median duct into which the vasa deferentia open distally is the ductus ejaculatorius. In
association with the ductus ejaculatorius there may be accessory glands. Prashad (19 16),
who describesand figures the male genital organs in Anopheles willmori, CuZex fatigans,
Ak;des (Stegomyia) scutellaris, Ai;des (Ochlerotatus) pseudotaeniatus and Theobaldia
spathipalpis, finds the organs in all except Anopheles to agree in general characters and his
descriptions would cover that given above for Ai;des aegypti. The ducts leading from the
testes he terms vasa deferentia, there being he considers no difference in this case between
the vasa eferentia and the vasa deferentia. The median organ into which these open he
terms the sacculus ejaculatorius and the swollen portions of the vasa deferentia where they
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enter this organ he names the receptacuza seminis. The lateral sac-like bodies are the
accessory glands and the short passageleading to the genital opening is the ductus ejacuZatorius. Abul-Nasr finds the efferent systemin the families of Nematocera studied by him
to be formed in part from the mesodermal strands and in part from. ectodermal invaginations. In accordance with this he terms the ducts from the testes vasa efirentia or vasa
deferentia depending upon the source from which they are derived. The ectodermal parts
commence as a median invagination starting from what will be the gonopore. This forms
the penis cavity (it may in some forms, for example Tipula, be ballooned into a cavity or
may take the form of a median duct). From the anterior end of the penis cavity there
arise twin invaginations which become the ejaculatory duct rudiments. These later become
differentiated, their proximal parts becoming glandular and forming the vesiculae
seminales, whilst their distal parts retain their duct-like character and become joined
together in a common muscular coat as the ejaculatory ducts.
In selecting appropriate terms for the parts in AL;des aegypti it seemsmore in keeping
with taxonomy to name the ducts leading from the testesthe vasa deferentia, in spite of the
fact that they appear to be derived from the mesodermal strands. The median organ into
which they open, which clearly consists of two fused lateral components, appears to
represent the vesiculae seminales. For reasonsthat will be obvious later it would seem,however, convenient when referring to the structure as a whole to retain Prashad’s term
sacculus ejaculatorius. The short duct leading from the sacculus to the phallosome, at the
base of which short ducts enter from the sac-like bodies, would seem to be the penis cavity
and the sac-like bodies are obviously accessory glands. See Addenda, p. 7 19.
For literature dealing with the male organs as a whole, other than those authors already
mentioned, see: Dufour (1851, first to note the testesin the mosquito) ; Hurst (1890, early
description of the testes with note that the hinder end of the testesseemto take the place
of the vesiculae seminales); Kulagin (1907, histology of the male organs) ; Imms (1908,
references to testes in the larva) ; Adie (19 12, pigmented testes in differentiation of sex in
Anopheles larvae) ; Christophers (1922, development). See also authors mentioned later
in section dealing with development of spermatozoa.

THE

TESTES

(Fig. 85 (2), (3))

The testes in the imago at emergence are fusiform bodies measuring about 0.4 mm. in
length and O-1mm. in greatest breadth and situated on each side in the sixth abdominal
segment. Later they become more swollen and extend some distance into the seventh
segment. They lie internal to the peripheral fat-body and, as in previous stagesof the life
history, are surrounded by a thick coat of specialfat-body. Distally they are continued into
the vasa deferentia, but proximally they have no definite suspensoryligament as has the
ovary.
Externally there is a thin nucleated membrane. Lomen (19 14) in CuZex describes the
outer covering as double, a thick connective tissue layer and an inner tunic lining. Within
the outer membrane are stratified zones of developing spermatozoa that give to the testis,
whether in the fresh condition or in sections, a very characteristic appearance. Apically
there is a portion consisting of more or less undifferentiated sexual cells. There follow
alternate bands showing various stagesin development of the spermatozoa as described
later and, occupying the distal third or more of the organ, a mass of mature or nearly
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mature spermatozoa. At emergencethe passageinto the vas deferens is blocked by a mass
of secretion at the distal end of the testis. Proximal to this spermatozoa tend to be arranged
more or lesscircularly with the heads towards the surface so that in tangential sectionsthe
long thin deeply stained heads are seen, while sections passing deeper tend to show the
heads in cross-sectionnear the periphery, the more central portions appearing as a mass of
granules, many of which are composed of tails cut in cross-section. In older males the
greater part of the testis contains mature or nearly mature spermatozoa and the lower
portion may be much swollen with accumulation of these forms, so that as observed by
Hurst the lower part of the testes appeared to function as the vesiculae seminales.

THE
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SYSTEM

(Fig.85(1),(4-8))

The vasa deferentia in the newly emerged mosquito are extremely long and thin. Their
walls consistof a layer of epithelium (Fig. 85 (5)), but are devoid of obvious muscle fibres,
though jerky vermicular movements of their lower ends may be seen when the parts are
dissectedin Ringer’s solution. Later, when packed with spermatozoa, they become thicker
and shorter. Each joins the ejaculatory duct of its side at the proximal end of the sacculus.
I have not found the lower ends significantly swollen to form vesiculae seminales,even in
males several days old.
Figure 85. The male reproductivesystem.
Dorsal view of the male organsshortly after emergence.
Sectionshowingtestisin fourth instar larva. Most of the organ is in the stageof development correspondingto b in no. 3. The organ is surroundedby fat-body.
Sagittalsectionof anterior portion (aboutone-quarter)of testishalf an hour from emergence.
a, region of spermatogonia;b, regionof developingspermatocytes;c, region of chromosome
reduction; d, region of developingspermatozoa(spermatids): showsinternal portion largely
with granulesand tails of spermatids.At the periphery are groupsof spermatidnuclei for
the most part cut transverselyas at Fig. 85 (9) A, somecut longitudinally are as at Fig. 85
(9) B. The remainingthree-quartersof the testisare very similar to d, but with somemore
mature spermatozoaat the posteriorend. As yet no spermatozoahave passedinto the vas
deferens.
Sagittalsectionshowingrelation of ejaculatoryductsand accessorygland to genitalopening
in phallosome.
Showingstructureof the vas deferens.
The samefor the ejaculatoryduct.
Dissection showing conjoined ejaculatory ducts swollen with longitudinally arranged
motionlessspermatozoain three days’ old male. a, active spermatozoain thickenedvas
deferens;b, swollenejaculatoryducts; c, streamof spermatozoaescapingfrom rupture.
8 Three spermatocytes.
9 Appearancesshown by nuclei of spermatids. A, ring forms of early spermatidnuclei in
transversesection; B, the same in longitudinal section; c, cross-sections
of more mature
forms.
10 Mature spermatozoafrom spermathecaof female as seenunder dark-ground illumination
representedin black, the headsbeingthe more brightly illuminated. Cameralucida drawings
after cessationof undulatory movementof the tails.
Lettering: ag, accessorygland; ejd, conjoined ejaculatory ducts (sacculusejaculatorius);
pea, peniscavity; P/i, phallosome;te, testis; vd, vas deferencs.
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The ejaculatory ducts together form the sacculus ejaculatorius of Prashad. It has a
median longitudinal mark indicating its dual composition. It lies ventral to the bulged
bases of the accessory glands appearing in sagittal section as shown in Fig. 85 (5). Its
walls have an epithelial lining, external to which is a coat of stout circular muscle fibres
(Fig. 85 (6)).
In the newly emerged mosquito the sacculusejaculatorius is empty as also is the whole
of the efferent male passage. But after opening up of the passageto the vasa deferentia it
becomes packed with spermatozoa, apparently lying longitudinally so that the organ has
a striated appearance. The spermatozoa, before the organ is ruptured, are motionless.
On rupture of its wall, however, these issuein a massedstream, the spermatozoa becoming
active as they cease to be tightly packed. The mass of spermatozoa so collected in the
sacculusis very great, causing this organ to be swollen to twice or more its original size
and there can be no doubt that it functions as a vesicula seminalis (Fig. 85 (7)). It seems
undesirable, however, on morphological grounds to give it this name, which has been used
as already noted for other parts of the efferent systemin the mosquito and Prashad’s name
seemspreferable.
The accessory glands are large conical sac-like organs. They possessa central lumen
and walls lined by columnar epithelial cells the cytoplasm of which is loaded with globules
of secretion. They appear to be purely glandular in nature and do not contain spermatozoa
at any stage.
The penis cavity is a short duct passinginto the phallosome and opening at the genital
pore within this organ.
The spermatozoa (Fig. 85 (7-10)) as present in the spermatheca of the female or in the
male parts are well shown in the living condition under dark-ground illumination. They
show well also in smears stained by Heidenhain’s haematoxylin with counterstain or by
Holmes’ silver impregnation method. Their development and chromosome structure has
been very fully studied and described by Lomen in Culex pipiens: see also Stevens (19 10,
1911) and Taylor (19 14). None of these authors, however, appears to have given a figure
or description of the spermatozoon of the mosquito as a whole. Seen as noted above they
consistof a long thin refractile and dark-staining head measuring about 40-45,~ and a very
long less refractile and lighter-staining tail measuring up to 200,~ or more in length. In
thickness the head measures little more than a micron. It is somewhat thinner in front,
gradually thickening towards its hinder end. No middle piece is to be made out, the tail
continuing on from the head. In living material the head exhibits little or no undulatory
movement and usually appears straight as shown in the figure. The long tail, on the other
hand, exhibits wave-like undulatory movements which under particular conditions appear
more or less to synchronise in different individuals. Sometimes the undulations are more
rapid and extensive than usual and it has been noted that this may occur when near an air
bubble. In cover-glasspreparations the undulations eventually cease,the tail remaining in
its wavy condition as shown in the figure. Where the spermatozoa are massed, movement
may be much like a flowing stream. In spite of the undulating tail, very little forward
movement is made by isolated individuals and it was thought that possibly narrow ducts
like those of the spermathecae might favour progression by giving purchase to the tail
undulations.
Development of the spermatozoon in Culex has been describedin considerable detail by
Lomen, but only a brief account can here be given. The following is the development in
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broad outline. The cells destined to become spermatozoa, spermatogonia, occupy the
extreme anterior end of the testis (Fig. 85 (3) a). An apical cell, as present in some insects,
hasnot been noted in the presentcase.The spermatogonia divide repeatedly, forming masses
of cells, spermatocytes,which become included in a membranous cyst wall formed by
somatic cells whose somewhat flattened nuclei may be seenin the earlier cysts. The number
of spermatocytesenclosed in a single cyst may in some forms be as many as 256 (the result
of eight consectutive divisions) (Wigglesworth, 1942). In Ai;des aegypti testis this would
appear to be about the number in the larger groups. The cyst wall in the larger groups may
be very thin or not apparent, but the groups as they passdown the testislargely retain their
individuality. As they do so they tend to become flattened and form stratified lines of
spermatocytes that give the testis its characteristic appearance. Eventually the spermatocytesundergo two meiotic divisionswith reduction of the chromosomes,the zones so formed
being characterised by the appearances shown at c (Fig. 85 (3)). The cells so formed,
spermatids,are the young immature spermatozoa. They have a much reduced and denser
nuclear mass, so forming a distinctive zone in the testis (Fig. 85 (3) d). They are shown by
Lomen as commonly having a nucleus consisting of a U-shaped chromatin thread with a
small detached nucleolus. As development advances the U becomes elongated to form a
long stretched-out V. Forms such as those depicted in Fig. 85 (9) are common and characteristic of zone d. Cross-sectionof the mature forms are as seenat C, earlier forms appearing
ring-like as at A.
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In a paper entitled ‘ Mosquito genetics and cytogenetics’ with a bibliography of 216
references, Kitzmiller (1953) has recently reviewed in detail what has been done in mosquito
genetics and chromosomal structure. The author comments on the surprisingly large
number of observations that have been made, but laments that these have so largely been
merely incidental to other work or lacking in the precise information most desired by the
geneticist.
The subjectof mosquito geneticsis one that has been increasingly engagingattention and
has become of considerable practical importance in connection with control measures,
since the development of resistanceto insecticidesis now considered to be the result of the
elimination of susceptibleforms so that the speciescomes to be composed of a resistant
strain or strains. (See ch. xxv, p. 558.) Another direction in which genetical studieshave
become of importance is in the systematicsof certain groups, such as the Culex pz@iens
complex, where it has been difficult to assignprecisespecificcharacterisation. Nor doesthe
question rest here, for if, as may be the case, suchgroups represent the result of evolution in
progresstheir study offers a wide field for investigation from many points of view, including
that of the geneticist. A very helpful review of work in this field is given in the paper
entitled ‘ Specieshybrids in mosquitoes’ by Mattingly (1956).
Recently Laven (1956) has described hereditarily transmitted changes in the wing
venation and antenna1 characters in Culex molestus brought about through the action of
X-rays (see ch. II (c), p. 33. By using such characters as marker genes a considerable
field of investigation has been opened up. Another valuable aid in genetic studies in
mosquitoes has been work on the pale-eyed mutant form of Culex molestus, the gene for
which has been shown by Gilchrist and Haldane (1947) to be partially sex linked.
On A@desaegypti are the studies by Gillett (1956) on genetic differences affecting egglaying in two local forms of this species,the Lagos and Newala strains, showing that this
character has a genetic basis. In this speciestoo are the results of crossingof hybrid forms
discussedin chapter II. In mosquitoes such transmission has certain peculiar characters,
fertile offspring being limited to that transmitted by the female parent, at least in many
cases,a result ascribed to cytoplasmic transmission and independent of genes, though not
all authorities agree that this is proven.
Genetical theory deals with the transmission of hereditary characters on the basis that
these are (in most cases) dependent on genes. It is usual for genes to occur as couples,
alleles, one of which is dominant, that is, if present gives rise to its own characteristic
effects, and the other recessive, that is, it is only effective in the absence of the dominant
gene. Offspring from pairing a ‘ strain ’ with the ‘ wild ’ form doesnot therefore usually show
the recessivecharacter in the first generation, that is generation F1, since all the offspring
probably possessthe dominant gene. But in the next sister-brother generation, F,,
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a certain number will show the recessivecharacter. In the case of a single recessivegene,
unless there is some interfering effect, the proportion of offspring showing the recessive
character in the F, generation will be theoretically, as the result of chance distribution of
the genes,one to three, the progeny being BB Bb bB bb, where B is the dominant gene and
b the recessive,the only individuals showing the recessiveeffect being bb. It is on such
numerical results that the geneticist is largely able to form his conclusions.
The simple case as given above is often modified in various ways, for example the
recessivegene may be wholly or partly linked with sex, or genie crossingas describedunder
chromosomal structure may modify the result.
In practice, therefore, the original crossing should be followed up by brother-sister
pairing at least to the F, generation and the numerical results carefully ascertained. Back
crossing, that is pairing of selected members of Fz or later generations with the original,
may also give valuable data. Obviously in such casesunless rearing and manipulation of
the material is carefully carried out the results will be of little value since mortality or incomplete breeding-out of larvae, or even poor hatching of the original eggs,may give misleading results.
The following are some works, other than those already mentioned, that may be helpful
to anyone undertaking experimental work on mosquito genetics and unfamiliar with
genetical theory: Goldschmidt (1938); Sinnott and Dunn (1939); Waddington (1939) ;
Sturtevant and Beadle (1940) ; Snyder (1940); Haldane (1941). Also the account in the
Pelican Books by Kalmus and Crump (1948). See also under the next section.
CHROMOSOMAL

STRUCTURE

(Fig. 85)

The most suitable stagesfor study of the chromosomesin mosquitoesare for most purposes
the larva and pupa. In the imago the testesare too advanced to show division forms well.
For the somatic tissuesalso material is best obtained from the larva or pupa. In Culex
pipiensand Aedesaegypti Sutton (1942) found the best material to be the fourth instar larva,
the pupa or newly emerged adults. For somatic division in different tissuesHance (19 17)
usesthe third instar larva. All authors emphasisethe importance of good fixation and also
the pre-treatment of material by rearing this under special optimal conditions. Such pretreatment is especiallyimportant for the study of the giant salivary chromosomes. Mattingly
(in lit.) especially stressesthe difficulty of obtaining good preparations of chromosomes in
A. aegypti and the necessityhere of pre-treatment. Sutton found the best material was that
kept at low temperatures (10-l 8” C.) for 2 or 3 days before killing. For the salivary
chromosomes of AnoplzelesFrizzi (1947) adds yeast and vorticella to spring water used for
culture and corrects for salinity and pH. Methods for dissecting the salivary glands in
mosquito larvae and pupae are given by Jensen (1955).
Material may be examined in sections, or more usually it is teased out in fixative and
examined direct under a cover-glassas a ‘ squash’ preparation or as a smear. Sectionsshould
be thick, 15,~. For teasing out tissuesmany authors use aceto-carmine;* or the tissuesare
dissected in Ringer’s solution and transferred to aceto-carmine, or aceto-carmine is run
under the cover-glass(La Cour, 1931; Baker, 1945). Aceto-carmine swells the tissue and
* For aceto-carmine Darlington and La Cour (1942) give the following: saturate boiling 45 per cent glacial
acetic acid with excessof carmine, cool and filter. Dr Tate, however, informs me that specialmethods are required
and that the process is difficult to apply. A liquid stain, carmine acetic, is listed by Gurr in his price list C,
1954.
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showsthe chromosomeslarger than in sections(Stevens, 1911). Or tissuesmay be smeared
and fixed (wet) in Flemming’s solution. Sutton notes that with the standard treatment
(aceto-carmine or aceto-orcein) placing in a drop of stain and flattening by pressureon the
cover-glassis ineffective with mosquito chromosomes as these are very soft and tend to be
squashedrather than spread out. Tissues in this case are therefore best dissectedout and
fixed for one minute in ace.ticalcohol, then stained in acetic orcein (1 per cent orcein in
45 per cent acetic) for about an hour. The tissue is then smeared in the usual way. For
sections, fixation by some form of Flemming’s solution has usually been used (for
formulae see Baker, 1945). For staining, good results are obtained with Heidenhain’s
haematoxylin, thionin (Stevens, 1911) and safranin (Bolles Lee, 1950).
The chromosomes are only seen as usually figured in cells undergoing division, or in
nuclear changespreceding this when actual division of the cell is delayed. Otherwise the
ordinary nuclear appearance only is apparent. For the various details in the process see
Darlington (1937, who gives a good description) ; also for changesin the mosquito Whiting
(1917, sperrnatogenesisand somatic division), also Hance (19 17, somatic division) and
the very full studiesin different forms in the earlier literature (Stevens, 1910, 1911; Taylor,
1914, 1917; Carter, 1918; Holt, 1917, who first described multiple complexes during
metamorphosis of the ileum as referred to later).
Kitzmiller (1953) notes some thirty speciesof Culicidae for which the number of chromosomes has been given (Corethra, spp. 2; Anopheles, spp. 6; Cttlex, spp. 10; Theobaldia
(Culiseta), spp. 2; Agdes, spp. 8; Armigeres, sp. 1). Only a few observations relate to
Atides aegypti (Carter, 1918 ; Sutton, 1942). With some doubtful exceptions the number of
chromosomes in all caseshas been a diploid number of six, that is three pairs each consisting of two closely approximated chromosomes (chromatids of some authors). This is
the number in sexual or tissue cells where reduction (meiosis) has not taken place. For
A. aegypti Carter (1918) givesthe diploid number as four, but Sutton (1942) gives six which
is the number now generally accepted. A haploid number (following reduction in meiosis)
of three has been described in two speciesof Culex, in Theobaldia incidens and in Anopheles
punctipennis.

In Culex pipiens the chromosomes in late prophase appear as three pairs of bent
(boomerang, U-, or V-shaped) rod-like structures.These are thicker towards their free ends
and narrowest medianly (position of the centromere). Of the pairs, two are of approximately equal length (autosomes), whilst the third pair is composed of shorter rods (Fig. 85
(I), (2)). No indication in Culex is given of any separate sex chromosomes. In Anopheles,
however, Stevens (19 11) describesthe third shorter pair as consisting of two equal longer
portions and two short portions. These short portions in the female are of equal length, but
in the male one is longer than the other (hetero-chromosomes) (Fig. 85 (4), (5)).
In mitosis the chromosomes in early prophase are seen as fine coiled contorted threads,
as a rule evenly distributed throughout the nucleus with a plasmosome also present. The
thin coils seenin optical section give the appearance at this stage of granules. The chromosomes in later prophase appear as definite thread-like bodies which shorten and thicken.
Later the pairs become arranged equatorially with the centromeres attached to the spindle
fibres, which now appear, and with the ends still free (early metaphase). Division and
drawing apart of the divided chromosomes to form two polar groups (late metaphase) and
final formation of two groups of chromosomes (telophase) complete the process. During
prophase the plasmosome, originally present, disappears and in metaphase the nuclear
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membrane undergoes dissolution until in telophase it is reformed around the two separate
chromosome clusters to complete eventually the nuclei of two new cells.
Meiosis has been chiefly studied in spermatogenesisas seenin the testis. In the region of
the spermatogonia division is by mitosis. Meiosis with reduction takes place by two successive divisions, each division giving rise to characteristic layers of cells as described in the
testis (ch. xxx (j)), the final result being the spermatids or developing spermatozoa.
Nuclear reduction changes in the ovary, oogenesis, is stated by Kitzmiller to have been
described only in very few observations.

6

Figure 86. Chromosomestructure.
Chromosomesof female Culex pipiens. Metaphase from oogonia. After Stevens(1911).
The magnificationgiven is calculatedon that given by the author as x 2000,
The sameof male Culexpipiens. Metaphasefrom spermatogonia.After Stevens(1911).
The samefor male Theobaldia. After Stevens(1911).
The samefor female Anophelespunctipennis. After Stevens(1911). a, equal pair of heterochromosomes.
The samefor male Anophelespunctipennis. After Stevens(1911). b, unequal pair of heterochromosomes.
Salivary chromosomesof Anopheles aquasalis. After Frizzi (1953). Drawn from photograph.
The striationsare only drawn to give the generaleffect. Magnificationis very approximately
that of the other figures.
During meiosisthere may be ‘ crossingover ’ (chiasmata), the coiled dividing chromosomes
becoming adherent at certain points with the formation of characteristic figures. The
formation of chiasmata is described in Culex pipiens by Moffett (1936) and by Callan and
Montalenti (1947). It was not found by the last-mentioned authors in Theobaldia
longiareolata.
The chromosomes as seen in the testes (spermatogenesis)show mitotic division in the

spermatogonal region and meiosisin more distal portions of the organ. In cells of the body
tissuesdivision is by mitosis. In the larva and pupa division figures occur in the leg and
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wing buds, in the hypodermal tissue, in nerve ganglia, in the large nuclei of the Malpighian tubule cells, in the epithelium of the alimentary tract and as the large band forms,
described below, in the salivary gland cells.
A peculiar condition is that of the multiple complexes referred to above in the ileum
during metamorphosis (Holt, 1917; Berger, 1936, 1938 a, b; Grell, 1946 a, b; Schuh, 1951).
Berger describesmultiple complexes of 96, 48, 24 and 12 chromosomes, as also the usual
diploid number of 6, present in the epithelial cells of the pupal ileum during metamorphosis.
Up to the eighth hour of pupal life the cells of the ileum increase only in size, not number.
Multiplication as above then takes place. Schuh notes that in normal development of the
larva the epithelium of the ileum becomeshighly polyploid, while that of the colon remains
diploid. At metamorphosis the colon epithelium degeneratesand is replaced by cells from
the ileum. These ileac cells divide rapidly to form small cells. Treatment of the larva
with colchicine does not prevent degeneration of the colon cells, but does prevent their
replacement.
Of special interest are the large (giant) banded chromosomes in the salivary glands of
the larva of some Diptera and first described in the larva of Anopheles maculipennis by
Bogojawlensky (1934). They are described in Culex pipiens and AL;des aegypti by Sutton
(1942) ; in Culex pipiens by Berger (1936) ; in different speciesof Anopheles by Frizzi (1947,
1953). These remarkable structures appear as long coiled ribbon-like threads crossed by
dark-stained bands and giving the appearance of spectra (Fig. 85 (6)). As noted by Kitzmiller these band-like forms may reach as much as 250~ in length as compared with up to
some 6,~ of the usual form of chromosome. Maps of the banding in Culex pipiens and
Culex jktigans have been given by Kitzmiller and Clarke (1952), and that in Anopheles
atroparvus by Frizzi (reproduced in Kitzmiller, 1953).
Sutton notes that large (giant) chromosomesresembling those of the salivary gland cells,
but lacking the alternate bands and achromatic regions, are also to be found in the later
stages of development in other tissues such as the Malpighian tubule cells and in the
gastric caeca and mid-gut of the prepupal stage.

(b) HORMONES

Many processesin the development and life activities of insects are initiated or carried
through by the action of hormones. These are chemical bodies secreted by special cells or
organs which pass into the haemolymph and so reach the tissueson which they act. They
are known to be concerned in growth and metamorphosis, in control of ovarian development and in many other vital processes. Research in this field involves delicate manipulations and dissectionssuch as the implantation of insect parts and the linking up during
life of parts of one insect with another (parabiosis). For obvious reasonsmost of the work
has been carried out on relatively large insects. But though as yet little has been done in
this connection directly upon the mosquito, hormones must here play an important part
in the life processesand some brief reference to the results achieved would appear to be
desirable. For a very interesting account of recent work in this direction seeWigglesworth
(1951 a), also the recently published book by this author entitled The Physiology of Insect
Metamorphosis (1954). A review of the subject is also given by Bodenstein (1953).
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Working with the bug Rhodnius Wigglesworth (1934) demonstrated in a remarkable series
of experiments that two hormones were concerned in moulting, one bringing about growth,
moulting and imaginal differentiation, the growth hormone, and one that, acting with the
growth hormone, maintained nymphal characters, the juvenile hormone. There was no
hormone special to moulting other than the growth hormone which included moulting as
a part of growth. Early experiments seemedto show that the growth hormone was secreted
by the brain, since decapitation at a certain critical time following a blood meal in
Rhodnius prevented moulting, whilst joining on the head of a last-stage nymph caused
moulting to take place with imaginal characters. It had been found by Fukuda (1940),
however, that in the silkworm pupal moulting was initiated from some source in the thorax
which this author identified with the prothoracic gland. This was found also to be so in
Rhodnius. For the prothoracic gland to act, however, it requires to be activated from the
brain. Work on a large number of insects in different orders has amply confirmed the
general existence of hormones acting much as in Rhodnius and has brought forward a
wealth of information regarding the nature and mechanism of growth and metamorphosis which cannot here be dealt with, but which will be found graphically and clearly
described in the paper and book by Wigglesworth previously referred to. By implantation
and parabiosis giant and minute forms of a number of insect specieshave been produced
through causing extra instar moults or precociously developed imaginal characters. Very
briefly it would appear that the body cells, especially those of the cuticle, have latent possibilities of expressingboth nymphal and imaginal characters, depending upon the hormones
acting upon them. So long as the growth hormone is controlled by the juvenile hormone
nymphal or larval characters are maintained by the latter. The growth hormone acting
alone causes the latent imaginal characters to appear, even precociously under experimental conditions.
Three sources of hormones are concerned with growth, moulting and metamorphosis,
namely (1) the neurosecretory cells of the brain secreting a hormone that activates the prothoracic gland; (2) the prothoracic gland or structures homologous with or representing
this which secrete the growth hormone; (3) the corpora allata which secrete the juvenile
hormone. There is a further structure that should receive mention, namely (4) the corpus
cardiacum the precise function of which is uncertain (Wigglesworth, 1954).
The neurosecretory cells are large conspicuous cells situated in the pars cerebralis
bordering upon the median fissure. They were first described in the brain of the honey-bee
by Weyer (1928) and later in a similar situation in many insect orders (Hanstrom, 1938;
Day, 1940; Thomsen, 1952, and others). The presenceof granules givesthese cells a characteristic appearance under dark-ground illumination. The‘granules are fuchsinophilous and
stain deep blue with Gomori’s stain (chrome-haematoxylin following oxidation with
permanganate, Gomori, 1941). Neurosecretory cells giving this characteristic staining with
Gomori’s stain have recently been described by Clements (1956) in Culex pipiens. About
ten are present in the pars cerebralis and others are present in different parts of the supraoesophageal and sub-oesophagealganglia and in the abdominal ganglia of the pupa and
adult. Large cells that may be of this character have been figured in the brain of &des
aegypti in the chapter dealing with this organ.
The prothoracic glands (see review by Williams, 1949) were described by Lyonet in the
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caterpillarof the goat moth as early as 1762,being termed by him ‘ granulatedvessels
‘.
They were later describedin the silkworm by Verson and Bisson(1891) as the hypostigmaticgland and sinceby other authorsin a number of speciesof Lepidoptera.What
appear to be homologousorganshave also been recordedin hemimetabolousinsectsin
a number of other orders. In their typical form the glandsare situatedone on eachside
in closeconnectionwith the tracheaeposteriorto the prothoracicspiracleand extending
along the trachealtrunks as diffusebead-likestringsof large cells. In Rhodnius the prothoracicglandsare describedby Wigglesworth(1951b) as two strandsof large cellswith
enormouslobulated nuclei deeply embeddedin the fat-body and extendingthrough the
prothorax and mesothorax.They break down and disappearin the adult within 48 hours
of moulting. In the higher Diptera what appearto be homologouswith the prothoracic
glandsare the large cellsforming the lateral portions of the ring glandsof Weismann
(peritrachealglandsof Possompes,1953)which secretethe hormoneleadingto the formation of the puparium.
In the mosquitothe large cellssurroundingthe corpora allata have beenconsideredas
homologouswith the peritrachealcellsof Possompesand so probably the sourceof the
growth hormone. As noted by Bodenstein(1945) they undergo dissolutionand are not
presentin the imago.
The corporaallata werefirstrecognised
asductlessglandsby Nabert (1913)who recorded
them in a number of insectorders.They usuallyoccurasganglion-likebodiesone on each
sidein the retrocerebralcomplex. In the higherDiptera theyare presentasa singlemedian
structurein the dorsalpart of the ring glandof Weismann.Their appearance
in themosquito
hasbeendescribedin a previouschapter.They continueto be presentwith much the same
charactersasbefore in the adult when the largercellsforming the peritrachealglandsurroundingthem have undergonechangeor dissolution.
The corpora cardiaca, also known as the oesophagealor pharyngeal ganglia, are
normally small ganglion-like bodies on each side of the hypocerebralganglion. They
receiveon eachsidetwo nervesfrom the neurosecretory
cellsin the brain, and a nerve is
continuedfrom them to the corpus allaturn of their side. They appear to be of mixed
nervousand glandularnatureand containcellsshowinggranulesthat stainselectivelywith
Gomori’s stain. In the higherDiptera they appearasa mediangroupof cellsin the ventral
portion of the ring gland. There has been much controversyas to their presencein the
mosquito,and in CulexCazal (1948) consideredthem to be fusedwith the hypocerebral
ganglionand presentas a median group of cells embeddedin this ganglion. Recently
Clements(1956) has recordedthe presenceof two groupsof previouslyundescribedcells
situatedbetweenthe corpora allata and the trachealcommissure.Each group consistsof
three or four large cells with large nuclei and extensivecytoplasmcontaininggranular
material that stainswith Gomori’s chrome-haematoxylin.From thesecells axons run
forward in the cardiacalnerveunder the trachealcommissure.The cellsare presentin the
pupa and imago and in lessdevelopedform can be detectedin the fourth instarlarva. The
author suggests
that the cell groupsare the corpora cardiaca.
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The corpora allata, in addition to their action in metamorphosis, have been shown to be
concerned in the control of ovarian development. If the ovaries of the adult female
Rhodnius are removed, the corpora allata undergo hypertrophy as shown also by Thomsen
(1952) in Calliphora and by Day (1943) in Lucilia. Detinova (1945) found that ligation of
Anopheles macuZ@ennis between the head and the thorax did not prevent development of
the ovaries after a blood meal, but if done between the prothorax and mesothorax within
6 hours of a blood meal it did so, and he concluded that the corpora allata stimulated
ovarian growth by secreting a gonadotrophic hormone after blood feeding. Wigglesworth
(1948) in a footnote notes that it is probable that the yolk-forming hormone and the
juvenile hormone are identical. Clements, working with the autogenous form of CuZex
pipiens (C. molestus), found that no specimens decapitated earlier than 7 hours after
emergence developed their ovaries beyond the resting stage and that none ligated at the
base of the abdomen earlier than 5 hours did so. But many decapitated and ligated after
7 and 5 hours respectively developed their follicles to maturity or to a lesser degree. In
these experiments decapitation removed the neurosecretory cells and cut the cardiacal
nerves and the recurrent nerve, whilst ligation isolated the ovaries from all endocrine
organs outside the abdomen. There is thus evidence that the development of the ovaries in
autogenous mosquitoes is stimulated by a gonadotrophic hormone secreted within a few
hours of emergence presumably by the corpora allata. On decapitation of anautogenous
females (C. pipiens form herbericus) following a blood meal, a proportion developed their
ovaries, as was also found by Detinova in experiments with Anopheles maculipennis.
A similar result was obtained with Ai;des aegypti, as also with Anopheles Zabranchiae
atroparvus. Anopheles stephensi, however, ligated up to an hour or more following a blood
meal did not develop the ovaries. It seemedpossibletherefore that in the ordinary anautogenous mosquito hormone is secreted before feeding takes place or that some other
mechanism is involved.
Gillett (1956), studying development of the follicle in Ak;desaegypti, found that development beyond the resting stage (stage 2) depends on the taking of a blood meal. In
mosquitoes decapitated before the critical period following this, development of the oocyte
begins, but it stops short at or before stage 3, whereas in those decapitated after the
critical period development goeson to maturity (stage 5). The critical period in two African
strains was at 8-14 hours and in a Malayan strain possibly a little earlier. The author
concludesthat it is possiblethat initiation of ovarian development beyond stage 2 is under
direct nervous control as a result of a stimulus provided by entry of blood into the stomach
(or stretching of the stomach wall), though there was evidence that development in
mosquitoes decapitated late in the precritical period goes a little further than in those
decapitated early.
(c) RESERVES
FORMATION

AND

PURPOSE

OF

RESERVES

Except the yolk initially passed from the female in the egg, reserves in mosquitoes are
derived from (a) food taken in during the larval stage; (b) such food as may be taken in by
the imago; and (c) tissuesor organs which in the course of metamorphosis are no longer
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required and undergo histolysis. In some mosquitoes nectar forms an important source of
food of the imago and is capable of allowing for the normal activities of the species
without a blood meal (Hocking, 1953). It is improbable that Ai;des aegypti females under
natural conditions normally take any food other than blood, and in capitivity, if given
water, females readily survive for seven days or more without food.
Reserves are used for the purpose of (a) maintaining life during periods in the life
history when no food is taken; (b) providing material for the formation of new tissuesand
organs; and (c) providing energy for such activities as flight.
RESERVES

IN

METAMORPHOSIS

From the start the egg provides in the form of yolk a mass of reserve substancesutilised in
the building up of the pre-instar larva. This stage is completed in the first few days from
oviposition. But the pre-instar larva may remain viable in the egg for periods which in some
circumstances may extend to months. Furthermore at hatching the young larva has to
undertake muscular movements and other activities for some hours before it is capable of
taking food. As at hatching little or no yolk remains as such, life must be maintained
during this period by reserves of some other kind, and, as already noted, the young firststage larva already has in the fat-body fine granules of an albuminoid nature and some fat
globules.
During the larval period when food is taken there is not only growth, but a steady
storing up of reserves which reaches a maximum in the fourth instar larval stage and
especially is very noticeable just before pupation when the larvae are notably plump and
fat. During the pupal stageit is largely on this store of reserves,together with the products
of histolysis of no longer required larval structures, that the body of the imago is built up.
The large abdominal muscles of the larva are, however, largely retained by the pupa. At
emergence of the imago there is still an important period to be passedthrough before the
insect obtains its first blood meal and during which for up to some 2 days it does not feed.
During this time important changesare going on. The abdominal musclesare now broken
down and absorbed, the salivary glands develop secretion and the ovary and testesundergo
changes. Eventually the female takes a blood meal, if available, usually on the third day.
If such food is not available, the female imago can still live for a considerable period even
actively using its wing musclesand making other expenditure of energy. The male with its
more slender resourcesdoes not usually live so long. Both sexes,however, at this time have
important functions to perform for continuation of the species,the female to develop its
ovarian follicles to a suitable stage, the male to provide spermatozoa. It will be convenient to follow these later activities in some detail.
RESERVES

AND

OVARIAN

DEVELOPMENT

Normally in most mosquitoes the ovaries in the absenceof a blood meal develop only to a
more or less fixed stage, namely with the follicles at stage 2 (Christophers, 1911). In
A. aegypti a single blood meal is then sufficient to complete ovarian development and allow
of oviposition. In certain cases,however, the female mosquito may require more than one
blood meal to bring about this result.
Gillies (1955), dealing with the gonotrophic cycle in Anopheles gambiae and A. fimestus
as seen in specimenscaught in nature, found a proportion of females in which multiple
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blood meals were required for completion of the first gonotrophic cycle. This proportion
he termed the pre-gravid rate. Observation showed that this rate was considerable only
when the population density of the species was very large or very small. The females
showing the condition were found to be mainly newly emerged, the author concluding that
a pre-gravid phase of development in which more than one blood meal was required
occurred when the ovaries at the time of the first feed had not reached stage 2. In this
connection one may recall the observations by Mer (1936) on Anopheleselutus, referred to
in a previous chapter, in which the author found that development up to stage 2 can be
achieved either at the expense of reservescarried over from the larval stage or by feeding
on raisins. One blood meal then sufficed for oviposition. With poor larval food, however,
development to stage2 was impaired and a single blood meal did not then suffice. That the
pre-gravid rate was high only when the anopheline population density was either very
large or very small would seem to support the view that in the first caseit was due to overcrowding and in the second to deterioration in the breeding conditions of the species.
A striking instance of the use of material obtained from histolysis of organs to ensure
ovarian development and oviposition has been given by Hocking (1952). A species of
AFdes in Manitoba normally does not take a blood meal, but utilises the imaginal flight
musclesto develop the eggs.The females are found in a flightlesscondition and the degree
of breakdown of the indirect wing musclesis related to that of egg development. The author
notes that the nitrogen content of the flight muscles in this case is roughly equivalent to
that of about sixty eggs.
RESERVES

AND

MALE

ACTIVITY

The life of the male is usually short, at most 3 or 4 days. But during that time it is not only
extremely active in frequent flight, but copulates many times. In an interesting communication Gillett (1955) notes that males of a certain African strain of A. aegypti were able to
copulate in quick successionwith eight females, though only the first three or four were
successfullyfertilised. Males, however, apparently exhausted of sperms by three or four
consecutive matings were again able to fertilise females after a rest of 36 hours. In copulations at lesserperiods they failed to fertilise. The formation of new spermswould therefore appear to have been dependent either on reservesor on food taken, should raisins or
sugar have been available.
RESERVES

AND

ENERGY

The relation of reservesto work, fuel consumption and thoracic temperature in flight has
been intensively studied in insects by a number of observers (see Wigglesworth, 1942;
Hocking, 1953; Sotavalta, 1952, 1954a, b; Clements, 1955; for other authors see list of
references given by Hocking).
The methods of investigation include the use of some form of roundabout, which allows
the insect to fly with minimum friction (see description and figure given by Hocking, 1953,
p. 276; also Sotavalta, 1954a, p. 3; Clements, 1955, p. 547). Flying in the case of
mosquitoes is continuous so long as the tarsi are not in contact with any surface.
Reserves in the fat-body consist chiefly of fat, glycogen and protein (Wigglesworth,
1942). In Diptera, however, authors are in agreement that the material used as a source of
energy is chiefly, if not entirely, carbohydrates (glycogen and sugar). Thus Clements found
no difference in the fat-body fat in flight-exhausted mosquitoes, though glycogen had
disappeared. According to Hocking (1953) the exact chemical nature of energy reservesis
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not required in estimatingenergy equivalents,as the energy values of the main food
materialsare essentiallysimilar. The following data are given for four speciesof Ad;des
exhaustedby flying.
Species
AEdes campestris
A. communis
A. nearcticus
A. punctor

Original
weight
(mg.)

Exhausted
weight
(mg.)

Weight
lost
(mg.)

Equivalent
glycogen
(mg.)

6.72
3.11
3.15
5.77

5.22
242
2.45
4.49

l-50
O-69
0.70
l-28

O-24

0.11
0.11
o-20

Equivalent
glucose
(mg.)
0.269
O-124
0.124
0.225

Water
loss
(mg.)
1.27
0.57
0.57
1.06

The columnsgiven as equivalentsof glycogenand of glucoseare the weight of tissue
reservesexpressed
asthesesubstances
calculatedfrom the durationof flight. The waterloss
is calculatedfrom the author’s figuresfor water lossper mg. of glycogen,taking the given
figure of 5.25 mg. per mg. of glycogen.
Clements,usingtheflight-mill arm figuredby Hocking, givesthefollowingdataregarding
flight and energyrequirementsin Culexpipiens form berbericus. The figuresgivethe mean
number of metresflown when flown to exhaustionon successive
days.

Condition in which flown
Unfed 72-96 hours old, first flight
Fed on blood, as above

fDay 1
1292
1564

Distance flown (in metres)
*
Day 2
Day 3
Day 4
Day 5
455
314
242
129
1809
1055
410
225

\
Total
2422
5063

The estimatedreservesof an unfedfemaleaged48-72 hourswereapproximately0012mg.
glucose.The excessdistanceof flight followinga blood meal was2641metresequivalentto
O-061mg. glucoseas used by an exhaustedmosquito fed on glucose. A meal of blood
containedonly 0.003 mg. glucoseso that the mosquitoeswere able to utilise productsof
blood digestionto produceenergyreservesfor flight.
Hibernating specimensof Culexpipiens form pipiens taken from a cellarin December
and raisedto room temperaturewhen flown to exhaustiongavea mean distanceflown of
4300metres(max. 8674;rnin. 2239)with speedsup to about 1-Ometresper second,equivalent to 0*099mg. glucoseas usedby Culexpipiens form berbericus.
Heat production in insectsduring flight has been studiedby Sotavalta(1954b). This
author, usinga delicateform of thermostatplacedin the thorax of certaininsectsflown on
a roundabout,found risesof temperaturevaryingbetween3” and 16”C. abovethat of the
outsidetemperature(in large Diptera 2.5” to 8” C.). It was not found possibleto make
determinationsin small insectssuchas mosquitoes.

(d> THE INTEGUMENT
Physiologicallythe integumentplays a very important and varied role in the life of an
insect. Besidesbeing a coveringand a skeletonaffording attachmentsfor musclesand
other structures,it is from the integumentthat are mainly derivedstructurescontrolling
respiration,that the organsof tactileand othersensoryimpressions
arelargelyformed,and
it is the integumentthat mostly determinesthe very nature of the insectin its different
stagesof metamorphosis.It is here, however,being consideredin the limited senseof a
cutaneouscoveringand from a generalpoint of view. For a descriptionof the insect
integumentseeWigglesworth(1933, 1947, 1948, 1957)and Richards(1951, 1953). Only
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suchbrief accountcan here be given as will serveto be explanatoryof suchreferencesas
are made to Aedes aegypti.
The insectintegumentconsistsof a layer of epithelialcellswith basementmembrane,the
epidermis(hypodermisof many authors),and externalto this a non-cellularsecretedlayer,
the cuticle. The cuticlewhen normally developedfurther consistsof three layers: (1) the
endocuticle; (2) the exocuticle; and (3) the epicuticle. The endocuticleand exocuticleare
both chitinous,consistingof a chitin-proteincomplex, and togetherconstitutethe procuticle. The epicuticleis non-chitinous.
The endocuticleformsthe innerand main thicknessof the cuticle. It is usually,asseenin
sections,light-colouredand somewhattranslucent.It is tough and more or lesselastic. It
is penetratedby excessively
fine canals,pore canals, that are shownup by allowingfrozen
sectionsto becomedry, so that the canalsbecomefilled with air, and then mounted.The
pore canalspassverticallythrough its substanceand containfine cytoplasmicextensions
from the epidermalcells.The exocuticleis that portion of the procuticlewhich becomes
impregnatedwith hardeningmaterial, ‘ sclerotin‘, and forms the scleritesand other hard
parts of the integument.The epicuticleis a very thin surfacelayer. In thoseinsectswhere
it has been studiedit consistsof a number of layers.Theseconsistof: a thin ‘cuticulin’
layer, the first to be secretedby the epidermalcells; a ‘lipid ’ or w
‘ ax’ layer, alsosecreted
by the cells, which giveswater-proofingto the cuticle; and an external ‘cement’ layer
pouredout subsequent
to moultingasa fluid secretionby the dermalglandsand whichlater
hardens(Wigglesworth,1947).
At ecdysiswhen the new cuticle is beginningto be formed by the laying down of a
sclerotinlayera breakoccursbetweenthis and the endocuticleof the old cuticle.This break
is tiled with fluid, ecdysiaZj?uid,at first thought to be secretedby the dermal glands,but
now known to be secretedby the epidermalcellsby way of the pore canals.This fluid
containsenzymeswhich graduallydissolvethe old endocuticle,so that ultimately little is
left of the old cuticleexceptthe thin epicuticle. It followsthat the castskin, for example
at pupation,neitherin thicknessnor in weight representsthat of the whole larval cuticle.
Meanwhile the new cuticleis being built up within, but separatedfrom, the old. These
changesare more or lesscommonto all insectsand apply in generalto A. aegypti.
Somethingtoo shouldbesaidregardinghardeningof thecuticlefollowinguponmoulting.
Very commonlythe new cuticlewhen first exposedis pale or white or eventransparentas
contrastedwith thecastold cuticle.Thusin thelarvaat ecdysistheheadof thenewlyemerged
stageis almosttransparent,but later becomesdark or almostblack. As well as darkening
in colourthe newcuticlealsohardens.This hardening,asfirstpointedout by Pryor (1940),
is now recognisedto be a form of tanning.The processas seenin the puparium of Sarcophaga is summarisedas follows by Richards (1953). Sclerotisationbeginsat the epicuticle-procuticleinterfaceand spreadsinwardsgiving rise to a mature cuticlecomposed
of exocuticleand endocuticle.The substratefor the tanning reaction,that is tyrosineor
products of this substance,diffusesfrom the blood and becomesoxidisedby oxidase
located in the epicuticleto form 0-quinone, which diffusesinwards transformingthe
chitin-proteinof the outerpart of the procuticleinto sclerotinand soformingan exocuticle.
Somethingalso shouldbe said about the surfacestructuresborne by the cuticle.The
cuticleitself may bearmarkings,suchas polygonalmarkings,indicatingthe cell outlines
in the form of microtrichae,hairsor setae,
or corrugations.It usuallyalsocarriesprocesses
spinesand scales. Microtrichae are simple small spine-likeelevationsof the epicuticle.
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Hairs and cuticular spines are secreted around cytoplasmic extensions from special cells
in the epithelial layer, trichogen cells, which thrust themselves through a tormogen cell
from which a socket for the hair is formed. Scales are derived from much enlarged epithelial cells which form club-shaped projections that later flatten. Situated in the epithelial
layer are the dermal glands. These consist of large cellsand have ducts passingthrough the
cuticle to the surface. Also associatedwith the integument are the oenocytes (see ch. XIV
(f), p. 337). Dermal glands are said not to be present in some insectsincluding Diptera and
they do not seem to have been describedin the mosquito. I have not succeededin detecting
them in the newly formed cuticle of the prepupa or of the imago prior to ecdysisfrom the
pupa, but they may be difficult to detect and the above requires confirmation. Oenocytes,
too, in A. aegypti, though they may be concerned in formation of the cuticle by providing
material for this, are well separatedfrom the integument and are more suitably considered
independently.
In A. aegypti the cuticle presents different characters in the larva, pupa and imago. It is
best studied as developed in the imago, or as being formed prior to ecdysis,especially in
the fourth instar pre-ecdysis larva or in the forming imaginal cuticle in the pupa.
In the larva of A. aegypti the cuticle is peculiar, even among mosquitoes, in being almost
entirely free from sclerotised areas, other than the head capsule, respiratory siphon, anal
plate and some areas about, and at the base of, some hairs and spines,notably the pleural
hairs. Even the small oval tergites seen in the larvae of Anophelesand other mosquitoes
are completely absent. Also the cuticle is very thin and the cast skins, even of the fourth
instar, are, apart from hairs and the parts mentioned above, almost transparent when
mounted. Its thickness is given by Richards and Anderson (1942) as between 0.75,~ and
2.0,~. Though very thin, the larval cuticle is neverthelessextremely impermeable to watery
fluids as is clearly shown in attempting to mount larvae in say, glycerine, without making
some small opening. As shown by Wigglesworth (1933), however, the cuticle of the anal
papillae is readily permeable and plays an important part in the osmotic processesconnected with the haemolymph.
Though the larval cuticle is so thin and free from marked thickening it still showsareas of
cuticle covering the segmentsas distinct from the thinner and more folded intersegmental
areas.
Very different is the cuticle of the pupa where the whole body is encasedin hard sclerotised and dark-coloured armour-like cuticle. In this case, namely that of an active obtectate pupa, it is, however, only the exposedportions of the cuticle that are so hardened. Much
unexposedcuticle covering the cemented limbs and other parts of the pre-imago are soft and
inconspicuous. As described in an earlier chapter such parts of the cuticle are freely
exposed at pupal ecdysisthrough removal of cementing fluid by fixatives, so that the early
pupa when fixed no longer retains its shape but shows the wings and other parts much as
in the resulting imago. A further point also previously mentioned is the peculiar outer coating of some substancesoluble in chloroform which, left intact, gives to the pupal cuticle
very resistant properties. Certain colour changestoo that occur in the cuticle of the pupa
have also been described.
The cuticle of the imago is fully sclerotised, forming the usual exoskeleton of articulated
plates and intersegmental membranes. It is formed very early within the pupal skin so that
some time before emergencethe dark scaling of the imago is already very apparent. Hence
on emergence the imago unlike the pupa is already dark-coloured and changes but little
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in this respect later. The sclerotisedareas bear microtrichae, socketed hairs and scales.The
microtrichae are small, thin and hair-like, measuring only some 5-10,~ in length. Both hairs
and scaleshave basal sockets(Fig. 50 (7)). The membranous areas carry only microtrichae.
These are, however, stouter and larger than are present on the smooth sclerite areas.
A very curious feature of the imago is the character of the pleural membrane. As already
noted this does not apparently stretch following the great expansion of the abdomen from
a blood meal, but is very voluminous and in the unexpanded abdomen is tucked in folds
under the edge of the tergites. It is not a simple membrane, but consistsof a thin basal
membrane on which are closely and regularly arranged small oval or circular plaques each
carrying up to five or six long curved thorn-like microtrichae (Fig. 50 (6), A, B, c). The
condition does not extend to the intersegmental membrane and is confined to the pleura.
The neck membrane is also closely covered with microtrichae which in this case are rather
thick and peg-like, but single and arising directly from the membrane (Fig. 50 (6), D).
Other membranes carry somewhat similar microtrichae though usually thinner and more
sparsely distributed.
(e) RESPIRATION
Provision for respiration in the egg of insects is often quite complex with an elaborate
arrangement of air channels or spaces. It is possible that the silvery network so conspicuouson the eggsof some anophelines and which have been here describedin A. aegypti
may have such a function. These air spacesare, however, external to the thick endochorion
and whether they are concerned with respiration of the egg or not is as yet unknown.
In all other stages arrangements for respiration are through the tracheal system.
Respiration is, however, not the only function in which the tracheal system plays a part.
In the larva it is largely responsible for maintaining the specific gravity and necessary
attitude to enable the larva to attach its siphon to the surface. In the imago it almost
certainly helps flight by increasing buoyancy. In the mosquito, however, there is no
development of the large air sacsso conspicuousin many insects.
The required oxygen is obtained almost entirely through this system.* Though the larva
leads an aquatic life it does not, like some aquatic larvae, possessgills, the anal papillae
as shown by Wigglesworth (1938) being concerned almost entirely with osmotic regulation
of the haemolymph. It would seemtoo that, except in the first instar, very little respiration
through the integument takes place. With a view to ascertaining to what extent larvae can
exist on cutaneous respiration a number of authors have attempted to ascertain the time
that larvae can remain alive when submerged, but without very clear results (Da Costa
Lima, 1914; Sen, 1915; Macfie, 1917; Koch, 1920). Macfie calculated that a full-grown
larva of A. aegypti in 8 C.C. of water shaken with air should, if it could utilise the dissolved gas, live for 42 hours, whereas it lived only 12 hours in such water and in boiled
water only 4 hours. In the first instar, however, the larva can remain alive for several days
without air ever entering its tracheae.
The oxygen required is obtained in the main through the spiracles. Control of air
entering the spiraclesin the larva is restricted to closure when submergingand establishing
air contact when at the surface. Such air contact takes place automatically through the
* For the growth and regenerationof the tracheal systemand the method by which tissuesreceive their tracheal
supply see Wigglesworth (1954).
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anatomical characters of the spiracular parts and the physical properties of the surface
film of water. When these properties are altered, for example in oil, oil enters the tracheae.
Much the same occurs with the respiratory trumpets of the pupa, these being fully opened
on contact with the surface by surface tension. In the imago there are two large thoracic
spiracles and a number of smaller abdominal spiracles in connection with all of which
there are muscles capable of controlling the opening. Why this should be necessary is
probably more to conserve water than to regulate the supply of oxygen.
In order to reach the tissuesit is necessarythat oxygen should reach the tracheoles. This
it can do only by diffusion. The rate of diffusion is more rapid and effective than might at
first be thought. Krogh (1941) estimated the tracheal volume of the Culex larva to be
13 mm.3 and that enough O2 diffused through the spiracles to supply the requirements
of the insect’s tissues. In some insects mechanical ventilation may facilitate diffusion.
There may be respiratory movements of the abdomen or rhythmical closing and opening of
the spiracles. No such movements appear to take place in either the larva or imago of the
mosquito. Babak (1912), however, has described rhythmical pulsations of the tracheal
trunks in the larva.
That the necessaryamount of oxygen should diffuse to the tracheoles is essential since
it is only by this channel that it can be conveyed. The haemolymph contains no haemoglobin or other effective means of doing so. There is, however, in the larva the curious
‘ tracheal lung’ as noted by Imms (1907) and here described, where there would appear to
be definite association of a mass of tracheoles with the haemolymph the exact function of
which is not very clear. Further, the supply must be adequate to the requirements of the
tissues. A very noticeable fact is the much greater volume of the tracheae in the imago,
other than the large abdominal trunks, than in the larva, where the muscular system is
relatively small in volume and less highly developed than in the imago with its massive
wing muscles.
A special study of the physiology of the changesin the tracheoles largely dealing with the
mechanism of respiration in the larva of A. aegypti has been made by Wigglesworth in a
number of papers. Only very brief reference can here be made. Especially important is the
permeability of the tracheole wall allowing absorption of fluid to take place. When first
hatched the tracheal system of the first instar larva is filled with fluid and remains so until
contact is made with air at the surface. When such contact is made, air quickly enters as a
result of the fluid being absorbed. The same occurs at ecdysis, the new larger tracheae,
which form around the old air-filled tracheae just before ecdysis, being filled with liquid
(moulting fluid). In the first instar larva which has been kept from contacting the surface
the absorption becomes less and less rapid until by the fourth day the tracheae fail to fill
with air. A similar decreasein the absorption of fluid and entry of air replacing this takes
place at each ecdysisif larvae are kept from contacting air.
Exchange of O2 and CO2 takes place in the tracheoles where these terminate in close
connection with the tissue cells. Though the walls of the tracheae are impermeable to fluid,
those of the tracheoles are permeable and towards their termination contain fluid permeated from the tissues. The extent to which fluid is present is dependent upon osmotic
conditions in the tissues. Muscular activity increasesthe osmotic power of the tissuesand
fluid is withdrawn from the tracheoles and air extends further towards their terminations.
By observing the extent of fluid in the tracheoles under various conditions, especially in
the starved larva, much connected with respiration can be studied. Thus with the aid of an
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appropriate apparatus Wigglesworth (1930) studied the effect on the larva of various gases
and of oil.
An important aspect of respiration is the nature of the respiratory exchange, that is the
extent to which oxygen is taken up, oxygen uptake, as also the relation of this to CO3
passedout, respiratory quotient, and other features. Determinations of oxygen uptake in
the mosquito have been made by Sen. This author found 0, uptake for the full-grown larva
of Culex microannulatus (a rather small mosquito) to be 1.1 mm? per larva per hour, or,
taking the weight of such a larva to be about 3 mg., an uptake of 370 mm.3 per gram per
hour. For the pupa the uptake was 536 mm.3 per gram per hour for C. microannulatus
and 488 for AZdes scutellaris. For the imago of Culex microannulatus the rate was 26 mm.3
per mosquito per hour, or about 8000 mm.3 per gram per hour. The amount of CO, given
off was about 25 nnn3 per mosquito, making the respiratory quotient about 1.0. Judging
from the author’s description the mosquitoes were able to move about freely.
Table 50. Oxygen uptake for the larva, pupa and imago of Aedes aegypti

Date

Temperature
(” C.)

No.
used

Weight
(mg.)

Time
in
minutes

02
(mm.9)

02
(mm.*)
per gram
per hour

1200
990
1048

Mean
uptake
(mm.“)
per gram
per hour

Larva
25. vii. 47
25. vii. 47
11. viii. 47
25.
vii. 47
12. viii.
47

25.5
26.2
27.9
25.5
27.6

2
4
10
2
10

40.0
10.1
45.8

24
26
15
18
20

4
8
12
3
16

12. viii. 47
2. ix. 47
2. ix. 47
3. ix. 47*
3. ix. 47t

28.0
27.5
27.4
27.6
27.6

8
3
4
2
1

Pupa
31.7
14.8
-

50
94
60
35
45

24
17
16
4
10

5. ix. 47
5. ix. 47

28.0
28.0

2
2

Imago (female)
4.86
105
6.38
70

40
26

* Dark pupa approachingemergence.

1079
I

819

4713
3495

4104

t Pupa during emergence.

Some observations by the present author for 0, uptake by AL;des aegypti gave mean
values for the full-grown female larva of 1079 mm.3 per gram per hour; for the pupa
819 nrn~.~per gram per hour; and for the female imago 4104 mm.3 per gram per hour
(Table 50). A pupa in the act of emergence gave an uptake of approximately 3000 mm.3
or about the same as for the adult. The adult mosquitoes were confined in a small space
and though able to fly rarely did so and on being liberated were more or less feeble.
Recently Hocking (1953) has given data based on the utilisation of glucoseand glycogen.
On pp. 287-8 this author gives, along with data for a number of other insects,the metabolic
rate at rest and when flying for three speciesof Agdes, including A. nearcticus which was
found the most suitable for experiment. The O2 uptake for resting metabolism in this species
was 5.57 cc. per gram per hour, or 5570 mm.3 per gram per hour. For the rate flying at
cruising speedthe value was 20.6 cc. or 20,600 mm.3 per gram per hour; at bursts of speed
it was 118 cc. per gram per hour. The data show a much higher intake by insect wing
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muscle than by mammalian muscle. Calculated on the weight of the indirect wing muscles
oxygen consumption for the bee works out as about forty times that of human muscle.
Some useful data are given in table form by the above author on p. 326 including the
following taken from Carpenter (1939) : 1 gram glucose requires for oxidation 726.2 cc. 0,
at standard temperature and pressure; 1 gram of glycogen 829.3 cc. Other useful data in
connection with work on respiration are: 1 mg. 0, at N.T.P. occupies 699.8 mm.3; 1 mg.
CO, at N.T.P. occupies 505.9 mm. 3; 1 cc. of water at 20” C. and one atmosphere pressure
absorbs 0.031 cc. 0, (Childs, 1934). (See Addenda, p. 719.)

df) DIGESTION
MECHANISM

OF

DIGESTION

IN

THE

LARVA

In the larva food particles filtered off by the pharyngeal fringes gradually collect at the
back of the pharynx to form a bolus which is swallowed at intervals. According to Shipitzima (1930, 1935) the larva of Anopheles maculipennis is capable of separating colloidal
particles as small as 20 ,U,Uin diameter, but not those of soluble starch which are 5 P,Uin
diameter or those of haemoglobin which measure 2-4 ,U,Uin diameter. Feeding in this way
considerable quantities of water are filtered free from suspendedmatter as first pointed out
by Boyce and Lewis (1910). For Anopheles maculipennis Senior White (1928) estimated
that as much as 1000 mm.3 (1 cc.) could be so filtered in a day. Shipitzima, for the fourth
instar of this speciesat 17-21” C., gives only 100 mm.3 The present author found that nine
half-grown fourth instar larvae of At?des aegypti at 26” C. in 24 hours cleared 60 ml. of
culture medium as here recommended for culture diluted so that distinct dark type could
just not be read at 5 cm. depth. The fluid was still very faintly turbid, but had ceased to
yield food as was shown by the behaviour of the larvae which had ceasedto feed normally
and were rapidly browsing over the bottom. This gave a filtering of some 6.5 ml. per larva
in 24 hours.
The food when swallowed passesdirectly through the oesophagusand proventriculus to
the mid-gut, where it becomescompacted to form a column of food material which extends
as a long cylindrical mass through the greater part of the abdomen to the pylorus surrounded by a tubular sheath of peritrophic membrane. The food column with its peritrophic sheath lies free in the lumen of the mid-gut with a considerable spacebetween it and
the gut wall. In the living larva rhythmical peristaltic contractions of the gut wall directed
forwards and driving fluid into the gastric caeca, as described by Wigglesworth (1949),
show up very clearly the distinction between the wall of the mid-gut and the motionless
tube of peritrophic membrane, as also the considerable space between these structures.
The food material is eventually passed out as the characteristic larval faeces, that is as
cylindrical massesresembling portions of the food column, the length of which probably
depends in part at least upon the nature of the food. In larvae parasitised by PeniciUium,
as noted in the section on parasites, this character of the faecesis exaggerated, long lengths
of cylindrical faeces remaining still attached at the anus. The material forming the food
column, as also the faeces, is granular and amorphous with included larger particles of
miscellaneousnature and usually with transparent crystalline grains of silica.
The time taken for passageof food through the alimentary canal of the larva as shown by
ingested particles of carmine is given by Purdy (1920) for larvae of Anopheles collected
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from ricefields as from 3 l-45 minutes. Briick (1931), in Anopheles maculipennis, gives
40 minutes as the time it took food to passthrough, but this depended on the rate that food
was taken in. It was not affected by the size of particles or nature of the food. In some
observations made with half-grown fourth instar larvae of A&Yesaegypti at 26” C. feeding
normally in the usual culture medium to which some suspension of carmine had been
added the time taken for the carmine to reach the pylorus was about 30 minutes.
Little is given in the literature regarding disposal of the food material and the following
observations on the larvae of A. aegypti may be given. As well as by dissection and
examination of sections,larvae suitably mounted under a cover-glassmay be examined in
the living state. The most satisfactory stage for this purpose is the third, or early fourth,
instar when the parts are relatively transparent. Especially if arranged to give a lateral view
of the abdomen movements of the food and concerned parts are well displayed. To aid
such observations finely divided carmine may be added to the culture medium. It is also
worth noting that, in contradistinction to the method used for drawing out the parts in the
adult, the whole alimentary canal in the larva is readily drawn out intact from the thorax,
provided only that the rectum is divided. The following observations may be made on the
food column.
Anteriorly the column starts abruptly immediately behind and in contact with the invaginated end of the oesophagusinto the proventriculus, where it receivessteady accessions
of swallowed material (Fig. 27 (I), (2)). Since the peritrophic membrane takes origin from
the outer fold of the proventriculus it surrounds the food column from its beginning and so
cuts off any accessof food material to the gastric caeca, which normally remain apparently
empty and more or lesstransparent in contrast to the opaque column of food material. In
apparent contradiction to this is the condition seenwhen suspensionof carmine is used. In
this case within such a short time as half an hour the gastric caeca appear packed with
opaque red material equally with the mid-gut. On crushing them the material is seen to
consist of fine carmine granules about 1.0,~ in diameter. Either in some way carmine
particles are able to pass the peritrophic membrane and enter the caeca direct, or more
probably carmine is removed in solution from the gut and after being passedforwards is
taken up by the epithelium of the gastric caeca and reformed into granules.The remarkable
fact is the short time in this latter case that it takes for the caeca to become so massively
blocked with carmine. The condition has not been further explored.
At its posterior end the food column also terminates as a rule abruptly, in this case at
the pylorus or a little beyond (Fig. 28 (I), (2)). The abruptness here is to some extent
exaggerated by the abrupt termination of the thick-walled mid-gut followed by the very
thin-walled pyloric ampulla. In the larva, too, there is no sharp constriction at the pylorus
as in the adult and the mid-gut wall makes what almost amounts to a narrow ring-like
fold. All this servesto give the impression of an abrupt cut-off effect to the food column.
Usually the column extends a little beyond the pylorus and in the living larva it may be
seen slowly extending more and more into the upper part of the ileum until with a sudden
contraction of the parts a length of the food column is detached and rapidly passesalong
the ileum to be lodged in the colon. Here it remains, usually with two or three similar
masses,for a period before, with the emptying of the colon, its contents are passedrapidly
down the narrow rectum and discharged as faeces.
The above relates to the food material of the column. It still remains to follow up what
happens to the peritrophic sheath. As depicted in figures this is usually shown terminating
45
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with the food column at the pylorus. Both dissectionsand the study of sections,however,
show that the membrane is continued at least for some distance into the ileum. When
drawn out in dissectionsit usually shows as a length of empty tube extending beyond the
food material, becoming towards its end thinner and ending raggedly. In sectionsit is more
difficult to follow than in the mid-gut, being folded and plicated in the narrow ileum. It
appears, however, to be present at least as far as the colon and is sometimesto be made out
in the upper part of this structure. In sections the thick-walled colon may be empty with
a narrow lumen. At other times it contains food material and may be much distended by
this. The rectum in sectionsis almost always empty and forms a narrow passagefrom the
colon to the anus.
The faeces of the A. aegypti larva, as cultured in the laboratory, consist of globular or
short cylindrical fragments resembling portions of the food column. Those from the fourth
instar larva were about 30,~ in diameter and up to 50,~ in length. Contrary to what is
stated in the literature they showed no trace of peritrophic membrane. Another unexpected
feature was the extent to which they were composed of fine silica granules. Similar granules
were found to be present in the materials used for culture, but these were clearly much
concentrated in the faeces.This and some other facts noted seemedto suggestthat digestion
in the larva might be more effective than at first sight appeared. Examination of the faeces
of larvae of Anopheles atroparvus and of A. stephensi very kindly sent to me by Mr Shute
of the Reference Malaria Laboratory, Horton, showed these to be very similar to those of
AZdes aegypti larvae. In neither case was any peritrophic membrane present. The faecal
massesin A. atroparvus were more or less globular or shortly cylindrical measuring up to
about 40~ in diameter and 50,~in greatestlength. Those of A. stephensi larvae were smaller,
being up to 20,~ in diameter, possibly from younger larvae.
Briefly, the conclusion was formed that the food column is slowly moved on by pressure
of added material past the open pylorus, the extruded portions being detached at intervals
by muscular contractions and rapidly passed along the ileum to the colon where such
fragments were retained for a period before being discharged as faeces. Regarding the
peritrophic sheath there seemed two possibilities, namely that the membrane was continually being formed and digested in the colon, or that it was a relatively static structure
which extended to the colon where it ended.
A point that finally may be referred to is the presenceof the pyloric spinesthat have been
described in the adult by Trembley (1951), and whether these play any part in the breaking
off of the food column at the pylorus. It seemsimprobable that this could be an important
factor since,whilst the spinesare large and conspicuousstructurescovering the inner aspect
of the pyloric ampulla in the adult where they measure up to 10,~in length, only occasional
transverse lines of exceedingly small and fine spines less than 1.0,~ in length can be seen
with difficulty in the larva.
DIGESTIVE

PROCESSES

IN

THE

LARVA

Very little is known of the essentialdigestiveprocessesin the larva. In A. albopictus Senior
White (1926) found the pH of the alimentary canal to be in the alkaline range (74-8.8 in
the gastric caeca; 9-9.4 in the mid-gut; and 76-8-O in the hind-gut). Richardson and
Shepard (1930), in the larva of Culex, found the pH inside the peritrophic membrane to be
6.2-82, and outside the membrane 86-9.8. Other authors dealing with determination of
the pH of small quantities of fluid, some of whom give data regarding the mosquito, are
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Haas (1919) ; Felton (1921); Jameson and Atkins (1921); Crozier (1923-4); Pantin (1923);
Brown (1923-4).
In the larva of A. aegypti Hinman (1933) found alkaline conditions in the gut and
ascertained the presence of an amylase, an invertase and a protease. The protease acted
in alkaline medium and, as previously found by Senior White, there was no protease
acting in acid medium. According to Wigglesworth (1949) digestive secretions probably
come from the salivary glands,the gastric caeca and the epithelium of the mid-gut, especially
from its posterior portion. Anti-peristaltic movements drive fluid in the gut forward into
the gastric caeca and bring about circulation of the digestivejuices. Absorption of fat and
of glycogen occurs in the gastric caeca as shown by deposits of these substancesin this
situation. Fat is also taken up by the cells of the anterior portion of the mid-gut, whilst a
massive deposit of glycogen occurs in the epithelial cells of the posterior portion.
Little is given in the literature regarding functions of the hind-gut in the larva except in
relation to osmotic regulation, more especially by the rectum. The ileum would seem to be
chiefly concerned with the passing on of the food material and is very noticeable as a
muscular organ and as exhibiting active peristalsis. The colon from its large size and the
peculiar character of its cells would appear to have some important function or functions
which may include that previously suggestedin connection with the peritrophic membrane.
The rectum in the larva would appear to play but little part in digestion. As there is some
possibility of confusion in the nomenclature of these two last-mentioned portions of the
canal it may be well to state that the parts as referred to here are as recognisedby Thompson
(1905) and most authors dealing with the anatomy of the alimentary canal in the larva.
DIGESTION

IN THE ADULT*

The change from the larva to the imago involves profound changes in the structure and
functions of the parts concerned with digestion. From dealing in the larva with matter
largely bacterial in character digestion in the imago is concerned with a relatively enormous
mass of high-classprotein matter composing the blood meal. It is not surprising therefore
that the mid-gut is one of the relatively few organs the cells of which are completely
replaced in metamorphosis, the old epithelium being digested and utilised as reserves. In
connection with this replacement a condition of peculiar multiple chromosomal divisions,
apparently designedto bring about rapid multiplication of the gut cells, has been described
by Holt (19 17). In the imaginal gut the ingested blood, unlike food material in the larval
gut, is not enclosed in well-marked peritrophic membrane, but has been shown to be surrounded by a very thin membranous sheetwhich appearsto contain chitin (Yaguzhinskaya,
1940; Rajindar Pal, 1943). Changes may be brought about in the ingested blood by the
salivary secretion, including agglutination of the red cells and prevention of coagulation
(Yorke and Macfie, 1924; Shute, 1948; see also under salivary gland secretionin chapter XX).
These changesvary with the species. Even in the same genus some speciesmay show the
presence of agglutinins and anti-coagulants, whilst in others these do not occur. In
A. aegypti the ingested blood undergoes coagulation and there is no agglutination of the
red cells. The pH of the gut contents of the adult Culex pipiens is given by Popowr and
Golzowa (1933) as 6.87-7.05 and in Anopheles maculipennis as 6.89.
Little is known of the essential digestive processes. No enzymes appear to have been
* For disposalof food intake to the gut or diverticula seechapter XXI. For stimuli connectedwith feeding see
chapter XXIV.
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definitely recorded. Wigglesworth (1949) notes that there is absorption of fluid and that
the surface of the blood mass is blackened as the haemoglobin is digested. There appears
to be no absorption of unaltered haemoglobin and no breakdown of the haematin
nucleus. A description of the appearancesis given by Huff (1934). Digestion begins at the
stomach wall and proceeds inwardly, the stomach contents showing clear stratification.
At 24 hours there is an amorphous serous-like layer just within the stomach wall followed
by a layer of pigment and after this a layer of partially digestedred cells, internal to which
the blood appears normal. At 37 hours cellular blood elements have entirely disappeared.
Studies of proteolytic digestion in adult AL;desaegypti have been given by Fisk (1950) and
by Fisk and Shambaugh (1952). See also West and Eligh (1952).

(g) CIRCULATION

AND

HAEMOLYMPH

A description of the circulatory system,the haemolymph and haemocytes, together with the
associatedtissues,has already been given and only a brief review of points connected with
the physiology of these structures remains necessary.
Though the larva is an aquatic insect and the imago a terrestrial flying insect, differences
in the circulatory system in the two stages are not very great and the same organs are
largely present in both. In relation to physiology the systemhas been studied chiefly from
the point of view of the mechanicsof circulation and from that of the regulation of osmotic
pressure of the haemolymph in the larva.
THE

HEART

AND

CIRCULATION

A very full and detailed account of the heart and circulation in the imago, pupa and larva
of Anopheles quadrimaculatus has recently been given by Jones (1954) (see also Jones,
1952, 1953). The main organ of propulsion in the mosquito, as in insectsgenerally, is the
dorsal vessel. This consistsof an abdominal portion with ostia, the heart, and a thoracic
portion lacking ostia, the aorta, which at the level of the prothoracic commissure has a
dilatation, the prothoracic aortic sinus (Jones, 1952). For further details see chapters XIV
and XXVII. In the adult certain other organs and tissuesassistin propulsion and direction
of movement of the haemolymph, namely (1) the ventral diaphragm; (2) the septa in the
appendages; (3) an accessory propulsatory organ in the scutellum. Movements of the alimentary canal and especially of the large ventral diverticulum may play some part in the
larva (Jones, 1954). There are also in the imago the two small propulsatory organs at the
basesof the antennae.
The ventral diaphragm when exposed in dissectionsmay, as noted by Jones (1954), be
seento contract slowly 3-15 times a minute. It is undeveloped in the larva, but cells that
will eventually form it are present in the intersegmental region in the neighbourhood of the
transverse nerves. The propulsatory organ in the scutellum according to the same author
flutters discontinuously, but with extreme rapidity, at irregular and unpredictable intervals.
There was no relation between such movements and the pulsation of the heart.
In the larva pulsation of the heart can be readily observed in the living insect under the
binocular. Pulsations are always forward, starting from the posterior end. Haemolymph
from the peri-visceral blood sinus is drawn into the dorsal sinus, where it enters the ostial
openings, principally those of the terminal chamber, from whence it is pumped into the
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head and then drawn backwards through the thorax and abdomen for recirculation. In the
larva bleeding occurswhen the thoracic or abdominal integument is cut, suggestingpositive
pressurein theseregions. No bleeding occurson decapitation in spite of continuing forward
beats of the heart (Jones, 1954).
For observing the heart in the living imago Jones uses one-day-old mosquitoes fed on
sugar. These are examined either glued to the slide by the wings and tip of the abdomen, or
fixed with the dorsal surface downwards and examined reversed. They may be studied
intact, or with the head, legs and wings removed and kept alive in a damp petri dish. The
glue used was Resin Adhesive no. 502 manufactured by Southern Adhesives Corporation.
In the adult, pulsation in the dorsal vesselis generally about 150 per minute, travelling so
rapidly that the heart appearsto contract simultaneously. But closer examination showsthe
movement to be peristalsis. Pulsation in the adult, unlike that in the larva, is characterised
by periods of reversal of direction, a period of forward beating being followed by a burst
of backward beats. The alary musclesdo not contract, but if these are cut the heart twists
about from one side of the middle line to the other. In the adult there is possibly a general
negative pressure, since bleeding does not occur on decapitation or on amputation of legs,
wings or halteres. In the imago Jones (1954) notes that the amount of haemolymph seems
to be exceedingly small.
The rate of heart beat. For counting the heart beats Jones notes that it is best to time
series of ten beats and take a mean, since counts covering an interval of a minute or more
are apt to be interrupted by stoppages.The mean number of beats for Anopheles quadrimaculatus was 85.2 per minute. For A. maculipennis fourth instar larva Watson (1937)
records 50-70 per minute when resting, and 90-100 per minute after much wriggling.
Sautet and Audibert (1944) found with larvae of Culex and Theobaldia that submergence
leading to asphyxia caused a rapid decreasein rate of heart beat with irregularity. Jones
(1954) found that starvation did not affect the heart beat.
The effect of rise in temperature was to increase the rate. In the larva of Anopheles
quadrimaculatus the number of beats per minute was: 54.1 at 15” C., 91.97 at 25” C., 90-l
at 28” C. and 139.26 at 35” C. (Jones, 1954). The rate of heart beat at different temperatures
has an interest in relation to the temperature characteristic (,u) and whether the heart beat
rate conforms to the Van t’Hoff-Arrhenius equation. It has been thought that the values
found were compatible with this, which might indicate that the heart was not nervously
controlled (Jones, 1954). Such a question is, however, beyond the scope of the present
work and information if required must be obtained from authors dealing with the subject
(see Jahn and Koel (1948) and references given by these authors).
Regulation of the osmoticpressureof the haemolymph. The larva of A2des aegypti has been
much usedin researchon osmotic pressureof the haemolymph and the means by which this
is regulated under different salt conditions in the medium in which the larvae have been
reared.
The total quantity of haemolymph in the full-grown larva of A. aegypti as drawn off by
a capillary pipette coated with paraffin is given by Wigglesworth (1938) as 3-4 mm.3 In
a well-fed larva in tap-water the osmotic pressureis given by the same author as 0.75-0.89
per cent NaCl equivalent. Only a relatively small part of this total pressure, as is usual in
insect haemolymph, is derived from mineral salts, the chloride equivalent being only about
O-3 per cent NaCl. The difference is made up by organic substances,thought to be largely
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amino-acids (seePratt, 1950). Furthermore, whilst the above is the proportion when larvae
are grown in tap-water, the larva has the power, where the salt content of the medium is
very low, to maintain the osmotic pressure with even smaller amounts of mineral salts.
Thus, when grown in distilled water, a total osmotic pressureof 0.65 was found by Wigglesworth to be maintained; but only 7.7 per cent of this was derived from chloride.
Normally the chloride content is kept at the approximate level noted above, that is about
O-3 per cent NaCl equivalent, whilst that of the medium in which the larva lives is much
lower. Thus the NaCl per cent equivalent of tap-water is around 0.006.
The larva also has the power, within limits, to maintain a normal haemolymph pressure
in a medium in which the salt content is higher than that of the haemolymph. Thus Wigglesworth found that larvae of A. aegypti maintained a normal salt equivalent of the haemolymph even when that of the medium was gradually raised to O-75 per cent when control
began to break, and at 1.6 per cent the larvae were unable to live. The larvae of both
A. aegypti and of Culexpipiens were thus able: (1) to retain chloride in a medium with low
salt content, and (2) keep down chloride in a medium with a high salt content. In both
these respectsthe larvae of Agdeesaegypti were found more efficient than those of Culex
pipiens.
A particularly clear account of the nature of the mechanism at work in this respect is
given by Ramsay (1953 a) (see also other papers listed under this author whose work has
been largely responsible for what is known on this subject). The following is a brief
resume:
The general body surface of the larva is for practical purposesimpermeable to water and
salts. But the anal papillae are permeable and act as organs of absorption for water and
salt (Wigglesworth, 1933; Koch, 1938). Fluids and salts enter the body through the papillae, pass into the haemolymph and are excreted by the Malpighian tubules. In the larva
grown in tap-water the fluid so secreted by the tubules is slightly hypotonic to the haemolymph. Some, after passinginto the gut, seemsto be carried forward through the mid-gut
and absorbed in the gastric caeca (Ramsay, 1953a). Some passesdown the intestine to the
rectum where salt is absorbed from it before it is passed out of the body. The net result,
therefore, is retention of chloride. When, however, the salt content of the medium is
gradually increased, the salt content of the fluid secreted by the tubules is also increased.
But it is never greater, so long as control can be maintained, than that of the haemolymph
and thus, since less chloride is correspondingly being taken up in the rectum, the total
effect is elimination of salt.
That the anal papillae play a part in such control also receives support from the fact
that when larvae are grown in distilled water the anal papillae are increasedin size, whereas
as the salt content of the medium is progressively greater the size of the papillae is
decreased. This is especially marked in larvae of Culex pipiens and to a less extent in the
larvae of Ad;desaegypti which are more efficient in obtaining salt from a medium with low
salt content. The same effect occurs in nature, the anal papillae of some speciesnormally
living in brackish water, for example A. detritus, being reduced in many cases to mere
stumps.
The work of Ramsay and his collaborators has also shown some interesting facts in
regard to the regulation of salts of potassium. When larvae are reared in tap-water (assuming that this contains some potassium) both sodium and potassium salts are taken up
through the anal papillae and passed into the haemolymph. Both Na and K are also
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present in the fluid excreted by the Malpighian tubules. Both metal salts are also absorbed
from such fluid in the rectum. When Na is in excessthe concentration in the tubules is
increased and absorption from the rectum held in abeyance as described above. The
concentration of K in the urine, however, is always greater than in the haemolymph and
consequently K is taken up from the rectum, so that there is a steady circulation, potassium
being secreted by the tubules, being reabsorbed from the rectum and mid-gut and again
secreted (Ramsay, 1953a, b).
In addition to sodium chloride the concentration of some other salts in the living
medium may have importance and may affect different speciesdifferently (Bates, 1939;
Woodhill, 1942). Of interest also are the analysis by Bradford and Ramsay (1949) of mosquito tissuefor salts and the formula given by these authors for an insect Ringer’s solution
based on the tissuesof A&?es aegypti. The following is the composition of the solution in
grams per litre : NaCl, 7.5 ; KCl, 0.35 ; CaCl, ,0*21; M/I 50 K phosphate buffers to pH 6%
For information on amino-acids of insects’ blood see Pratt (1950).
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ADDENDA
CHAPTER I (a), p. 1. The name mosquito
Under the name ‘mosquito’ something might have been said of the generic name A&Yes,which
appears in the title of this book. Aedes was the name for a third genus additional to Culex and
Anopheles designated by Meigen (18 1S), solely for the European species Culex cinereus. In the
brief note establishing the genus the heading appears as ‘III. Schnackenmukke. AEDES. Hoffmgg.’
and after description of the generic characters follows a description of the species under the
heading I‘. Aed. cinereus Hoffmgg.‘. In this, after a few lines of description, Meigen says: ‘ Diese
ist alles, was mir Hr. Justizrath Wiedemann von dieser Art bemerkt hat, die ich weiter nicht
kenne. Den Gattungsnamen hat der Hr. Graf v. Hoffmansegg, in dessen Sammlung sie sich
befindet, aus dem Griechischen Aedes beschwerlich, gebildet.’ The meaning of the Greek word
Aedes without the diaeresis is ‘ a building’ ; with the diaeresis it means, as stated by Meigen,
t‘roublesome ’ (beschwerlich), which was clearly the meaning intended. But Meigen gave the name
without the diaeresis, and as a result there was later some controversy as to whether in strict
taxonomy the name of the genus should be given without the diaeresis and some even so used it.
CHAPTER II (d), p. 39. Temperature limit to the species
A recent contribution to the limiting temperature for distribution of Ai;des aegypti is that by
Smith and Love (1958), who, studying survival of Aedes aegypti in south-west Georgia, U.S.A.,
found that an average weekly temperature below 60” F. (15.6” C.) killed most larvae, but in
sheltered positions some survived when the weekly temperature was as low as 48” F. (9.1” C.).
This is very close to the limit assigned in the text: Smith, W. W. and Love, G. J. (1958). Winter
and spring survival of Ai;des aegypti in South Western Georgia. Amer. J, Trop. Med. 7, 309-l 1.
CHAPTER IV (a), p. 79. Sylvan yellow fever
Among recent accounts of mosquitoes concerned in sylvan yellow fever are: Trapido, H. and
Galindo, P. (1957). Mosquitoes associated with sylvan yellow fever near Almirante, Panama.
Amer. J. Trop. Med. 6, 114-44; Galindo, P. and Trapido, H. (1957). Forest mosquitoes
associated with sylvan yellow fever in Nicaragua. Amer. J. Trop. Med. 6, 145-52.
CHAPTER IV (a), p. 82.

Virus diseases

A special trap for collecting mosquitoes in connection with virus research is described by
Lumsden, W. H. R. (1958). A trap for insects biting small vertebrates. Nature, Lond. 18,
809-20.
CHAPTER V, p. 104. Techniquefor rearing
Dr Ann Bishop, F.R.s.,informs me that some modifications have been made by her in the rearing
cage here described as used at the Molten0 Institute. As originally employed it was quite
adequate for rearing and manipulating Culex pipiens and Culex molestus, but there were apt to
be escapeswith Ad;desaegypti. This is entirely avoided by using a broad band of elastic material
fltting tightly around the bottom of the cylinder and holding cylinder and dish closely together.
This also makes the apparatus more secure and easily handled. The band is formed from a
strip of fine meshed nylon net (corset elastic) about 5 in. wide stitched into a band with strong
thread and double seam. About a yard is required to make the band. Other improvements are:
lining the metal cylinder with white paper held in place with surgical plaster; lining the hole
through the muslin top with surgical plaster stuck both underneath and above the muslin; fixing
the muslin netting with two or three strands of round hat elastic.
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CHAPTER

V, p. 124.

Preparing celloidin double-embeddedsectionsfor mounting

In the procedure given for treating double-embedded sections for mounting it is stated that
carbol-xylol is largely responsible for removing the celloidin. It is to be noted, however, that
normally celloidin is not soluble either in carbol-xylol or in a mixture of carbol-xylol and
alcohol. If, therefore, this is found necessary, a rinse of equal parts alcohol and ether should
be given after the xylol. Possibly the use of a warm slide or some other detail as used by the
author may be the reason this has not usually been found necessary.
CHAPTER V, p. 126. Special techniques
Among papers giving information on the use of radio-isotopes in research on and control of
mosquitoes may be noted: Bruce-Chwatt, L. J. (1956). Radio-isotopes for research on and
control of mosquitoes. Bull. Org. Mond. Sante, 15, 491-511; Ascher, K. R. S. (1957). Investigations on a fluorocarbon as ‘ O.I.T.C.-agent ’ (Oviposition-inhibitory-tarsal-contact-agent)
in
mosquitoes. Riv. Malarial. 26, 209-l 5.
CHAPTER VIII,

p. 177. Embryology

Professor Colvard Jones has since drawn my attention to a paper by Ivanova-Kazas, O.M.
(1949). Embryological development of Anopheles maculipennis Mg. (in Russian) Akad. Nauk.
S.S.S.R. Inv. Ser. Biol. 1949, 160-70. Some embryological changes in the egg are also described
by Gander (1951), see refs. p. 286.
CHAPTER X (a), p. 227 (footnote).

Larval instar mouthparts

The mouthparts of the larval instars of Anopheles quadrimaculatus are described by Shalaby,
A. M. (1956). On the mouthparts of the larval instars of Anopheles quadrimaculatus (Say). Sot.
Ent. d’Egypte Bull. 40, 137-74.
CHAPTER XI (b), p. 255. Surface tension
The effects of surface tension on larval development of six species of mosquito including
Aedes aegypti have been studied by: Singh, K. R. P. and Micks, Don W. (1957). The effects of
surface tension on mosquito development. Mosq. News, 17, 70-3. None of the forms experimented with emerged at 41 or less or 78 or more dynes per cm., though with Aedes aegypti at
41 dynes some emergences were incomplete.
CHAPTER XI (g), p. 261. Food requirements of the larva
Besides the authors given in the footnote, the following deal with the part played by amino
acids in nutrition of the larva. Singh, K. R. P. and Micks, Don W. (1957). Synthesis of aminoacids in Aedes aegypti L. Mosq. News, 17, 248-9; Singh, K. R. P. and Brown, A. W. A. (1957).
Nutritional requirements of Aedes aegypti L. J. Insect. Physiol. 1, 199-220; Terzion, L. A.,
Irreverre, F. and Stahler, N. (1957). A study of nitrogen and uric acid patterns in the excreta and
body tissues of adult Aedes aegypti. J. Insect. Physiol. 1, 221-8.
CHAPTER XV (b), p. 355. Pupal chaetotaxy of Aedes aegypti
Senevet and Andarelli have dealt with the systematics of pupae of the Aedes of North Africa
and describe the pupal chaetotaxy of Aedes aegypti there occurring: Senevet, G. and Andarelli, L.
(1958). Le genus Aedes en Afrique du Nord. II. Les nymphes. Ann. Inst. Pasteur d’AZge?ie, 36,
266-93. A further short note on Aedes aegypti in Algeria is also given by: Senevet, G., Andarelli,
L. and Monpere, H. (1958). Aedes aegypti & Alger. Ann. Inst. Pasteur d’AZgerie, 36, 506-7. The
authors note that though the species appears to be rarer than formerly in towns in Algeria it is
present always in crowded Algerian areas and probably in most coastal towns of North Africa.
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CHAPTER XXI (i), p. 496. Treatment of mosquito bites
An account of anti-histamine compounds including a reference to ‘anthisan’ is given by Burn,
J. H. (1958). The anti-histamine compounds. Brit. Med. J. 4 October 1958, 845-56.
CHAPTER XXV (e), p. 561. Insecticide resistance
Among a number of recent papers on insecticide resistance may be noted: Busvine, J. R. (1956).
A survey of measurements of the susceptibility of different mosquitoes to insecticides. Bull. World
Hlth Org. 15, 787-91; Busvine, J. R. (1957). A critical review of techniques for testing of insecticides. Commonw. Inst. Entom. London; Brown, A. W. A. (1958). The insecticide-resistance problem.
A review of developments in 1956 and 1957. Bull. World HZth Org. 18,309-21. The last mentioned
gives speciesresistant to particular insecticides and description of resistance in Trinidad of Aedes
aegypti.
CHAPTER XXVI

(a), p. 568. The Zabral canal

In the paper by Bhatia and Wadia (1957), referred to in the footnote on this page, the authors
refer to the reason for the binding of the stylets in the proboscis and consider that surface tension
alone is unlikely to be so effective as observation shows the binding to be. They note that in some
insects the parts are effectively bound by their interlocking and they think it possible that the
septa now described by them may serve the function of keeping the hypopharynx, mandibles and
maxillae firmly applied against the ventral gutter-like opening of the labrum-epipharynx. The
rings have been observed in both sexes of Aedes aegypti and in a number of species of Anopheles
and CuZexfatigans. They are best seen in fresh preparations examined in glycerine or water.
CHAPTER XXX (i), p. 678. The mating plug and ovariole funicle
Gillies (1956) found that the mating plug described by him and referred to in the footnote on
this page can be observed in females recently fertilised and was absorbed during the 36 hr.
following. It therefore gives a very precise indication of time of fertilization.
Recently a still further means towards ascertaining the age and condition of captured females
has been described by Lewis (1958). This relates to the condition of the ovariole funicle or the
structure linking the ovariole to the oviduct. After oviposition this is much enlarged, giving
evidence that the insect has already passed through at least one oviposition. Lewis, D. J. (1958).
The recognition of nulliparous and parous Anophelesgambiae by examining the ovarioles. Trans.
R. Sot. Trop. Med. Hyg. 52, 456-61.
C

HA PT ER XXX

(j), p. 68 1. Male reproductive system

The nomenclature given in the text is mainly based on the work of Abdul Nasr on the organs
in Nematocera. Prof. Colvard Jones, however, informs me that he and Prof. Snodgrass feel
that the duct labelled penis cavity in the text on p. 681 and in Fig. 85 (1) and (7), would be more
appropriately termed the true ejacuzatory duct, and the organ labelled ejd the true seminal vesicles,
this being more in keeping with what is known for other insects.
C H A P TER XXX1 (e) p. 704. Oxygen uptake
An important paper on respiration of mosquito larvae dealing with oxygen uptake is : Mercado,
T.I., Trembley, H. L. and Von Brand, T. (1956). Observations on the oxygen consumption of
some adult mosquitoes. Physiol. Comp. et Oecolog. 4, 200-8.
The present author’s observations were made under conditions as near as possible to those
made by him in previous communications, see Christophers and Fulton (1938). Ann. Trop. Med.
Parasit. 32, 43.
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Anabasin, 554
Anal area and fold (of wing), 446
Anal segment(or lobe)
in embryo, 188
of instars, 237, 241
of larva IV, 196, 209, 298

larval musculature, 314, 317
of the imago, 459,465
Anal papillae
description, 196, 209, 237
in embryo, 188
function of, 209, 710
growth measurements,28 1
effect of salinity, 268, 710
Angle of contact, 126
Anglo-Egyptian Sudan, 78
Annularis (Anopheles),49 1
Anopheles
first description of larva, 6
early referencesto structure, 8
flight tone, 521
larval overwintering, 55
remigium (of wing), 518
salivary glands and secretion,49 1, 492
Antenna
in embryo, 185
growth measurementsof, 280
at hatching, 165
of imaginal buds of, 244
of the imago, 420,422, 535, 658
of the instars, 233, 234
of larva IV, 26, 194,203
of the male, 8, 24, 423, 535
in the prepupa, 244
in the pupa, 356
Antenna1 lobe (of brain), 629, 632
Antenna1 muscles,203, 306, 309, 584, 586
Antenna1 nerve, 322, 323, 629, 638, 642, 660
Antenna1nerve-centresand tracts,629,632,633,634
Antenna1 prominence, 191, 198
Antenna1 pulsatile organ, 619, 648
Antenna1 senseorgans, 326, 535, 663
Antenna1 special senseorgan (Johnston’s organ),
8, 535, 658
Antennifer, 422
Anterior hard palate, 571
Anterior mesenteronrudiment, 186, 189
Anterior pronotal lobes (and chaetae),25,432,434
‘Anthisan’ cream, 496
Anti-A@desaegypti campaigns,42, 84
Antiformicas, 57
Antlia (sucking pump), 572
Ants, 62, 63
Anus, 189, 196, 298, 565, 577
Aorta, 290, 325, 329, 331, 614, 616, 618
anterior termination of, 332, 618
prothoracic aortic sinus, 332, 618
Apodeme of the side-piece(gonocoxite), 460
Apparatus
attachment for feeding on rabbit, 107
bubbling air apparatus, 101
cages,101
for rearing and collecting larvae, 101
killing chamber, 107
mosquito aspirator pipette, 106
Aquatic birds as virus reservoirs,62
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Arabia, 35, 43
Argenteus (C&x)

Poiret, 21, 23

Arizona, 36, 37
Arthus’s phenomenon, 495
Asthenobiosis, 175
Atritarsis var., 27, 42
Atrium (of spiracle), 221, 605
Atrium (of female terminalia), 346, 351, 464, 674,
678
Atroparvus (Anopheles), 476

Attitude
of imago at rest, 405
when feeding, 484
in flight, 527
of the larva, 253
of the pupa, 383
position of human body in relation to biting, 541
Attractants, chemical, 476
Attraction
by clothing, 540
by moisture, 539
by smell, 476, 533
by sound, 535
by visual stimulus, 56, 530, 541
by warm convection currents,476, 536, 538,540,
541
by warmth, 476, 536, 542
Australasia, 24
Australia, 9, 12,23,27, 28, 30, 35, 38, 39,42, 60, 65
Axillary cord (of wing), 446, 450, 452
Axillary sclerites,451, 5 18, 519
Azores, 36, 37
Baboons, as virus reservoirs,79
Bacteria
affecting larva, 64
as larval food, 260
Bahia Blanca, 37
Bahrein Island, 43
Bamboo stumps, 58, 61
Banana Island, 58
Bancrofti (Culex), 23, 27, 42
Barbirostris (Anopheles), 262

Basal lobe (of gonocoxite), 26, 459
Basal sclerites(pterales), 451, 518
Bats, 63
Bechuanaland, 38
Behaviour
of imago
at the blood meal, 484
choice of breeding place, 58
at copulation, 4, 494, 502, 503
diurnal activity, 56, 472
domestichabits, 40, 54
feeding, 28, 56, 406, 468, 484, 530, 707
of gynandromorphs, 33
of males, 34, 484, 494
at oviposition, 133, 504, 543
selectionof food, 468
see also Attraction, special senses

of the larva
attitude, 253
clinging to receptacles,259
electric current, reaction to, 271
methods of feeding, 256, 260, 289
light, reaction to, 257
mechanical stimuli, reaction to, 258
movements,255
spiracular parts, use of, 253
submersion,resistanceto, 259
temperature gradient and, 258
of the pupa, 385
Benzenehexachloride(incement tablets),85,86,271
Bermudas, 36, 37
Bhatia’s medium, 116
Bifurcatus (Anopheles), 66, 262, 263

Birds
as natural enemies, 63
and encephalitis,82
and West Nile virus, 82
and yellow fever, 80
Bites (Aedes aegypti)
immunity to, 495
reactionsto, 83, 494
treatment of, 6, 496
Biting-rate, 479
Black Sea Coast, 39, 56
Blastoderm, 178, 182
Bleaching, 114, 151
Blood
as attractant, 533, 534
males sucking, 34
necessaryfor oviposition, 468
preservedblood, feeding with, 112
sourcesof as food, 468
Blood (haemolymph), see under Haemolymph
Blood meal
descriptionof, 484
amount of blood taken, 492
digestion of, 493, 707
fertilisation and, 506
the gorged insect, 406, 485, 488
behaviour of males during, 484, 494
number taken during life period, 472
and ovarian development, 54, 468, 506
time from emergenceto, 471
time of day taken, 56,472, 530
Body measurements
of imago, 406
of instars, 25 1, 278
of larva IV, 115, 251
of pupa, 382
Bombay, 41, 63
Bonny, 43
Borax (as larvicide), 270
Bosnia, 37
Boston, 37
Brain
in embryo, 178, 191
of imago, 626-35
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Brain (cont.)
in insects,627
in first instar larva, 238
of larva IV, 320-4
of the pupa, 377
Brain (structure)
antenna1lobes, 629, 632
associationneurone cells, 629
central body, 630, 634
cerebral commissure,629
cerebral crura, 627
cerebral lobes, 630
corpora pedunculata, 322, 379, 630, 632, 634,
635
corpus ventrale, 632
cortical layer of cerebral lobes, 629, 632
deutocerebrum, 192, 238, 322, 378, 627, 629
homologiesof cerebral structure, 634
neuropile massesof cerebral lobes, 633
neuropile tracts of cerebral lobes, 634
pars intercerebral& 630, 632, 693
pons cerebralis, 630

protocerebrum, 192, 238, 322, 627
sub-oesophagealganglion, 320, 635
tritocerebrum, 192, 322, 627
references,645
see aZs0Optic lobes
Brazil
absencein forestsof, 40, 42
eradication from, 42
feeding habits in, 56
not original home, 41
yellow fever in, 12, 40, 42, 78
Breeding (A&es aegypti)
in alkaline water, 59
in brackish water, 59, 268
for culture, 100, 108, 110, 111
pH and, 59,269
Breeding-places(AL;desaegypti)
description of, 28, 40, 43, 54, 57, 61, 62, 85
control of, 6, 13, 62, 85
water of, 54, 58, 268
references,70
Brest, 36
British Columbia, 36, 37, 60
British Solomon Islands, 41
British Somaliland, 28, 43
Bromeliaceousplants, 59, 61
Bubbling air, apparatus for, 101
Buccal cavity
of the imago, 423, 565,571
of the larva, 288
musclesof, 585
senseorgans of, 571, 664
Buenos Aires, 37, 38
Burma, 24, 35, 68
Caeca (gastric) 8, 237, 287, 294, 565,705, 707
Caecus (female accessorygland), 346, 351, 464,
465, 674, 679, 680

Cages, 101
Calcutta, 61
California, 36
Calopus (Aedes), 21, 23
Calopus (Culex), 23

Campaigns, anti-AL;desaegypti, 42, 84
Camphor (as larvicide), 271
Canada, 68
Canary Islands, 23, 36, 37
Cannibal mosquito larvae, 54, 61
Cape Province, 38
Capitellum (of haltere), 452, 453
Carbolic acid (as fumigant), 555
Carbon dioxide
as attractant, 534
as excitant, 476, 534, 535
effect on larva, 270
Cardia, 292, 294, 565, 573
Cardo, 421
Carmine (feeding larvae on), 704, 705, 707
Caspian area, 23
Caspius (Ochlerotatus) Pallas, 22, 23
Caudal hairs, 197
Celebes,23
Central America, 9, 25, 42, 60
Central body (brain), 630, 634
Cephalic amnion, 184
Cephalic lobes (embryo), 178, 191
Cephalic neuro-endocrine system,342
Cephalic pouch, 184
Cephalothorax, 355, 360
Cerci, 464, 465
Cerebral lobes, see under Brain
Cervical collar, 197, 310
Cervical commisural trachea, 304
Cervical sclerite,43 1
Cess-pits(breeding in), 58
Ceylon, 41
Chad, Lake, 55
Chaetae (lists of)
imaginal thorax, 438
larval head (Table 9), 211
larval terminal segments(Table lo), 217
pupa (Table 21), 365
Chaetotaxy
of imago, 404,425,432,435,438
of larval abdomen, 216, 236, 240
of larval head, 211
of larval instars, 236, 240
of larval thorax, 212, 236
of pupal abdomen, 364, 365, 366
of pupal cephalothorax,366
Chagos Island, 38
Chaoborus (natural enemy), 61
Chaoborus (heart observations),329
Chemical attractants, 476
Chemicals, effect of
on the egg (eclosion), 151, 168
on the imago, 554
on the larva, 268,271
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Chemicals (cont.)
on the pupa, 271,387
see&so Insecticides,Larvicides, Repellents
Chiasma (optic), 322, 629
Chiasmata (chromosome),691
Chile, 37
China, 11, 37, 39, 60, 63, 65
Chironomus, 61, 342, 343, 346, 348, 458, 600
Chloramine red (for marking), 517
Chlordane, 555
Chloride regulation (haemolymph), 709
Chlorinated compounds,84, 87, 554, 555, 557
Chordotonal organs
description, 326
of halteres,453, 663
in newly ecdysedlarva, 233
of respiratory siphon, 223
Chorion, 134, 135, 153
Chorionic bodies, 7, 133, 153
Chorionic pad, 133, 134
Christmas Island, 38
Chromosomes,689
Cibarium, 571
Ciliates, 67
Cimex, 465
Cinereus(Ad;des),9, 24, 429
Cingulum, 292, 309
Circulatory system
description, 329, 379, 614
accessorypulsatile structures,329, 619, 649
alary muscles,316, 329, 334, 615
aorta, 290, 325, 329, 331, 614,616, 618
associatedtissues,335, 337, 620
circulation of haemolymph, 708
dorsal nephrocytes,8, 329, 335, 615
haemocytes,337, 620
heart (dorsal vessel),329, 614, 708
heart beat, 70
oenocytes,8, 337, 379, 620, 700
osmotic regulation of haemolymph, 709
pericardial cells, 8, 335, 615
prothoracic aortic sinus, 332, 618
tracheal plexus, 331
ventral nephrocytes,336, 620
references,625, 7 15
Circum-oesophagealconnectives,322, 627
Cisterns, breeding in, 57
Citronella, oil of, 478, 559, 560
Civilisation, effectsof, 42, 54
Claspers,see Gonocoxites
Classification,charactersused in, 8, 10, 24
Claviger (Anopheles),262, 263, 492
Claws, tarsal, 8, 24, 440, 441
Cleavage, 178, 179
Clements’s organ, 618, 619, 648
Climate, effect of, 40, 55
Clypeus
imago
description, 420, 423
homologiesof, 424, 565

musclesof, 584
relations of, 424, 571
scaling of, 25
larva, 198, 202, 203, 306
pupa, 359
Coastal conditions, 40, 41
Coconut trees, breeding in, 58
Cocos Islands, 38
Coelomomyces,64
Coleoptera, predaceous,60
Colocasia,breeding in, 58
Colombia, 82
Colon, 296, 705, 706
Colorado, 36
Colour
changesof in pupa, 384
coloured lights, reaction to, 532
imaginal responseto, 532
Comb teeth (or spines),26, 196, 209, 241
Common oviduct, 346, 351, 674, 678, 679
Common salivary duct, 294, 565, 570, 580, 581
Communis(Acdes),21, 68, 256, 458
Comoro Island, 38
Compound eyes
description, 200, 242, 322, 326, 356, 420, 421,
424, 530, 652
facets of, 653, 654, 656
the ommatia, 652
types of, 653
Conditioning of eggs,112, 147, 150, 171
Congo, 58
Conoid, 45 1
Control
aerosols,use of, 86, 557
aircraft disinfection, 13, 88
in America, 42
anti-Ai;desaegypti campaigns,42, 84
of breeding places,6, 13, 62, 85
use of cannibal larvae, 54, 61
classicalmethods of, 85
early work on, 13, 84
fumigants, 87, 555, 556
gasesand vapours, 85, 270, 388
insecticides,13, 84, 85-9, 554
larvicides, 86, 269, 270, 387
larvivorous fish, 6, 13, 54, 62, 86
use of natural enemies,61, 62, 63, 85, 86
piped water supply, 55, 85
residual spraying, 87, 555, 557, 558
in shipping, 85
traps, use of, 58, 87
in urban areas, 84
references,96
see also Protection
Convection currents, 476, 536, 538, 540, 541, 542
Cook Island, 88
Copulation, 4, 494, 502
Coracoid, 45 1
Corethra, 61, 328
Cornea, cornea1lens, 652
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Coronal suture, 420
Corpora allata. 325.341,342,379,643,645,693,695
Corpora cardiaca, 342, 645, 693, 694
Corpora optica, 632
Corpora paracardiaca,645
Corpora pedunculata, 322, 379, 630, 632, 634, 635
Corpora ventrale, 632
Corpse, feeding on, 469
Corpus centrale, 630, 634
Corsica, 62
Cortisone acetate (for bites), 496
Costa, 444, 446, 447, 448, 449
Costo-radial region (of wing), 449
Country boats, breeding in, 57
Cowl, 464, 680
Coxae, 436,440, 593, 664
Coxite, seeGonocoxite
Crab-holes, breeding in, 58
Cratal hairs, 197
Cresols,as larvicides, 270
Crithidia, 66
Cross-veins,446
Cuba, 2, 12, 23, 55, 62, 67
Cuban strain, 31
Cubitus, 447
Culex
adaptation of eye to light, 653
capacity of oesophagealpump, 573
chloride regulation of larva, 710
flight tone of, 521
mandible of male, 429
proportion of sexes,500
salivary glands and secretion,491
siphon tag, 328
tarsal claws, 441
Culicifacies (Anopheles), 262

Culicifuges, 556
Culicoides, 62, 68

Culture medium (for hatching), 166
Culture medium (for rearing), 108, 262
Cupola (of haltere), 453
Cuticle
of the imago, 700
of the larva, 700
of the pupa, 384, 700
physiology of, 698
Cytoplasmic inheritance, 32, 688
Dakar, 58
Dakar strain, 31
Dalhousie (altitude), 40
Dar-es-Salam, 58
DDD, 556
DDT
acquired resistanceto, 558
action of, 558
use in control, 84, 86, 556
description, 555
use as larvicide, 86, 270
in residual spraying, 557

Demerara, 27
Dendritic tuft (float hair), 361
Dendrophilus (Ak;des),26

Dengue, 12, 61, 64, 81
Desert conditions, 40
Desiccation, resistanceto
by the egg, 144, 147
by the pupa, 385
Detritus (Aedes), 34

Deutocerebrum, 192, 238, 322, 378, 627, 629
Dhows, breeding in, 28, 40
Diapause (in egg), 170, 174
Dibutyl phthalate, 478
Dieldrin, 555, 558
Digestion
in the imago, 493, 707
in the larva, 704
Dimethyl phthalate, 477, 559
Dirofilaria, 13, 31, 33, 68, 83
Dispersal studies(marking for), 516
Dissection, 121, 705
Dissemination, conditions affecting, 40, 41,42, 55
Distribution
altitude, effect of, 35, 39
associationwith man, 41
civilisation and, 42, 54
climate and, 40, 55
conditions favouring, 40, 41
desertand, 40
general features of, 35
of s.sp.formosus, 23, 29, 30, 35, 40, 42, 43
history of, 44
in the New World, 41, 43
northern limits of (with list of countries), 36
physical featuresand, 40
of var. queenslandensis,27, 35, 42
rainfall and, 40
southern limits of (with list of countries), 37
summer period, effect of, 56
temperature and, 36, 38
of type form, 28, 29, 35, 42
Diverticula, 489, 564, 573
Domestic receptacles,breeding in, 57
Dorsal closure, 184, 188
Dorsal fringes (of pharynx), 290
Dorsal nephrocytes(pericardial cells), 8, 329,335,
615
Dorsal ocelli, 420, 424, 530, 619, 638, 642, 648
Dorsal vessel(heart and aorta), 290, 325, 329-34,
379, 614-19, 708, 709
Dorsalis (Aedes), 22

Drawings, technique for, 125
Drosophila (mutants), 34

Ductus ejaculatorius, 347, 680, 681, 684
Durban, 42, 43
Dwellings, breeding in and in vicinity of, 57
Dyar’s rule, 276
Earthenware pots (for oviposition), 101
East Africa, 30, 43
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Ecdysial fluid, 23 1, 249
Ecdysial lines, 231
Ecdysis,227, 231
Eclosion
descriptionof act, 158
conditions affecting, 165
action of the egg-breaker, 160
swallowing of fluid by embryo, 163
incubation period and hatching time, 170, 171
mechanism of hatching, 159
hatching responseof normal eggs,174
hatching responseof residual eggs, 174
hatching of the dead larva by chemicals, 173
references,175
Egg, the
of A&des aegypti 7, 131, 158, 701
general description, 131
of Anopheles, 7, 131, 133
changesin volume, sp. gr. and weight, 143
chemicals,effect of, 151, 153
chorionic bodies, 7, 133, 153
chorionic pad, functions of, 134
colour changes,143, 154
of Culex, 7, 132
desiccation, 144, 147
diapause(as primary larva), 170, 174
the embryo, 146
endochorion, 137, 154
exochorion, 135, 153
eye-spotsand egg-breaker, 146
measurements,138
membranes of, 135, 153
orientation, 133
oxygen requirementsof, 155
physical characters,138
physiology of, 153
polygonal markings of, 132, 137
respiration of, 701
temperature and viability, 150
waterproofing of, 154
Eggs
abnormal eggs, 145
of At;dine mosquitoes,24
arrangement of, 133
bleaching of, 114, 125, 151
conditioning of, 112, 147, 148, 150, 171
error in traps causedby, 58
exploded or ruptured eggs, 138, 145
fixing of, 125
lethal temperature to, 150
manipulation of, 112
mounting of, 114
natural enemies of, 60, 63
overwintering of, 39, 55
residual or resistanteggs, 172, 174
reswollen eggs, 145, 173
retained eggs,5 12
sectioning, 125
siteswhere oviposited, 133, 504, 543
sterilising of viable eggs, 151

sunken eggs,134
unfertilised eggs, 145
Egg-breaker, 146, 159-63, 191, 193, 227, 233
Egg-cap, 159-63
Egg-follicle, see Ovarian follicle
Egg-rafts (attacked by snails), 60
Egg-shell, 134, 142, 676
Egypt, 9, 23, 43
Ejaculatory ducts, 347, 348, 680, 681, 684
Electric current, effect on larvae, 271
Elutus (Anopheles), 538

Embryo
anal segment, 188
antenna1rudiment, 185
brain, 178, 191
egg-breaker, 146, 159-63, 191, 193
epipharynx, 190
feeding brush rudiments, 191
frontal ganglion, 190
labral groove and pouch, 184
mouth-parts rudiments, 188, 190
ocelli, 192
palatum, 191
proctodaeum, 178, 189
segmentation, 146, 188
stomodaeum, 178,185
ventral nerve cord, 190, 192
Embryonic development
general account, 177
amnion and serosa, 183
anterior mesenteronrudiment, 186, 189
blastoderm, formation of, 178, 182
cleavage, 179
caudal, lateral and cephalic amnion, 178, 184
dorsal closure, 184, 188
germ band, formation of, 178, 183
mesoderm, 190
neural groove, 190
organogeny, 179, 190
pre-cephalicelement, 185
pro-cephaliclobes, 185
proctodaeal invagination, 189
stomodaealinvagination, 185
summary of developmentstages,178
references: embryology, 193
Emergence
the act of, 389
mechanismof, 393
Empis, 1, 3
Empodium, 442
Empusa, 64

Encephalitis, 82
Endocrine glands, 342
Engineering dumps, breeding in, 57
England, 36, 38, 63, 65, 67
Engorgement, 484, 485, 488, 489
Enzootic hepatitis, 82
Enzymes, effect in hatching, 168
Epaulet, 451, 519
Epicranial platesand suture, 197, 198,420,424,425
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Epidemics
of dengue, 12, 81
of yellow fever, 12, 77, 78, 79
Epipharynx, 190, 202,429
Equine encephalitis,82
Eradication (of A&&s aegypti), 42
Eritrea, 40, 43
Ethiopian region, 41, 44
Excretion, mechanism of, 670
Excretory system
of the imago, 667
of the larva, 343
Malpighian tubules, 8, 65, 298, 343, 564, 565,
667
nephrocytes,8, 329, 335, 336, 615, 620, 671
Pantel’s cells, 671
Eyes
compound, 200,242,322,326,356,420,421,424,
530,652
facets of, 653
ommatidia, 652
types of, 653
see also Ocelli
Faeces
of imago, 493, 509
of larva, 64, 706
Falciform apodeme, 198
Fasciata (Stegomyia), 10, 21, 23
Fasciatus (Culex), 21, 23

Fascicle, 426, 430, 431, 485, 486, 487, 488, 534
Fat-body, 8, 238, 329, 338, 340, 345, 620
Fatigans (CuZex), 32, 34, 64, 65, 66, 68, 258, 270,
472,492, 500, 580, 680

Faunas, history of, 44
Feeding
the blood meal
amount of blood taken, 492
biting rate, 479
capillary and pool feeding, 488
description of act of feeding, 484
digestion of the blood meal, 493, 707
functions of the diverticula, 489
the gorged insect, 406,485, 488
males, behaviour at blood feed, 494
mechanismof feeding, 486
reaction following bites, 6, 83, 494
salivary gland secretion,491, 707
’
time from emergenceto first feed, 471
conditions affecting
fertilisation, 475
humidity, 475
moisture of the skin, 476
temperature, 474
warmth of skin, 469, 476, 537
the imago : general
artificial feeding, 486, 543
in dark huts, 56,473
in the forest, 28
forms of feeding, 470

gynandromorphsand, 34
on the human corpse,469
human host, selectionof, 469
males sucking sweat, 34,494
through membrane, 470
by night, 56
on open drop, 470
on cold-blooded vertebrates,469
larva
description of, 256
food requirements, 256, 260
mechanism of larval feeding, 203, 256, 289
stimuli to
moisture, 476, 537, 539
radiant heat, 542
smell, 476, 533, 537
sound, 536
visual stimuli, 56, 530, 541
warm convection currents, 476,536, 537, 538,
539, 540, 541, 542
warm object, 476, 536
Feeding-brushes,see under Flabella
Female dominance (cytoplasmic transmission), 32
Female pronucleus, 677
Female reproductive system, see reproductive
system(female)
Female terminalia, 346, 351, 464, 664, 679
Femora, 26,400,440
Fernando PO, 26
Fertilisation
of the female, 475, 503, 506
of the egg, 178, 512
FicaZbia (subgenus),441
Fiji, 38, 61
Filariasis, 11, 12, 68, 83
Filtration of water (by larvae), 704
Finlaya (subgenus),25, 65
Fish, larvivorous, 6, 13, 54, 61, 86
Fish-hook apodeme, 289
Flabella (feeding-brushes)
description, 200, 203, 256
early referenceto, 8
in embryo, 191
function of, 289
gliding by use of, 256
musclesof, 192, 205, 306, 309
Flabellar apodeme and plaque, 200, 203, 204
Flagellate parasites,66
Flagellum (of antenna), 422, 659
Flange (of buccal cavity), 571, 572
Flange (of scutum), 452
Flight
attitude in, 527
flight tone, 520
the halteresin flight, 520
of males, 494, 515
mathematicsof, 524
mechanism of, 517
range of, 516
reservesin, 697
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Flight (cont.)
speedof, 515
stroboscopicobservationof, 5 17, 523, 527
oscillographicobservation of, 524
up and down movementsof wings, 518
wing rotation, 518
wing-stroke frequency, 520
Flit, 555
Float hair (of pupa), 361
Folic acid, 261
Follicle (ovarian), see Ovarian follicle
Food requirements
of the imago, 468
of the larva, 108, 256, 260
Forcipes, see Gonocoxites
Forest, occurrenceof Ai;des aegypti in, 28, 29, 40,
42,43
Forest yellow fever, 40, 78, 79, 80
Formosus (s.sp.), 23, 29, 35, 40, 42, 43
Fossil mosquitoes,43
Fowl pox, 82
France, 37, 65
French Commission, 12
French Sudan, 55
French West Africa, 65
Freon, 556
Fringes (of pharynx), 54, 289,704
Frons, 198, 424, 648
Frontal ganglion, 190, 290, 309, 323,371,379,572,
629, 643
Frontal nerve, 639
Fronto-clypeus, 198,420,424
Fronto-labral nerve, 634, 635, 639, 642
Fulcra1 plates (of clypeus),424
Fulvithorax (AL;des),255

Fumigants, 87, 555, 556
Funestus (Anopheles), 65, 262, 550

Fungi, parasitic, 64
Furcae (thoracic), 437
Gambia, 79 1
Gambiae (Anopheles), 64, 67, 262, 550

Gammexane, 87, 555, 557
Ganglionic plate, 629
Gastric caeca, 8, 237, 287, 294, 565, 576, 705, 707
Gastric ganglion, 342
Gater’s medium, 116
Genal area, 191, 425, 430
Genetics, 31, 32, 33, 688
Geniculatus (ACdes) (gregarines),65
Genital buds, see Imaginal buds
Genital cavity (penis sac), 347, 458
Genital opening (female), 679
Genitalic characters,8, 26, see also Terminalia
Georgia (U.S.A.), 23
Geographical distribution, see Distribution
Germ band, germ cells, 178, 183
Germany, 65
Germarium, 674
Gold Coast, 28, 57, 60

Gold powder, for marking mosquitoes,517
Golgi vesicles,677
Gonapophyses,680
Gonocoxites(coxites,side-pieces,claspers),26,347,
348, 362,457,459,460
Gough Island, 37
Gregarines, 65
Growth
general account, 276
conditions affecting, 276
the growth curve, 285
growth hormone, 693
measurementsof body parts, 280
measurementsin cultures, 282
measurementsat pre- and post-ecdysis,278
weight at pre- and post-ecdysis,281
references: growth, 286
Gynandromorphs (with list of recordedspecies),33
Haemagogus (genus), 79
Haemocytes, 337, 620
Haemolymph, 329, 337, 702, 709
Halteres
description,432, 436, 452, 520, 662
functions of, 520
imaginal buds of, 196,244
measurementsof, 453
movements of, 454, 524, 527
musclesof, 590, 592
nerves of, 636, 642, 663
senseorgans of, 453, 660
Hamuloid process,452
Hanoi, 28, 31
Harbours, associationwith, 54, 57
Harpagomyia (genus), 69
Hatching (from pupa), seeEmergence
Hatching (from egg), seeEclosion
Head
at ecdysis,232
at eclosion, 159
formation in embryo, 191
of the imago, 397
of instars, 227, 238
of the larva, 194
of the pupa, 356
see also under names of component parts and
organs

Head capsule
of the imago
description, 418
antennae, 420, 422, 535, 659
clypeus,423
the frontal area, 420, 424, 648
hairs of the head, 404, 425
see also, Compound eyes
of the larva
description, 197
the feedingbrushesand apodemes,8,200,203,
256, 289, 306, 309
hairs of the larval head, 211
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Head capsule (cont.)
of the pupa
description, 356
pupal head hairs, 355, 359, 364
Heart, 329, 379, 614, 708, 709
Hebredeus(Aedes),8 1
Heizmannia (genus), 25
Himalayas, 39
Historical
early writings on the mosquito, 3, 5
early researchon Ad;desaegypti, 6, 8, 11, 12, 13
early observationson structure, 7, 564
early systematicwork, 8
first description of the mosquito larva, 7
first description of the respiratory siphon, 7
Hong Kong, 60
Hormones
in growth and metamorphosis,692
in ovarian development, 508, 695
Humeral plate, 450, 451, 518
Humidity
and biting activity, 475, 539
and viability, 54, 147, 385, 552
Hybridisation in mosquitoes,3 1, 688
Hydrostatic balance
of the larva, 253
of the pupa, 383
Hypocerebral ganglion, 342, 645
Hypostomal area, 200
Hyrcanus (Anopheles),262, 530, 550
Identification
of Ad;desaegypti, 24
of larval instars, 227
Ileo-colon, 565, 577
Ileum, 295, 565,576
Imaginal buds
antenna1and labial, 200, 244
female terminalia, 346
legs, wings and halteres, 196, 242, 244, 249, 360
male terminalia, 347, 348
mouth-parts, 202, 206, 249, 359
respiratory trumpets, 196, 244, 304
Immunity to bites, 495
Incubation period, 170
Indalone, 477
India, 10, 11, 12, 23, 24, 27, 35, 39, 41, 43, 58, 61,
63, 64, 65, 66, 67, 68
Indiana, 37
Indirect wing muscles,313,377, 588, 590,591, 597,
697
Indo-China, 68
Indo-Malayan region, 27, 30, 35,41,42,43,67,68
Insecticides
acquired resistanceto, 88, 558
choice of, 88
methods by which used, 556
mode of action, 557
syntheticchlorinatedcompounds,84,87,554,555,
556

testing of, 13
types of, 554
Instars
general account of, 227
cast skins of, 117, 228, 232
chaetotaxy, 236, 240
duration of instar periods, 245
identification of instars, 227
identification of instar stages,228
instar I, 227, 233, 268, 270, 696
instars II and III, 238
linear measurementof, 115, 251,278
see also Ecdysis; Growth
Integument, 698
International rules of zoological nomenclature, 23
Italy, 23, 37, 63, 65, 66
Japan, 37, 41, 60
Java, 43
Johnston’s organ, 8, 535, 658
Jugoslavia,55, 56
Jungle, sylvan or forest yellow fever, 12,40, 78, 79,
80
Kameroons, 43
Kenya, 25, 28, 29, 40, 43, 58, 61, 78
Kerosene, 269, 555
Khartoum, 40
Kivuensis(var.), 25
Labella, 428
Labial area (of larval head), 200, 202
Labial chaetae (of proboscis),425
Labial nerve, 323, 639
Labial rudiment, 200, 244
Labium
of imago, 7,425,426
of the larva (labial plate), 200, 205, 206, 326
of the pupa, 359
Labral area (of larval head), 200
Labral canal, 565, 568
Labral groove, 185
Labral nerve, 323, 629, 639
Labral pouch, 184
Labrum
formation in embryo, 191
of imago, 7,428,565, 568, 664
of larva, 203
of pupa, 359
Lagos, 42,43, 57, 58
Lagos strain, 31
Larval instars, see Instars
Larvicides, 6, 85, 269, 388
Larvivorous fish, 6, 13, 54, 61, 86
Lateral ocelli, see Ocelli
Lateral oviducts, 346, 674, 678
Leaf axils, breeding in, 58
Legs
description,440
imaginal buds of, 196, 242, 249, 360
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Legs (cent.)
measurementsof, 408, 410
musclesof, 590, 593, 596
ornamentation, 26, 29, 400
positions held in, 405, 484, 502, 504, 527
scaling, 400
senseorgans of, 440, 664
Lethal temperature, see under Temperature
Lethane, 555
Life
duration of, 57, 548
requirements for, 54, 548
Life history, 54
Light
activation by, 531
adaptation of eye to, 653
effect on colour development in egg and pupa,
143, 385
effect on biting activity, 475
intensity, measuring, 126
reaction of imago to, 530
reaction of larva to, 257
Ligula, 428
Lithium chloride, effect on pupa, 387
Luciensis (var.), 27
Ludlowi (Anopheles), 262
Lutzia (genus)(cannibal larvae), 61

Macedonia, 37, 63
Maculipennis (Anopheles), 64, 65, 66, 67, 258, 329,
345, 453, 518, 530, 531, 533, 534, 602

Madagascar, 28, 38
Madras, 65, 66
Malay Archipelago, 24, 35
Malaya, 27, 35, 67, 68
Malayan strain, 31
Maldive Islands, 38
Male, the
antenna, 8, 423, 535
attitude, 405
behaviour at blood meal, 484, 494
behaviour at copulation, 494, 502
eye facetsof, 657, 658
flight, 494, 515
flight tone, 521, 522
food, 468
palps, 24, 33, 397, 398, 430
pupal characters,362, 363
reproductive organs, 345, 347, 680
reservesin, 697
responseto wing note, 502
role in mosquito genetics,32
scaling of, 448
sucking human blood, 34
sucking sweat, 34, 494
swarming of, 6, 502
terminalia, 26, 28, 348, 456
wing of, 409,410,444,448
Malpighian tubules, 8, 65, 298, 343, 564, 565,
667

Mandibles
early referenceto, 7
of imago, 425,429
of instar I, 236
of the larva, 205, 206
musclesof, 306, 310, 585, 586
nerves to, 323, 635, 639, 642
of the pupa, 359
rudiments of, 188
Manipulation
of adults, 119
of eggs,112
of larvae and pupae, 115
Martinique, 65, 66
Maryland, 37
Mascarensis (AL;des),25, 27

Mating, 4, 502
Mating plug, 678
Mauritius, 38, 43
Maxillae
early referenceto, 7
imaginal buds of, 202, 206, 249, 359
of the imago, 421,425,430,485,486,487,
of instar I, 236
of the larva, 202, 205, 206
musclesof, 308, 310, 585
nerves to, 323, 635, 639
rudiments of, 188
Maxillary apodeme, 421, 430, 572
Maxillary palps
of the imago, 8, 24, 33, 397, 420,430
of the larva, 202,206, 310, 326
of the pupa, 359
Measurements
of the egg, 138
of the imago, 120,406
of instars, 251, 278
of the larva, 115,251, 279, 280
of the pupa, 382
of the wing, 100, 120, 408, 409, 411, 412
Media vein (of wing), 447
Medial fold (of wing), 446
Median fissure(of brain), 629
Median nerve system,324, 638
Mediterranean area, 30, 42, 43
Medium (for mounting), 116
Medium (for rearing), 108, 262
Megarhinus (genus), 61
Meigenensis (Ak;des),34

Meiosis, 691
Membrane, feeding through, 470
Mental sclerite,203, 241
Meron, 436, 437
Mesenteron rudiments, 186, 189
Mesepimeron, 436, 438, 452, 605
Mesoderm, 190
Mesodermal strands, 346, 347, 351, 675, 678
Mesonotum, 434
Mesothorax, 208, 214, 360,432, 434, 602
Metallicus (Aedes), 27
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Metameron, 436, 437
Metamorphosis
early referencesto, 4
hormones in, 692
reservesin, 695
Metathorax, 208, 214, 360, 432, 434, 605
Methoxychlor, 556
Methyl benzoate method (sectioning), 122
Micro-organisms
effect on hatching, 167
as larval food, 260
Micropile, 8, 132
Microsporidia, 66
Microtrichae, 442, 659, 699, 701
Mid-gut, 8, 294, 489, 565, 576, 707
Mineral oils, 151
Minimus (Anopheles), 262

Missouri, 37
Mites, 60, 62, 63, 68
Mitosis, 690
Mochlonyx (natural enemy), 61
Moisture, reaction to, 539
Molestus (Culex), 32, 34, 35, 177, 258, 325, 510,
531

Monkeys (and yellow fever), 79
Monte Video, 38, 55
Morocco, 37, 55
Mortality rate, 548
Mosquito, var., 27

Mosquitoes
bites of, 6, 83, 479, 494
classificationof, 8, 10, 24
cycle (of malaria), 12
fossil, 43
hum of, 3
marking, 5 16
names for, 1
as a natural history object, 5
origin of the name mosquito, 1
early referencesto structure, 7
early systematicwork on, 8
as vector of disease,10, 69, 77
travellers tales of, 6
early writings on, 3
Motor neurone cells, 629
Moulds, 64
Moulting, seeEcdysis
Mouse test, 79
Mouth-parts
early referencesto, 7
in the blood feed, 484,486
in eclosion, 163
in the embryo, 188, 190
at emergence,249
of the imago, 421,425,484,486, 534, 663
of instars, 234, 241
of the larva, 200, 202, 205
of the pupa, 359
Movements
of the imago, 406

of the larva, 255
of the pupa, 385
Mozambique, 25
Mucus gland (caecus),see Accessorygland
Multiple complexes(ileum), 692
Murray Valley encephalitis,82
Muscle knots, 3 13
Muscles
of the imago
of the abdomen, 582,596, 615
of the head, 570,571,572,582,584,642; list of,
584; notes on, 586
of the neck, 586, 587
of spiracles,590, 592, 597, 604, 605
of the terminalia, 462
of the thorax, 582,588 ; list of, 590; noteson, 591
of the larva
of the abdomen, 238, 310
alary muscles,3 16, 329, 334
of the eighth and anal segment,3 14; list of, 3 17
of the head, 306,309; list of, 306; notes on, 309
of the neck, 310
of the respiratory siphon, 222
of the thorax, 3 10
of the pupa, 374
type of (protomorphic and neomorphic), 581
used as reserves,597, 697
Muscular fibres, forms of, 376
Muscular nomenclature, 311
Mutants, 34
Natal, 43
Natural enemies
of the aquatic stages,13, 54, 59
cannibal mosquito larvae, 54, 61
control by, 54, 61, 63, 85, 86
of the egg, 60, 63
of the imago, 62
Neck, 3 10, 431,487, 586,587
Nematodes, 68
Nembutal, use of, 111
Nemoralis (Aedes), 8
Nemorosus (Agdes), 30, 34, 66, 329

Neomorphic muscles,581
Nephrocytes, 8, 329, 335, 336, 615, 620
Nerves
imago
abdominal, 640
antennal, 629, 642, 660
fronto-ganglionic connectives,639
of the head, 629, 635,638, 642
to the halteres,636, 642, 663
to the legs, 636, 642
optic lobes or tracts, 627, 629, 633
peripheral nerves, lists of, 638-43
thoracic, 639
larva and pupa
of the abdomen, 324
antennal, 322, 323
of the head, list of, 323
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Nerves (cont.)
optic lobes or tracts, 238, 242, 322, 378
ventral sympathetic,324
Nervous systems
retrocerebralcomplex,325,329,341,379,643,694
stomodaelor stomatogastricor visceral,320,323,
341
Neural groove, 190
Neuropile masses,list of, 633
Neuropile tracts, list of, 634
Neuro-secretorycells, 693
New Britain, 59, 60, 61, 62, 63, 68
New Caledonia, 38
New Guinea, 23
New Hebrides, 38
New Orleans, 39
New South Wales, 38
New World, 41, 42, 43, 61
New York, 32, 37, 40
New Zealand, 38
Newala strain, 31
Nigeria (Stegomyia), 23

Nigeria, 23
Niveus (Cdex), 23

Nurse cells, 674, 677
Nymph, use of term, 5
Ocelli (dorsal), 420, 424, 530, 619, 642, 648
Ocelli (lateral), 35,146, 192, 322,325,356,422,530,
648
Ochlerotatus (subgenus),21, 22, 23, 30
Ocular sclerites, 42 1
Oenocytes,8, 337, 379, 620, 700
Oenocytoids, 337
Oesophagealdiverticula, 489, 565, 573
Oesophagealnerves, 342
Oesophagealpump, 565, 572, 586
Oesophagealvalve, 572
Oesophagus,189,292, 309, 565,573
Oil, first used as larvicide, 6
Oklahoma, 39
Olfactory stimuli, 476, 533
Ommatidia (of white-eyed mutant), 35
Ommatidium (structure), 652
Optic lobesor tracts,238,242,322,378,627,629,633
Oral apodeme, lateral, 188, 289
Organogeny, 179,190
Orienting for sectioning, 123
Original home (of A&Ies aegypti), 41
Orinoco, 1, 6
Ornamentation, 25, 26, 27, 29, 398
Oscillograph, 524
Ostia, 329, 330, 614
Ovarian follicle
description, 674
development of, 674, 676, 695
fertilisation of, 5 12
Ovary
description (in imago), 512, 674
in larva and pupa, 346,350

Ovary, developmentof
description, 675
and blood meal, 54, 468, 506
reservesand, 696
sugar, effect of, 677
Overcrowding, 268
Over-wintering, 39, 55
Oviducts (common and lateral), 346, 351, 674,678,
679
Oviposition
descriptionof the act of, 504, 509, 512, 543
blood meal in relation to, 54, 468, 506, 677
indications of, 509, 543
light, effect of, 508
hormones and, 508, 5 11, 695
mating, stimulation from, 503
number of eggslaid, 5 10
number of ovipositionsin life-time, 509
position eggslaid, 505
retained eggs,5 12
salinity and, 505, 544
selectionof site, 133, 504, 544
stimuli connectedwith, 503, 511, 543, 677, 695
temperature and, 39, 55, 507, 544
time from blood meal to, 507
time of day of, 39, 508, 543
by unfertilised females, 511
water, necessityof, 133, 543
Oxygen, reduced,effect on eclosion, 169
Oxygen, requirementsfor respiration, 155, 701
Palatum, 191, 200
Palps, maxillary
of the female, 379, 420, 430
of the larva, 202, 206, 3 10, 326
of the male, 8, 24, 33, 397, 398, 420, 430
of the pupa, 359
Panama, 60
Pantel’s cells, 671
Parasites(of AL;desaegypti)
of the egg, 64, 66
of the imago and larva, 64, 65, 66, 67, 68, 69
Parasites(of mosquitoes),63-9
bacteria, rickettsia and yeasts,64
ciliates, 67
Coelomomyces, 64

flagellates,66
gregarines,65
microsporidia, 66
mites, 60, 62, 63, 68
moulds and fungi, 64
nematodes,68
spirochaetes,65
trematodes,67
Paratergite, 435, 588, 592
Parathion (insecticide),556
Paris green, 270
Pars intercerebralis, 630, 632, 693

Pecten spines(or teeth), 26, 196, 241
Pedicel (of antenna), 422, 584, 659
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Pedicel (of haltere), 452
Penis, penis cavity, penis sac, 347, 457, 681, 684
Pentad hairs, 241
Pericardialcells(dorsalnephrocytes),8,329,335,615
Pericardial sinus, 615
Peripheral nerves, list of, 638
Perispiracular lobes, 196, 220
Peritreme sclerite (of spiracle), 602
Peritrophic membrane, 64, 293, 296, 565, 705, 707
Persian Gulf, 43
Persistans(var.), 27
Peru, 37
Peterfi method (methyl benzoate), 122
pH (and breeding), 59, 269
pH of larval mid-gut, 707
Pharynx
fringes of, 54, 289, 704
of the imago, 565
of the larva, 54, 289, 704
musclesof, 290, 292, 306, 308, 309
of the pupa, 371
Philadelphia, 37, 40, 77
Philippine Islands, 23
Phototaxis, 258, 531
Phragmas (thoracic), 432,434,435
Physical characters
of the egg, 138-44
of the imago, 406-16
of the instars, 278-86
of the larva, 115, 251-5
of the pupa, 382-3
Pigmentation
of egg-shell,143, 154
of larval head, 227, 228, 699
of pupal cuticle, 384
and rainfall, 30
Pipiens (Culex)
feeding brushesof, 204
Malpighian tubules, 668
ocelli, 325, 422
retrocerebral complex, 341
Pipiens berbericus(Culex), 698
PipienspaZZens
(eye structure), 530
Pitcairn Island, 38
Plants (as natural enemies), 59
Pleurae (abdominal), 456, 485, 488, 701
Pleurae (thoracic), 432, 435, 452, 605
Pleural hairs (of larva), 26, 214, 240
Pleural membrane, 485, 488, 597, 701
Pleural wing attachment, 451, 452
Plumbeus(Anopheles),55, 292, 492
Polarised light, use of, 3 10
Polygonal markings (of egg), 132, 137
Pons cerebralis,630
Port Sudan, 28
Portugal, 23, 37
Posterior wing root, 435, 449
Postgenae,421, 424
Postgenital plate, 464, 465
Postnotum, 434, 435, 519

Postspiracularglands, 222
Potassium salts, regulation of, 710
Prealar knob, 435, 452
Precephalicelement, 185
Preclypeus, 191, 198, 203,424
Precratal hairs, 197
Predators, see Natural enemies
Pre-gravid rate, 697
Prepupa, 242
Preservedblood, use of, 112
Principe Island, 43
Proboscis
banding of, 26
in act of feeding, 485
measurements,409, 43 1
structure, 420, 425, 565, 566
Pronotum (pronotal parts), 25, 432, 438
Protection, measuresof, 89, 90, 477
Prothoracic aortic sinus, 332, 618
Prothoracic gland, 643, 693
Prothorax
furcae of, 434
of the imago, 432
of the larva, 208, 214
of the pupa, 360
Protocerebrum, 192, 238, 322, 627
Proventriculus, 189, 292, 565, 576
Pseudoafricanus
(Aedes),25
Pseudotaeniatus
(Ai;des),453
Psorophora(genus), 61, 64, 65, 69
Psychrometertables, 554
Pulcherrimus(AnopheZes),
263
Pulsatile organs, accessory,329, 619, 648, 708
Pulvilli, 24, 441, 442
Puncta (spiracular), 298
Punctulatus(Anopheles),60
Punjab, 55
Pupa
description, 355
abdomen, 355,361
alimentary canal, 370
cephalothorax, 355, 360
chaetotaxy, 355, 364
circulatory system,379
head and mouth-parts, 356
historical, 4, 5
musclesof, 374
nervous system,377
oenocytes,379
paddle, 362
physical characters,382
pupa cuticle, 384, 700
pupal skins, 363
respiratorytrumpets,26,196,244,304,360,383,388
sex identification, 362, 363
terminalia, 362, 364
tracheae, list of, 369
tracheal system,367
ventral air space,361
ventral nerve chain, 379
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Pupal period, duration of, 388
Pupation, 247
Pyloric ampulla, 295, 565, 576, 577
Pyloric spines,564, 577, 706
Pyrethrins, 554, 555, 556, 557
Pyrethrum, 86, 271, 387, 554

effect on egg, 151
haemolymph and, 709
oviposition and, 505, 544
effect on pupa, 387
Salivary channel, 570
Salivary chromosomes,692
Salivary ducts, 294, 308, 429, 565, 580
Salivary glands, 65, 66, 237,294,491, 564, 565,578
Salivary muscles,308, 310, 570, 571, 572, 585
Salivary pump, 372, 429, 564, 565, 570, 585
Salivary secretion,491, 707
Samoa, 38,41
Scales,4, 8, 401, 448, 700
Scaling
of abdomen, 401,454
of halteres,401, 453
of head, 24, 25, 398, 400, 401
of legs, 400
of scutellum, 24, 435
of thorax, 25, 27,400, 434, 435, 436
of varietal forms, 27, 29
of wing, 26,401,444,448
Screening,89
Scutellar pulsatile organ, 6 19

Quadrimaculatus (Anopheles), 66, 336,532,534,615

Queensland, 27, 28, 39, 42, 43
Queenslandensis(var.), 22, 23, 2’7, 28, 29, 30, 35,
42,43
Quinquefasciatus (Culex), 32

Rajputana, 55
Rearing, technique for, 108, 110, 262
Rectal papillae, 565, 578
Rectum, 296, 565,577
Red Sea Coast, 28
Reduced oxygen, effect on hatching, 169
Remigium, 450, 518, 664
Repellents, 13, 89, 476, 559
Reproductive system
of the female, 345,350, 671
of the male, 345, 347, 680
Reserves,695
Residual spraying, 84, 87, 555, 557
Respiration, 70 1
Respiratory siphon
description, 196, 218
chordotonal organs of, 223, 328
first referenceto, 7
growth measurements,279, 281
of instars, 236, 241
musclesof, 222
postspiracularglands, 222
segmentalhomology, 223
sensorypapillae, 326
siphonic index, 196
stigma1plate, 220, 253
surfacetension, action of, 253
Respiratory trumpets (of pupa)
description, 26, 360
imaginal buds of, 196, 244, 304
surfacetension, effect of, 383, 388
Retrocerebralcomplex, 325, 329,341, 379,643,694
Richiardii (Taeniornynchus), 492

Rio de Janeiro, 61
Rossi (Anopheles), 49 1

Roumania, 62, 68
Rufus (Culex), 429

Rural yellow fever, 78
Russia, 37
Sacculusejaculatorius, 680
Saddle plate and hair, 197, 241
Sahara, 30,40, 42, 43, 58
St Helena, 37
St Lucia, 27
Salinity
effect on anal papillae, 268, 710
of breeding places, 59, 268

Scutellaris (Acdes), 60, 61, 64, 67, 81, 457, 505,
533
Scutellaris group, 24, 32

Scutellum, 24, 25, 27, 434, 435, 452, 592
Scutum, 434, 435, 452
Seaports,associationwith, 40
Senseorgans,seeSpecial senseorgans
Sensoryhairs, papillae or pits
of the buccal cavity, 571, 664
of the coxae and trochanters,440, 664
of the female maxillary palps, 663
of the halteres,453, 660
of the imaginal antenna, 633
of the labial plate, 208, 326
of the labrum, 428
of the larval antenna, 326
of the larval maxillary palps, 206, 326
of the legs, 440, 664
of the pupal abdomen, 364
of the respiratory siphon, 220, 326
of the wings, 450, 664
Serosa, 138, 178, 183
Settling rate, 479
Sexes
imago
behaviour, 501
distinction of, 499
food of, 468
order of emergence,501
proportion of, 499
larva
distinction of, 348
the pupa, 363, 382
Seychelles,27, 38, 43
Shipping, 40, 55, 57, 85
Sierra Leone, 30, 58
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Silver staining, 626
Singapore, 43
Siphon, seeRespiratory siphon
Size, 56, 266, 277, 406
Skins, cast, larval and pupal, 117, 228, 232, 363
Smell, reaction to, 476, 533
Soap, effect of, 168, 269, 388
Society Islands, 41
Sodium chloride, regulation of, 709

‘Stimulants irresistible’, 175
Stimuli
see under Feeding, Oviposition
Stipes,421
Stomatogastric,320, 323, 341, 643
Stomodaeum(stomodaealarea), 178,185, 186,571
Storing eggs,112
Strains (of Agdes aegypti), 31
Striated border, 294, 296, 344, 345, 576, 668
Stroboscope,517,523, 527

Solicitans (Culex), 68

Subargenteus(Aedes), 25, 26

Somaliland, 62
Special senseorgans
of the halteres, 453, 660
of the imago, 648
Johnston’s organ, 8, 535, 658
of the larva, 325
see also Compound eyes, Ocelli, Sensoryhairs,
Papillae or pits
Specificgravity
of the egg, 140
of the imago, 415
of the larva, 251
of the pupa, 383
Spermathecae,346, 351, 674, 678, 679
Spermathecalductsand opening, 351,464,465,679
Spermatogenesis,684, 691
Spermatozoa, 684
Spiracles
abdominal, 456, 605, 613
structure of, 602
terminal (of larva), 220, 298
thoracic, 435, 436, 602, 605
Spiracular muscles,222, 590, 592, 604, 605
Spiracular parts (mechanismof), 253
Spiracular puncta, 298
Spiracular trachea, 300, 605, 608, 612
Spirochaetes,65
Spraying
as adult insecticide,86, 555, 556
in aircraft disinfection, 88
as larvicide, 86
pyrethrins, use in, 556, 557
residual, 84, 87, 555
use of ‘Freon’ in, 556
Squama, 444,446,450,451,519
Stains
for fat-body, 340
for marking mosquitoes,516
for sections,124
for silver impregnation, 626
Starvation, effect of, 56, 266, 277, 412
Stegomyia (subgenus), 10, 21, 24, 25, 26, 66, 197,
441,442

Suboesophagealganglion, 320, 635
Subpictus (Anopheles), 262, 49 1
Sudan, 40, 43, 55, 62, 78
Sugar
attractivenessof different sugars,471
egg production and, 110, 511, 677
as food, 468, 470
used for maintenance, 476
Surface area
of egg, 142
of pupa, 382
of stigma1plate, 255
Surface tension
effect on eggs,134
on pupal trumpets, 383, 388
on respiratory siphon, 254, 255
Survival rate, 549
Sweat, human
as attractant to feed, 476, 533, 537, 540
effect on human skin, 469
males sucking, 34, 494
Sylvan yellow fever, 12, 77, 78
Sympatheticnervous system,324
Synonyms (of Ai;des aegypti), list with localities, 23
Synonymy (of AZdes aegypti), 21
Synthetic chlorinated compounds,84,87, 554,555,
557
Syria, 28,55
Systematics,9, 24

Simpsoni (At?des),25, 26, 79, 80, 540

Stephensi (Anopheles), 492

Sterilising viable eggs,151
Sternal area (of thorax), 436
Sternopleuron, 434, 435, 452
Stigma1plate, 220, 253
Stimulans (Culex), 573

Tanganyika, 43
Tarsal claws, 8, 24, 440, 441
Tarsal sensoryorgans, 664
Tarsalis (Culex), 388

Tasmania, 65
Tautotomy, 554
Technique
apparatus, 100-7
culture medium for rearing, 108-l 1
feeding for egg stock, 111
manipulation of adults, 119-22
manipulation of eggs,112-14
manipulation of larvae and pupae, 115-19
for rearing and maintenance, 110
for reconstruction from sections,125
sectioning, 122-5
specialtechniques, 125
for study of muscles,3 10
tracheal injection, 600
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Temperature
and duration of imaginal life, 548
and duration of larval period, 245
and duration of life cycle, 55
and duration of pupal period, 388
effect on heart beat rate. 709
and incubation time, 170
as limit of activity, 55, 474
as limit to copulation, 39
as limit to distribution, 36, 38
as limit to effectivedevelopment, 264
as limit to maintenance of species,38, 550, 551,
552
optimal for the species,474, 551
and ovarian development, 39, 56, 507, 544
and rate of growth, 277
and size of imago, 266
thermal death point (high)
for the egg, 150
for the imago, 551
for the larva, 262
for the pupa, 386
thermal death point (low)
for the egg, 150
for the imago, 550
for the larva, 39, 263
for the pupa, 386
Terminalia
of the female, 346, 351, 464, 664, 679
of the male, 26, 28, 348, 456
of the pupa, 362
Territans(Culex), 530
Tesselatedmembrane, 200, 204
Tessellatus(Anopheles),65
Testis, 346, 681
Thalasseus(Culex), 79
Theileri (Culex), 34
Theobaldia(genus),8,34,67,338,491,492,522,602
Thermal death point, seeunder Temperature
Thorax
imago
description,409, 431
chaetae,404, 432, 438
list of muscles,590
list of nerves, 639
measurements,408
meso- and metathorax, 434
musculature, 582, 588, 590, 587, 605
nerves of, 636, 639, 642
ornamentation, 24, 27, 29, 398
pleurae, 435, 452, 605
prothorax, 432
scaling of, 25, 27, 400, 434, 435, 436
scutellar pulsatile organ, 619
scutellum, 24, 435
scutum, 434, 435, 452
segmentation,431
spiracles,435, 436, 602, 605
sternal area, 436
thoracic fat-body, 620

tracheation, 602, 605, 606, 610
ventral nerve chain ganglia, 635
larva
description, 194
chaetotaxy,212, 236
list of tracheae, 304
measurements,279, 280
musculature, 245, 310
segmentation,208
thoracic ganglia, 323
thoracic puncta, 298
tracheation, 303
pupa
description, 360
chaetotaxy, 366
imaginal buds, 360
musculature, 374, 597
respiratory trumpets, 4.v.
thoracic ganglia, 379
tracheae,list of, 369
ventral air space,361
Tibiae, 26, 440, 441
Togo, 58
Tokyo, 37
Tormae, 429
Tormogen cells, 700
Toxaphene, 556
Tracheae, lists of
for imago, 606
for larva, 304
for pupa, 369
Tracheal branching, 302, 368,602
Tracheal cells (stellate cells), 302
Tracheal commissures,300,304,369,370,606, 609
Tracheal injection (technique of), 600
Tracheal knots, 303, 602, 605, 612, 613
Tracheal nomenclature, 300
Tracheal plexus, 331
Tracheal system
at ecdysis,231
at eclosion, 165
at emergence,394
of the imago, 600-13
of instar I, 237
of later instars, 238
of the larva, 298-305
of the prepupa, 245
of the pupa, 367-70
at pupation, 249
Tracheal trunks, 165,299, 369, 613, 615
Tracheal volume, 702
Tracheation
of the abdomen, 302,305, 368, 369, 608, 612
of the head, 304,609
of the thorax, 303, 369, 602, 606, 610
of the wing, 448, 611
Tracheoles, 302, 702
Trade, associationwith, 42
Transport (of AZdesaegypti), 55
Transvaal, 40, 43
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Traps, mosquito, 58, 87
Travellers’ tales, 6
Treasury Islands, 41
Tree-holes, 28, 43, 58, 61
Trematodes, 67
Trichogen cells, 700
Trichoid sensilla, 663
Trichoprosopon(genus), 79
Trinidad, 37, 59

Ventral sympatheticsystem(of larva), 324
Ventricular (gastric) ganglion, 342
Ventriculus, see Mid-gut
Vertex, 24, 420, 424, 648
Vertical plates (of pupa), 358
Viability
of the egg, 147
of the imago, 548
of the larva, 259, 262, 266, 268
of the pupa, 385

Trinidad (Atides), 26

Tristan da Cunha, 37
Tritocerebrum, 192, 322, 627
Trochanters, 440
Trophocytes, 621
Trumpets, respiratory, see Respiratory trumpets
Tubular tunnels (from mites), 68
Type (of Ai;des aegypti), 22
Type form (of AZdes aegypti), 28, 29, 35, 42
Type species(of Ad;des),9, 24
Type species(of Stegonzyia), 21, 24
Type localities of synonyms (of A@desaegypti),
23
Uganda, 28, 29, 43, 78
Unfertilised eggs,145
Unfertilised females, oviposition by, 5 11
Ungues, 440, 596
Unguiculus, 45 1
Unguifer, 442
Ungoid process,452
Urban yellow fever, 77, 80
Urine (secretionof by imago), 489, 493
United States,62
Uruguay, 39, 59
Utah, 36
Vaccines (for yellow fever), 80
Vagina, 346, 351, 465, 674, 679, 680
Vaginal apodeme, 346, 678
Vagus (Anopheles), 262,491

Vapours (as larvicides), 85, 270, 388
Varietal forms (of AZdes aegypti), 27, 35, 40, 42,
43

Vasa deferentia, 348, 680, 681, 682
Vasa efferentia, 680, 681
Vectors
of dengue, 81
of virus and other diseases,28, 31, 82
of yellow fever, 6, 9, 11, 28, 31, 77, 79, 80
Venation, seeWing venation
Ventral air space(of pupa), 361
Ventral diaphragm, 619, 708
Ventral diverticulum, 488, 489, 565, 573
Ventral fan, 197, 209, 217
Ventral nephrocytes,336, 620
Ventral nerve cord
of embryo, 190, 192
of the imago, 635
of the larva, 238, 320,323
of the pupa, 379

Vinsoni (Atfdes), 25

Virginia, 37
Virus diseases,82
Visceral nervous system,320, 323,341, 643
Visual response(in flight), 530
Visual stimuli, 56, 258, 530, 541
Vittatus (AZdes), 26

Volume
of the egg, 141, 144
of the imago, 415
of the larva, 253
of the pupa, 383
Wake Island, 37, 41
Warmth (attraction by)
heat gradient, 542
warm body, 476, 536
warm convection currents, see Convection
currents
warm human skin, 446, 537, 540
Water
of breeding-places,54, 58, 268
open-water breedersand pharynx, 54
selectedfor oviposition, 504
storageof favouring species,40
Water-closets,breeding in, 57
Water-supply, as control measure, 55, 85
Waterproofing of egg, 154
Waxy coat of pupa, 384
Weighing, methods of, 120
Weight
of the egg, 139
of the egg-shell,142
of the imago, 410,412
of the imago dry weight, 416
of the imago following blood meal, 493
of instars (growth), 251, 281, 282, 284, 285
of the larva, 251, 253,285
of the pupa, 382
relation to linear measurement,282
relation to wing length, 412
Wells, breeding in, 58
West Africa, 23, 26, 28, 30, 38, 42, 43, 55, 57, 58,
60, 61, 65, 79
West Indies, 2, 12, 21, 23, 42, 43, 55, 62, 67
West Nile virus, 82
Western Europe, 36
Wheals, description and use of, 479, 480,
494-6
White eyed mutant, 35
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Wild birds (as virus reservoirs),80, 82
Wing
description, 442-54
area of, 410
basal scleritesof, 451, 518
base of, 449
imaginal buds of, 244, 360
measurements
length, 100, 120, 408, 409, 411, 412
method of mounting for, 120
as index of size, 409
comparison with weight, 412
movements
extensionand flexion, 5 19
in flight, 518
wing-stroke frequency, 520-5
musclesof, 590, 591, 697
ornamentation, 26, 40 1
pleural attachmentsof, 452
the remigium, 450, 5 18, 644
scaling,400, 444, 448
tracheation, 448, 611
venation
description,446
development,448
generalisedschemeof, 447
notation, 446
Winter, effect of, seeOverwintering
Woodi (&des), 25, 26

Wyeomyia (genus),464
Yeasts as larval food, 261
Yeasts as parasites,64
Yellow fever
A2de.saegypti as vector, 6, 9, 11, 12, 28, 3 1, 77,
78, 79, 80
distribution, 78
early work on, 11, 77, 78
epidemicsof, 12, 77, 78, 79
Finlay’s work on, 6, 12
forest, sylvan or jungle yellow fever, 12, 40, 78,
79, 80
infective period of, 80
monkeys and other animal virus reservoirs, 78,
79, 80
mouse test in, 79
rural yellow fever, 78
urban yellow fever, 77, 80
vaccinesfor, 80
vectorsof, 79, 80
virus of, 80
Yemen, 43
Yolk, 145, 676, 677
Zanzibar, 43
Zika virus, 82
Zoogeographicalregions, 35,44
Zululand, 42, 43

