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SYNOPSIS

Three strains of Aedes aegypti and a strain of Culex molestus
were used in tests to determine the relative susceptibility levels
of the larvae to various insecticides and to investigate the develop-
ment of resistance in the laboratory through selection by larval
treatment only. The procedures and test methods used are de-
scribed and the results discussed and set out in tabular and graphic
form.

It was found, inter alia, that selection of fourth-stage larvae
of a laboratory strain of Aedes and Culex for 15 generations with
DDT at the LC,0 level did not induce any appreciable decrease
in susceptibility; that with another Aedes strain, naturally three times
as resistant to DDT as the laboratory strain, selection for eight ge-
nerations further increased this resistance to seven times its natural
level ; that selection of the laboratory strain of Aedes with y-BHC
for 15 generations induced a twofold increase in resistance to this
compound, which also extended to DDT and dieldrin; and that
selection of the same strain with dieldrin, over 14 generations at a
low mortality level to avoid after-effects of this insecticide, did not
induce any appreciable decrease in susceptibility.

The problem of the development of resistance to insecticides has acquired
world-wide importance in the last nine years, following the discovery of
DDT-resistance in houseflies in 1946.32 The literature, as a result, contains
many field and laboratory reports and observations, from all parts of the
world, on the occurrence of resistant strains, involving as many as 32
species of medically important insects; 16 of these species are mosquitos.34

The word " resistance " has two connotations-natural and acquired.
Natural resistance to insecticides is the normal ability of an insect popula-
tion to withstand a certain dosage of an insecticide when first exposed to it.
It is presumed to be characteristic of the whole population of the species,
but depends upon the interaction between the insect organism and its
particular environment.

* Chief of the Malaria Eradication Division, Ministry of Public Health, B&irut, Lebanon
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Acquired resistance, on the other hand, is a new, developed ability of
an insect to withstand an insecticidal dosage after previous exposure to
insecticides. It is thus characteristic of particular strains within a species
and is due to the disturbance of the normal state of equilibrium between
the insect and its environment by the introduction of the insecticide under
whose influence the normal mean level of resistance is raised to a higher
level.

The nature and causes of resistance have been intensively studied, and
are still the subject of investigation by many workers. Most of the work,
however, has been done with houseflies. Resistance has been generally
attributed to:

(1) exposure of the insect to sublethal doses of the insecticide;
(2) selective mortality on pre-existing genes of resistance; or
(3) genic mutations in response to exposure to the poison.

A useful review of current topics and conclusions on the status of
resistance among insects, its known mechanisms of development, and its
various forms is given by Metcalf.26

With regard to mosquitos, many of the reported cases are dubious.
Observations are often contradictory, especially regarding anophelines, so
that it is difficult to evaluate the findings confidently. An almost complete
eradication of Aides aegypti has been attained wherever DDT residual
spraying has been used." 15, 18, 29 Giglioli (cited by Hess 21) even considered
that it was not possible for resistance to develop either in this species or
in Anopheles darlingi because both are so highly susceptible to DDT that
eradication in treated areas is rapid and complete. However, a strong
DDT-resistance has developed in larvae of Aides aegypti in Trinidad 16
consequent upon larval and perifocal treatments since 1951, and other
control failures with DDT have recently appeared in the Caribbean region.

Moreover, evidence is accumulating in mosquitos of what is called
"behaviouristic resistance ". By this, it is meant that the survival of the
insect in the presence of insecticidal deposits is due not to physiological
resistance but to some modification in its habits which prevents lethal
contact with the insecticide. The protective behaviour acquired may be
due to the insects being repelled or irritated away before acquiring a lethal
dose, or to a complete change in behaviour whereby they no longer rest
on treated surfaces. Trapido 35 has shown that this type of resistance does
not involve physiological resistance in A. albimanus by testing adult females
on treated filter papers.

The causation and nature of this critical shift in behaviour pattern is
still obscure. It may be that the whole pattern is genetically controlled
and thus follows the laws of selection-what may be called " selection for
avoidance ". But, selection in this sense is initially proportional to the rate
of contact with the insecticide, and resistance occurs only in those insects
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or forms that can avoid such contact. This means that larvae, since they
cannot avoid their treated media, cannot develop behaviouristic resistance.
This, coupled with unnatural restrictions on captive adults, makes the
study of such a phenomenon in the laboratory difficult, if not impracticable.

However, since we know so little about mosquitos, the present work on
resistance, using mosquitos as the test material, was considered a suitable
subject for investigation. The experimental work has three main aspects:

1. Standardization of a simple method for larvicidal tests that could
be relied upon for comparative purposes.

2. A comparative study on the susceptibility levels of larvae, of different
species and of different strains within the species, to various insecticides.

3. The possibility of the development of resistance, in the laboratory,
through selection by larval treatment only.

MATERIALS AND METHODS

Origin of Mosquito Strains

Four stock strains were used in this work, three normal susceptible
strains and one naturally resistant to DDT only. Three of these, including
that resistant to DDT, were strains of Aedes aegypti, and the fourth strain
was of Culex molestus. The origins of the various strains are given below,
according to their historical sequence

Stock strains

1. Aedes aegypti (Laboratory strain), obtained from the stock colony
in the Department of Entomology, London School of Hygiene and Tropical
Medicine. This strain had been reared for a number of years without
contact with insecticides. It came originally from West Africa.

2. Culex molestus, also obtained from the departmental stock colony
that has been maintained for a considerable period away from insecticides.
This was started, originally, from a wild population in the London under-
ground railways.

3. Aiedes aegypti var. queenslandensis, a subcolony kindly supplied by
Professor P. C. C. Garnham of the Parasitology Department, London School
of Hygiene and Tropical Medicine. Originally, it was obtained from
Dr D. J. Lewis's laboratory colony from Jeddah, Saudi Arabia, and had
been maintained for some time in the laboratory of the department. It had
had no previous contact with insecticides whatsoever.

4. Aedes aegypti (Malayan strain), kindly supplied, late in 1954, by
Dr J. A. Reid, Institute for Medical Research, Kuala Lumpur, Malaya.
An accompanying letter stated that the colony was started in 1952 from two
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females raised from a batch of larvae collected in Sijang-kang, eight miles
from Klang. No DDT or other residual insecticides had been used in that
region, except for a DDT barrier-spraying experiment that was carried
out in 1946 in some part of the area for one month only.

Upon testing this strain, I found it to be three times as resistant to DDT
as the laboratory strain of Aides. It was slightly less resistant to both
dieldrin and y-BHC.

Selected strains

A number of substrains were obtained by dividing the stock strain of
AeFdes aegypti (Laboratory) into four colonies, one being untreated (the
laboratory strain), a second selected for resistance to DDT, a third for
resistance to y-BHC, and the fourth for resistance to dieldrin. The y-BHC
substrain was further subdivided at the Fl1 generation into a " treated"
and an " untreated " line.

From the Culex molestus stock, a strain was selected for DDT-resistance.
From the Aedes aegypti (Malayan) stock, a further DDT-resistant

strain was selected.
In view of the different theories about the mode of development of

resistance, selection was imposed at various levels ranging from the LC 76
down to completely sublethal concentrations.

Maintenance of Mosquito Cultures

All the strains were reared at 260-270 C and 45 %-60% relative humidity.
The adults were kept in cages 12 x 12 x 12 inches (a 30-cm cube) at a
density of below 200 per cage, and were fed daily on sugar solution, supplied
on cotton-wool pads kept constantly moist. Sugar cubes and raisins were
supplied in addition for the adult Culex, since these were not fed on blood.
An anaesthetized guinea-pig was introduced into each cage of Aedes on
alternate days for approximately one hour, whenever eggs were required.
Wet filter papers were supplied for egg-laying. The eggs were kept wet for
four days, and then dried for subsequent use. Hatching took place in
bowls 10 inches (25.4 cm) in diameter and 5 inches (12.7 cm) deep contain-
ing about two litres of tap-water. Larval food consisting of a mixture of
well-ground dog biscuits and Bemax, in a 2:1 ratio, was added daily. Air
bubbling was continuous in culture bowls to prevent stagnation and scum
formation. The duration of the larval stage was 5-6 days for Aedes and
7-8 days for Culex.

The pupae were pipetted onto a muslin net, transferred to bowls of clean
water and put in adult cages to emerge. Emergence took place between
48-60 hours after pupation for Aides, and 36-48 hours for Culex. The
duration of the whole life-cycle of both Aedes and Culex was 15-17 days.
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Considerable variations occurred in the size of all stages. This depended
upon (1) the amount of food received during the larval period, (2) the
density of larvae in culture bowls and (3) the temperature. Larvae in crowded
bowls were much smaller in size than larvae in less crowded conditions, the
growth rate, but not the longevity, being reduced. Culex larvae when
hatched in plain tap-water and starved were able to live for 48 days without
pupating. Larvae reared at lower temperatures (160-220C) took longer to
pupate but were of larger size than larvae reared at 260C.

In order to produce consistently uniform larvae and adults for experi-
mental purposes, it was essential to standardize the culture conditions as
far as possible. The method adopted was to allow batches of eggs to hatch
in a bowl, and to subdivide the emerging larvae into other bowls in equal
numbers. A standard amount of food was then added to each bowl daily.

Materials Used

The following chlorinated hydrocarbon insecticides were used in purified
crystalline form: DDT, y-BHC, dieldrin, aldrin, isodrin, endrin, a-chlordane
and fi-chlordane. The purity of the organophosphorus compounds employed
was as follows: parathion 98 %, malathion 96%, and diazinon 85%

Larval Test Method

Unless stated otherwise, the method used throughout in testing larvae
of Aides aegypti and Culex molestus was as follows:

450 ml of tap-water were put in 800-ml beakers and allowed to stand
for not less than two hours to reach thermal equilibrium with the air at
260-27OC (the temperature of the water was found to be less than the room
temperature by 20-30C). Then fourth-stage larvae, standardized for size
and age, were removed from culture bowls, washed twice in tap-water,
pipetted individually onto a muslin net and then transferred to the beakers
in order to minimize the amount of water carried with them. The numbers
used varied between 25 and 100 larvae per test beaker, equal numbers being
used throughout any single test. From every 55 larvae put originally, five
were taken out at random and put in a separate beaker to constitute an
untreated control, representative of the total number used in a test. In the
selection experiments, as many as 200 or 250 larvae were used in each
beaker. After the larvae had settled in the beakers and resumed normal
activity, the insecticide was applied to the water surface with a graduated
1-ml pipette accurate to 0.01 ml. A sample of five or 10 larvae, taken at
random from the control beaker (i.e., a sample of the control sample)
was killed with formol solution and the average breadths of the head and
thorax were measured under a 2/3 objective with a x6 eyepiece. The
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average head-breadth was considered as an instar-index, based on Dyar's
Law, and the average breadth of the thorax as an index of growth within
the instar.23

The larvae treated with the insecticide were left in the test beakers for a
period of 24 hours. Pupae and larvae that responded normally and actively
to the sound of a sharp tap on the beaker rim with a glass rod were classi-
fied as " normal ". Those that were dead or at least motionless and those
that were able only to make a few jerky motions of the body, without actual
locomotion, were scored as " dead ". Between the two extremes, those
that were capable of limited locomotion, but only in a very sluggish manner,
were classed as " moribund ".

The beakers used for experiments of the above type were washed care-
fully and thoroughly, first with acetone, then with hot wzater and Teepol.

In the selection of strains by insecticide exposure, the larvae which
survived a 24-hour exposure were washed twice with tap-water as they were
transferred to clean water. Food was then added to permit further develop-
ment. Index cards were attached to each cage, on which were recorded the
date of experiment, the number of pupae and larvae surviving the experi-
ment, the number of larvae that subsequently pupated, the number of
adults that emerged and the number of adults that failed to leave the bowl
of water.

Advantages of the test method

The method described above was chosen as most suitable for the pur-
pose of selection and comparison, because: (1) the use of larvae in general
permits the exposure of a larger sample of the population to toxicants
than would be the case if imagos were used; (2) the contact between insec-
ticide and insect is close and continuous in the case of larvae in a fluid
medium, and the system would be more easily controlled than would be
the case if adults were exposed to dry deposits of insecticides ;35 (3) the
mechanical damage liable to occur in the handling of adults and the extra
care required to prevent escapes are obvious disadvantages which do not
arise if larvae are used; (4) fourth-stage larvae were found to show more
uniform susceptibility than younger larvae,5'6 and were easier to count
and less delicate than younger larvae; and (5) the system of recording
results not only served to give an estimate of larval kill, but also showed
the degree and extent of the action of the insecticides used. In addition,
assessment of the pupation rate and measurement of the head and thorax
served as a check on the instar and the growth rate of the larvae.

Disadvantages of the test method

Considering the method as it stands, the following disadvantages present
themselves: (1) testing was very slow, requiring 24 hours per test; and (2)
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the labour involved in the various routine operations of counting, recording
and washing apparatus was considerable.

Adult Test Method

The method adopted for testing adults was that suggested by Busvine
& Barnes,7 later modified by Busvine & Nash,9 save that P-31 oil was used
instead of risella oil. It is fully described in an annex to the Fifth Report
of the WHO Expert Committee on Malaria.37

Statistical and Graphical Treatment

The dosage-mortality regression lines have been drawn according to
the method described by Bliss.3 However, the percentage kill plotted (as
probits) against the concentration is in fact the total percentage of larvae
and pupae " dead " plus half the total percentage of those " moribund ",

expressed as D(D+ ) x 100, where D and M are numbers of pupae plus

larvae dead and moribund respectively, and S is the sum total of test insects.

RESULTS

Factors affecting Evaluation of Insecticides and Levels of Resistance
in Larvicidal Tests

In preliminary experiments to assess the comparative effectiveness of
the various insecticides to the strains used it was found that the results
varied from day to day, but not between replicates on the same day. The
method used was that followed by many other workers 11-13, 22, 31 and used
as a standard method by Kruse and co-workers.24

Variation in the results of larvicidal tests is not new and has been noted
by others.5'6 24 Some of the causes for these variations have been pointed
out and many factors discussed, but there seems always to be an unknown
factor or factors. Muirhead-Thomson and co-authors,28 in a plea for the
standardization of experimental work on insecticides, suggested some
31 factors that appeared to them to influence, directly or indirectly, the
behaviour of mosquitos and the consequent effectiveness of residual
insecticides. Twenty-six of these factors are applicable to larval tests, and
more can be deduced from the literature. Therefore, to obtain valid com-
parable tests, the aim was to keep as many as possible of these factors con-
stant. However, careful review and consideration of the method followed
revealed certain factors which, for reasons to be discussed, could not be
kept constant. These are discussed below:
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Effect of number of larvae per test beaker

Table I shows the results of experiments performed in the course of the
present work on culicine larvae in which the number of larvae was varied
from 10 to 300 per beaker, other factors being constant. In general, it seems
that there is a slight decrease in mortality as the numbers are increased up
to 80, after which point no further increase occurs. This slight increase is

TABLE I. EFFECT OF DENSITY ON PERCENTAGE KILL OF LARVAE OF C. MOLESTUS
AND AEDES AEGYPTI

Concen-] Number per test beaker
Strain and tration -__-__ _ _ _ _ ai

Sinsecticide (p.pin.) |10 20 25 40 50 80 100 160 200 300 mum

Aedes
aegypti

F5 DDT 0.05 95 100 92 96 95 91 0.6

F4 v-BHC 0.2 90 72.5 71 73 1.8

Fs v-BHC 0.2 85 82 72.5 82 83 86 1

C. DDolestus

Stock DDT 0.3 80 78 77 57 54

not statistically significant, since the maximum difference does not exceed
1.8 times its standard error (i.e., at P-0.05). Kruse, Ludvick & Hawkins,24
working with A. quadrimaculatus, had shown that the mortality from a
given dose of DDT was changed from 80% to 1.5 % simply by increasing
the number of larvae per test beaker. It is possible that the decline in the
mortality rate is not so pronounced in culicine larvae as in anophelines,
due to the differences in the resting position of larvae in relation to the
surface.

Effect of pupation and larval size within the instar

When fourth-stage larvae are tested over a 24-hour period, some of
them pupate. The problem arises whether to include these pupae in the
results or not. When using Aedes aegypti for microbioassay of DDT,
Rajindar Pal & Sharma 31 discarded the pupating larvae from their results.
Such a decision seems unjustified, because the effect of DDT on larvae was
noted to be greatest within the first few hours of exposure and then decreased
with time. Thus the larvae that pupate over the 24-hour period are likely
to be able to do so because they could resist this exposure. Consequently,
discarding the pupae would result in an asymmetric frequency distribution
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and overestimation of the effectiveness of the insecticides. On the other
side of the ledger, some of the pupae are found dead at the end of the period,
and it would seem reasonable that they should be counted as victims of the
insecticide. To check whether the pupae found at the end of the test sur-
vived (a) because they were the insecticide-resistant individuals or, alterna-
tively, (b) because they were the individuals that were ready to pupate at
that time ahead of the insecticide's action, a number of complete multiple-
concentration tests were performed with fourth-stage larvae in different
states of readiness to pupate. The untreated control larvae in each test
served to show the extent of pupation. The results are given in Table II.

TABLE II. EFFECT OF PUPATION AND LARVAL GROWTH WITHIN FOURTH INSTAR
ON KILL AFTER 24-HOUR EXPOSURE TO DDT IN ALCOHOL-WATER SUSPENSION

By comparison of the amount of pupation with the LC50 value determined
from the percentage mortality figures including pupae, it is seen that the test
material that gave a high pupation rate showed LC50 values that were no

greater than for larvae which pupated very little. Susceptible individuals
would be killed by the insecticide just the same, even though they were more

ready to pupate. Those that survive and are found 24 hours later as pupae

are the resistant individuals.
Measurements were made of the size of the larvae that entered these

tests, to see if a higher thorax and head width was correlated with a higher
LC 50. The results in Table II show that this proved not to be the case.

Experi. Number LC Average Average Pupation killed in
Strain ment of in thorax head in testStrainnumber larvae in breadth breadth control beakersnubr

used (p.p.i..) (mm) (mm) (%
beaer

Aedes aegypti 1 150 0.04 1.58 0.99 44 5
(Laboratory)

2 150 0.03 - - 28 3

3 150 0.02 1.44 0.92 75 3

4 165 0.03 1.66 0.98 18 1

5 450 0.035 1.63 0.98 54 2

6 300 0.01 1.45 0.97 0 0

Aedes aegypti 1 315 0.14 1.44 0.96 6 1
(Malayan)

2 200 0.07 1.45 0.97 25 0

3 452 0.09 1.52 0.93 46 0

4 150 0.1 1.49 0.91 30 0

5 400 0.08 - - 31 0
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Effect ofsex ratio among test larvae a

Previous work on adult houseflies has shown that males are more sus-
ceptible than females.'9 During the course of the present investigation,
it was found that adult male mosquitos also were more susceptible than
females.33 Consequently, it was thought possible that a similar phenomenon
might occur in the larval stage, in which case the variation in sex ratio
from sample to sample would result in a shift of susceptibility in either
direction. It is well known that the rate of male emergence, in the first
pupal batch taken from the culture, is higher than the corresponding
rate for females, but decreases gradually, until in the final batch to emerge,
females predominate. These differences in emergence ratios between
the sexes were found particularly clearly in C. molestus, the males of which
emerge on one day and the females a day later. This phenomenon has also
been shown to occur with C. fatigans,30 where it has been ascribed to a
shorter larval life of males as opposed to females.

Table III shows the daily emergence rate of male and female Aides
aegypti of several strains. It is clear that the males initially constitute
64 %-86 % of the emergents, and that this percentage then d- creases steadily
to reciprocal percentages. Therefore, it is not unlikely that male larvae
enter the fourth stage first, and the females enter later; thus tests performed
with an even-aged brood will deal with mainly male larvae first and mainly

TABLE 1II. PERCENTAGE EMERGENCE OF MALES OF THREE STRAINS OF AEDES
AEGYPTI ON SUCCESSIVE DAYS

Experi- Percentage emergence of males on day: * Total number
Strain ment

number 11 2 3 4 5 CT

Aedes aegypti 1 64(251) 30(87) 34(14) 352 371
(Laboratory)

Aedes aegypti 1 69(613) 86(86) 32(132) 13(14) 845 674
(Malayan)

2 75(190) 21(38) 228 210

3 66(21) 68(34) 55 25

A&des aegypti 1 71(64) 58(55) 54(103) 56(87) 60(16) 325 240
var. queens-
landensis 2 80(108) 58(19) 46(6) 31(5) 13(1) 139 65

* The number of males emerging on each day is given in parentheses.

a Since these experiments were carried out, J. C. Jones (Mosquito News, 1957, 17, 1) has investigated
the comparative larval susceptibility of the sexes of A. quadrimaculatus by examination of the survivors in
the pupal or adult stages. He found that both sexes showed essentially equal levels of tolerance to DDT in
the larval stage, but that once pupation occurred the females were significantly more tolerant than the
males.
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female larvae later. It is interesting that generally the total number of males
of Aides aegypti exceeded the number of females, whereas Qutubiddin 30
had found that the ratio was equal in C. fatigans.

Effect of exposing larvae and pupae to room conditions
Since the test method involved transferring larvae on a muslin net to the

test beakers, it was thought desirable to check whether this short exposure
to the air was harmful, although no control larvae died as a result of trans-
ference. Pupae as well as larvae taken from both the laboratory strain
of Aides aegypti and the C. molestus strain, were tested on this point. They
were pipetted onto a muslin net and allowed to dry at room temperature
for a certain period of time before being returned to the water. The results
of many tests are shown in Table IV. It may be seen that a one-hour
exposure did not prevent a complete recovery subsequently. Even a six-
hour exposure did not produce 100% pupal mortality.
TABLE IV. PERCENTAGE KILL OF LARVAE AND PUPAE AFTER EXPOSURE TO AIR

CONDITIONS

Time of exposure (hours)
Strain

1 2.5 3 3.5 4 5 6

Aedes aegypti
(Laboratory)

Larvae 0 41 47 52 60 82 -

Pupae 0 0 0 12 60 75 86

C. molestus

Larvae 0 - 76 100 100 - -

Pupae - 8 56 87 87 89 98

After a 20-hour exposure, Aides pupae were still capable of responding
to sharp auditory stimuli on their return to water, but were unable to
recover and complete their development.

Relative Effectiveness of Insecticides against Various Strains of " Aedes
aegypti " and " Culex molestus"

Larvae
1. Aides aegypti (Laboratory)

Since the normal susceptibility level of insects varies from one species
to another and from one insecticide to another, a preliminary series of
experiments was performed with 11 different insecticides on the Laboratory
strain of Aides aegypti in order to determine their relative larvicidal effec-
tiveness against this species.
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FIG. 1. DOSAGE-MORTALITY REGRESSION LINES FOR LARVAE OF AIDES AEGYPTI
(LABORATORY) WITH VARIOUS INSECTICIDES
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FIG. 2. DOSAGE-MORTALITY REGRESSION LINES FOR LARVAE OF AWDES AEGYPnI
(LABORATORY) WITH ISODRIN, ENDRIN, ALDRIN, AND a-CHLORDANE
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The percentage mortalities obtained at the various dosages and the
dosage-mortality regression lines are shown in Fig. 1 and 2.

The LC50 and LC9o values derived from these regression lines are listed
in Table V and show the order of effectiveness of these insecticides to
Aedes aegypti (Laboratory strain) to be as follows: parathion > DDT
> dieldrin > aldrin > isodrin = f chlordane = endrin > y-BHC >
malathion > a chlordane > diazinon. It is interesting to note the superior
effectiveness of parathion over the other two organic phosphates and the
relative inefficacy of y-BHC as a larvicide as compared to its high toxicity
to adults.9

Based on these data 3-6 insecticides were chosen for further comparisons
on other strains (see Table V). y-BHC was included among these because
of its high toxicity to adult Aedes aegypti and its wide use in the field for
insect control, and as selection had already begun for resistance to it.
The detailed effects of these insecticides during and after the 24-hour
exposure period were investigated. Examination of Table VI indicates

TABLE VI. RESULTS OBTAINED ON FOURTH-STAGE LARVAE OF AEDES AEGYPTI
(LABORATORY STRAIN) AFTER 24-HOUR EXPOSURE TO DDT, DIELDRIN AND

y-BHC AT VARIOUS CONCENTRATIONS

Experimental data Results after 24 hours

|concen- number number moribund dead M p+pao
insecticide tration of o D + 2!

(pp.m.) repli- exposed ae larvae pupae larvae tion
cafes larvae PuPa

DDT 0.01 5 150 0 0 0 3 3 48

0.015 5 120 0 0 0 9 9 40

0.02 22 680 0 12 1 15 22 31

0.03 7 250 1 11 1 47 54 20

0.05 33 1246 0 6 2 78 83 15

0.15 24 816 0 0 2 97 99 3

Control 17 435 0 0 0 0 0 45

Dieldrin C.015 8 ZCO 0 4 2 5 9 47

C.C2 3 125 0 4 7 10 19 41

C.C5 22 7U0 0 2 5 57 63 27

0.15 9 2F6 0 0 2 C5 97 5

Ccnirol 5 1 5 0 0 0 0 0 49

v-BHC 0.1 8 250 0 0 9 15 24 29

0.2 23 910 0 2 9 68 78 17

0.3 8 280 0 2 5 91 97 7

Control 8 250 0 0 0 0 0 42
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that the degree of moribundity caused by the three insecticides corresponds
to their order of effectiveness, whereas the degree of their action upon
pupating larvae within the 24 hours is reversed. Thus, of the three insecti-
cides, DDT seems to act best on larvae and least on pupae (whether at or
after pupation), dieldrin acting better on pupating larvae than DDT.
y-BHC is the least effective on larvae, but it kills pupae very successfully
both at pupation and during the early pupal period. Pupae killed by diel-
drin or DDT, on the other hand, were observed to be freshly formed, as
indicated by their colour changes; and for these two insecticides there was
less evidence of lethal effect once the pupae were more fully formed.

2. Aedes aegypti (Malayan)
The mortality obtained in lots of at least 100 larvae exposed to various

dosages of DDT, y-BHC, dieldrin and parathion are shown in Fig. 3.

FIG. 3. DOSAGE-MORTALITY REGRESSION LINES FOR LARVAE OF AEDES AEGYPTI
(MALAYAN) WITH DDT, DIELDRIN, y.BHC AND PARATHION

8

7 - Parathion Di.drin /

./.;/~~~~
'ft -~~~~~~~~~~J

0.02 0.05 0.1 0.2 0.3 004
Concentrotion in ppm.

The results show that the LCro of DDT for this strain is slightly more than
three times, and the LCgo slightly more than four times, greater than the
laboratory strain (Table V). The susceptibility to y-BHC, dieldrin or
parathion is similar to that of the laboratory strain. This natural DDT-
resistance has consequently caused an alteration in the order of effectiveness
of the insecticides towards this strain, rating dieldrin superior to DDT,
and second only to parathion.
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FIG. 4. DOSAGE-MORTALITY REGRESSION LINES FOR LARVAE OF AIDES AEGYP7
VAR. QUEENSLANDENSIS WITH PARATHION, DDT AND y-BHC
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FIG. 5. DOSAGE-MORTALITY REGRESSION LINES FOR LARVAE OF AIDES AEGYPT
VAR. QUEENSLANDENSIS WITH DIELDRIN AND /-CHLORDANE
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FIG. 6. DOSAGE-MORTALITY REGRESSION LINES FOR LARVAE OF CULEX MOLESTUS
WITH DDT AND DIELDRIN
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FIG. 7. DOSAGE-MORTALITY REGRESSION LINES FOR LARVAE OF CULEX MOLESTUS
WITH PARATHION AND y-BHC
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3. Aides aegypti var. queenslandensis and Culex molestus
The mortalities obtained with DDT, y-BHC, parathion, dieldrin and

/3-chlordane against the queenslandensis variety of Aiedes aegypti in lots of at
least 100 larvae per test dose are shown in Fig. 4 and 5. Those obtained
with the first four of these insecticides against C. molestus, in lots ranging
from 30 to 500, are shown in Fig. 6 and 7. In addition, larvae of Anopheles
stephensi, in lots ranging from 25 to 125, obtained from the departmental
insectary, were tested with DDT, y-BHC and dieldrin, and the results are
shown in Fig. 8. The LC50 and LCgo values for these three strains are
shown in Table V.

FIG. 8. DOSAGE-MORTALITY REGRESSION LINES FOR LARVAE
STEPHENSI WITH DIELDRIN, DDT AND y-BHC
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OF ANOPHELES

With C. molestus and Aides aegypti var. queenslandensis, dieldrin and
parathion were more effective than the other insecticides. Aldrin was

superior to DDT and ,B-chlordane, while y-BHC was least effective. With
A. stephensi the order of effectiveness was dieldrin, DDT, y-BHC.

Pupae

Pupae were tested in the same way as larvae, by putting fully formed
pupae in test beakers. Only Aides aegypti (Laboratory strain) and C.
molestus were tested, the first for DDT, dieldrin and y-BHC, and the second
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for DDT only. The range of concentrations, however, was 100 times that
used for the larvae, because lower concentrations proved ineffective. One
advantage gained by the use of pupae was the feasibility of distinguishing
male from female pupae from their size, and thus the possibility of making
an adjustment for the sex ratios.

The results are shown in Table VII, with sex ratios adjusted for the
Aides aegypti (Laboratory strain) only, since sex in Culex pupae was more

difficult to distinguish.

TABLE VIl. RELATIVE EFFECTIVENESS OF DDT, DIELDRIN AND v-BHC AGAINST
ARDES AEGYPTI PUPAE, AND OF DDT AGAINST C. MOLESTUS PUPAE, AFTER

24-HOUR EXPOSURE IN ALCOHOL-WATER SUSPENSION

It is clearly shown that y-BHC is the most toxic to pupae of Aiedes
aegypti. Not only did it prevent the emergence of adults, but the kill
was much higher than with either DDT or dieldrin, between which the
difference in results was not statistically significant.

Compared to Aedes aegypti, the Culex pupae seem to be slightly more

susceptible to DDT. As the only comparable values common to all were

the average pupal kills, these were plotted against the concentrations and
regression lines were drawn (Fig. 9). It will be seen that while DDT was

about ten times as toxic as y-BHC in the larval stage, the latter is about
ten times as toxic in the pupal stage. However, it should be mentioned
that the regression line for y-BHC is not as accurate as that for DDT,

Results (%)

Con. Number kle
. Insecti- centra- used killed

Strain cide tion emerged average
(pp.m ) pupae adults totals kill of

~~~~ ~~~pupae

Aides DDT 5 50 50 52 28 26 18 100 100 78 46 22
aegypti
(Labora- 10 50 50 54 14 36 46 100 100 90 60 41

15 50 50 28 8 66 36 100 100 94 44 51

y-BHC 5 25 75 0 0 98 92 - - 98 92 95

10 25 75 0 0 100 98.5 - - 100 98.5 99

20 25 75 0 0 100 100 - - 100 100 100

Dieldrin 10 50 50 62 10 22 30 100 100 84 40 26

1 19 11 42 100 - 53 42
C.moles. DDT 5 18 0 0 61 0 0 61 61
tus

15 19 0 0 79 0 0 79 79
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FIG. 9. DOSAGE-MORTALITY REGRESSION LINES FOR PUPAE OF A.DES AEGYPTI
(LABORATORY) AND CULEX MOLESTUS WITH VARIOUS INSECTICIDES
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since the 100% kill-point at 20 p.p.m. was estimated from only two other
points on the curve. It is also of interest to note here the fact that male
pupae are also more susceptible to the insecticides than females.

Adults

The susceptibility of the three strains of Aedes aegypti to DDT was

assessed by testing adult females, 6-10 days old, 24 hours after they had
fed on blood. The results are shown in Fig. 10. The LC50 values for DDT
were 0.9 % for the laboratory strain, 1.4% for the variety queenslandensis,
and 2.5 % for the Malayan strain. Thus the adults of the Malayan strain
are three times as resistant as the normal, and the queenslandensis variety
is intermediate. Similar tests with C. molestus were unsuccessful due to
the high mortality in the control groups.

Discussion

The results obtained in this section show that natural resistance to
insecticides does occur in mosquitos without prior exposure to insecticides.
The relatively large difference between the LC50 and LCgo obtained with the
Malayan strain indicates a wider distribution of resistance, which is also
characteristic of other resistant strains.'0 This wide variance is also indi-
cative of a multifactorial type of resistance.

/A.ougypti (Lob)
-,' I(-BHC)

C.mo/estus
- -, -~ (DDT) ___ ,

z1- ~ ,, A oegypti (Lob.)
(DDT)

_11,1 ,, 1111111 II 1111
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FIG. 10. COMPARATIVE DOSAGE-MORTALITY REGRESSION LINES WITH DDT
FOR ADULTS OF AWDES AEGYPTI (LABORATORY), ALDES AEGYPTI (MALAYAN) AND

AIDES AEGYPTI VAR. QUEENSLANDENSIS
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Percentage concentration of DDT in P.31 oil

Considering the specific action of insecticides within the 24 hours of
exposure, and their relative toxic symptoms on larvae, y-BHC has proved
to be more toxic to pupae (as shown in Table VII) and less toxic to larvae
than DDT or dieldrin. The degree and extent of moribundity is more
noticeable among larvae exposed to DDT or dieldrin than among those
exposed to y-BHC. This specificity in action of these insecticides was
noticed among all strains tested.

Finally, in spite of the fact that C. molestus is a larger mosquito than
Aides aegypti, it seems that it is more susceptible to insecticides in all
its stages. The fact that a very high mortality occurred in the control
group of adult Culex only indicates that the method used is not equally
suitable for all species.

Development of Resistance in the Laboratory

The development of resistance to insecticides by mosquitos appears to
be a slow process; the fact of its occurrence has only recently been accepted
despite residual indoor treatment against many species over the past
10 years or so.
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Reports of resistance in mosquitos are generally based on observations
made in the field, and reliable laboratory studies of resistance in this group
are virtually non-existent. This is due to the difficulties encountered in
the evaluation of resistance, such as the maintenance of mosquito colonies
in the laboratory, the different methods of testing, the variety of factors
which influence resistance tests and, furthermore, the possible occurrence

of reversion. In general, it is not easy to distinguish an acquired resistance
from one occurring naturally, especially when the resistance is of a low
order and no data preceding treatment are available.

Fay, Baker & Grainger 14 reported the induction of increased tolerance
in the laboratory with A. quadrimaculatus, the order of which was 30%

TABLE Vil. LC5o AND LC,, VALUES (IN P.P.M.) FOR SELECTED MOSQUITO STRAINS
AND SUBSTRAINS, INDICATING TREND OF SELECTION TO THREE INSECTICIDES *

Insecti-
ciae DDT v-BHC Dieldrin

Strain Aedes aegypti Aedes aegypti Culex Aedes aegypti Aedes aegypti
(Laboratory) (Malayan) molestus (Laboratory) (Laboratory)

Genera
tion LC50 LC0| LC50 LC09 LCso LC9o LCso LC| , LC5o LCso

P 0.03 0.07 0.10 0.30 0.025 0.075 0.140 0.25 0.040 0.10

F 0.035 0.14 0.178 0.27 0.091 0.21

F2 0.018 0.080 0.150 0.99 0.026 0.054 0.178 0.292

F3 0.040 0.14 0.140 0.42 0.017 0.034 0.184 0.28

F4 0.040 0.112 0.140 0.28 0.2 0.31 _

F5 0.03 0.06 0.186 0.25 - - 0.174 0.282

F6 0.036 0.094 0.22 0.38 0.178 0.25 0.04 0.065

F7 0.033 0.094 0.355 0.83 0.025 0.055 0.178 0.26

F8 0.038 0.080 0.68 2.2 0.224 0.41 _ _

Fg 0.05 0.126 _

F0o 0.029 0.07 0.030 0.043 0.263 0.355 -

F - 0.022 0.054 0.251 0.335 0.04 0.076

Un- Un-
Treat- treat- Treat- treat-
ed ed ed ed

Fl2 _- 0.037 0.045 0.2 0.237 0.34 0.354

Fl3 0.056 0.141 0.04 0.048 0.263 0.251 0.367 0.38 0.047 0.088

Fi4 0.056 0.117 - 0.184 0.282 0.296 0.38 0.032 0.12

Fi5 0.052 0.1 - - 0.266 0.316 0.35 0.4

* Values estimated graphically from corresponding regression lines.
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above normal. This resistance persisted up to the fifth generation as long
as selection was applied, but was lost entirely in the sixth when it was
relaxed. Ludvick 23 found that a laboratory colony of A. quadrimaculatus
maintained for bio-assay of aerial spray deposits evidently increased in
DDT-resistance by 20-30 times.

To overcome these problems as far as possible, or at least to minimize
them, selection experiments carried out in this work were designed in such
a way that each generation could be studied and its level of resistan^e
estimated. The detailed system of recording, described previously, was
applied in the experiments below at all steps in selection and at each genera-
tion. This was done with the hope that it would assist in establishing the
nature and degree of resistance built up at each generation.

In order to determine the course of events when a strain selected for
resistance was no longer exposed to insecticides, the y-BHC-resistant
strain, having developed a noticeable degree of resistance, was divided at
the Fl1 generation into two substrains. In one of these, treatment at the
larval stage was continued as before, while the other substrain was main-
tained without contact with insecticides.

The general tendency for the development of resistance of all the selected
strains is shown in Table VIII, in which the LC50 and LCgo values are set
out. These values were estimated graphically from corresponding curves
drawn for each generation.

Selection for DDT-resistance

1. Aiedes aegypti (Laboratory)

Over a period of 17 months, selection with DDT was practised for 15
consecutive generations. The results are shown in Fig. 11, based on the
percentage mortality at four concentrations showed by samples of the
generations tested. It will be seen from Fig. 13 that the maximum level of
resistance obtained with this strain occurred in the F13 generation, where
the value of the LC50 was about 1.8 times the original parental value, and
the LCgo slightly more than twice the parental value. The LC50 values
exhibited (except for a noticeable decrease in the F2) a gradual increase
to a maximum at F14. The LCgo values, however, do not show any definite
directional trend, much variation occurring from generation to generation.
It is easier to understand this type ofresistance from Fig. 11, where kills are
plotted for separate concentrations. It will be seen that selection was
apparently working gradually on the lower concentrations (or lines) only
-i.e., by gradually eliminating the more susceptible members of the popu-
lation. Consequently, a rise in the LC50 takes place as a result of changes
in the slope of the curve. The less susceptible half of the normal curve of
distribution of resistance has not shifted. This type of resistance is thus
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FIG. 11. TREND OF SELECTION TO DDT AT VARIOUS CONCENTRATIONS OVER
SUCCESSIVE GENERATIONS OF AEDES AEGYPTI (LABORATORY)
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not of great importance from a practical point of view since the upper dose
level does not change greatly, and is therefore within the limits of control.

2. Aedes aegypti (Malayan)
It was of interest to ascertain whether this naturally resistant strain

would show a further increase of resistance under selection. Within six

FIG. 12. TREND OF SELECTION TO DDT AT VARIOUS CONCENTRATIONS OVER
SUCCESSIVE GENERATIONS OF AEDES AEGYPTI (MALAYAN)
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months the eighth generation had been reached, and the results are shown
in Fig. 12.

It will be observed that successive generations show lower mortality at
given dosage test levels, this decrease being greater at the higher dosages.
Thus this Malayan strain differs from the laboratory strain by showing
changes in the most resistant parts of the population, and thus the entire
normal curve of distribution of resistance has shifted.

FIG. 13. LC5, AND LC,o CURVES SHOWING TREND OF SELECTION TO DDT IN THREE
SELECTED STRAINS OF MOSQUITO *
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* Larvae only were treated for 24 hours In the fourth stage. The upper curve represents the LC,0
and the lower curve the LC50 In each pair of lines.

From examination of Fig. 13 it will be seen that the LC60 level increased
steadily, to be multiplied seven times in the eight generations of selection.
The LCgo figure. however, showed a maximum increase of 13 times at the
F2, and then reverted to return to the original level at the F6, and increased
again to eight times at the F8.
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It had originally been observed that larvae of the Malayan strain seldom
stayed in a moribund condition under DDT treatment, but either remained
alive or were killed. This clear demarcation of mortality continued through-
out the selected generations.

Larvae of the F7 of the selected line were tested for their response to
0.05 p.p.m. dieldrin and they showed 600% mortality, which was not signi-
ficantly different from the 720% mortality shown by the unselected control.
To 0.15 p.p.m. y-BHC they showed 54% mortality as compared with 76%
for the unselected control, a difference on the borderline of statistical
significance.

3. Culex molestus
DDT selection was exercised on this strain for 15 generations. It was

observed that the larvae of C. molestus showed a clear demarcation between
survival and death with DDT, with no moribund individuals at all. Table IX
summarizes in tabular form the results of experiments in each generation.
Considerable variations in this strain from one generation to another took
place, no definite pattern of resistance being shown. It is evident from

TABLE IX. RESULTS OF DDT-SELECTION EXPERIMENTS ON C. MOLESTUS OVER
SUCCESSIVE GENERATIONS, BASED ON PERCENTAGE KILLS AFTER LARVAL

EXPOSURE FOR 24 HOURS *

Percentage kill at concentrations (p.p.m.):
Genera-

tion

0.01 0.015 0.02 0.03 0.04 0.05 0.15

Fi 41 ---

F2 7 1_1 40 - -

F3 14 - - 85 98

F4 - 58 -_

F5 -64

F6 - 1 1 - -

F7 31 - - 81 100

F8i - - 49

F9 - - 55 - -

Fio - - 59 76 98 -

Fl - - 84 74 86 -

Fl2- - - - 66 97 -

Ft3 - - - - 40 95 -

Fl4- - - - 100 100 -

* The number used per concentration ranges from 20 to 750 over 1-13 replicates.
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Fig. 13 that there is no sign of resistance whatever at either level. All the
points on the LCgo line lie below the parental level, and the LC50 line rises
only slightly above the parental value after the F8 generation. The maximum
increase, attained at the F13, is about 1.6 times the parental value. Evidently
any selection that occurs appears to be working only at the lower levels,
by the elimination of the most susceptible individuals.

Selection for y-BHC resistance of " Aedes aegypti " (Laboratory)

The results of selection in this strain are plotted in Fig. 14. When the
LC50 and LCgo figures are plotted (Fig. 15), it is apparent that both increase
in parallel until the F8 generation. Here a sudden rise occurs, persists to
the F,3, and suddenly falls in the F14 to about the original level. The few
survivors of the F14, however, produced an F1, which was as resistant as
the F13.

FIG. 14. TREND OF SELECTION TO y-BHC AT VARIOUS CONCENTRATIONS OVER
SUCCESSIVE GENERATIONS OF AtDES AEGYPTI (LABORATORY)
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The solid line refers to the untreated substrain after F,,.

The maximum LC50 occurred at the Flo, F13 and F,5, and was about
twice the original value. The maximum LC90 occurred at the F8, and was
about 1.7 times that of the parental. The pattern of resistance development,
in this case, seems to have taken two phases that may have been caused by
two distinct factors. The first phase is characterized by an initial progressive
increase, and the second by a sudden rise at the F8 and subsequent oscilla-
tion.
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FIG. 15. LCso AND LC,, CURVES SHOWING TREND OF SELECTION TO DIELDRIN
AND y-BHC OVER SUCCESSIVE GENERATIONS OFAEDESAEGYPTI(LABORATORY)*
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* Larvae only were treated for 24 hours in alcohol-water suspension. The upper curve repre-
sents the LCM0 and the lower curve the LC,o in each pair of lines.

This strain was divided into two substrains (" treated " and " untreated ")
as soon as resistance was noted in the F1o generation. Contrary to expec-
tations, the resistance increased in the " untreated " substrain, and there
was no corresponding fall in the F14 as occurred in the "treated" F14
generation (Fig. 15).

This kind of drop, obtained in the treated substrains, seems similar to
that found by Beard 2 in an attempt to develop resistance in adult Onco-
peltus to nicotine. In this case, also, a noticeable resistance developed,
increasing up to the fourteenth generation, when it then suddenly dropped
sharply to such an extent that most of the next generation succumbed to
the selection dosage.

After a further confirmation of the doubled level of resistance of this
strain of A. aegypti at the Flo, this generation was tested for resistance to
DDT and dieldrin. The LC50 values were found to be 0.05 p.p.m. and
0.07 p.p.m.. respectively, indicating an almost twofold rise in tolerance
(see Table V). This does seem to indicate that the cross-tolerance charac-
teristics in this strain are not specific, but are of a more general nature.

Selection for dieldrin resistance of " Aedes aegypti " (Laboratory)

Selection for dieldrin resistance by larval treatment proved very difficult,
since concentrations that produced a measurable kill in the 24-hour exposure
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period resulted in complete suppression of further development in the sur-
vivors. The selection dosage of 0.01 p.p.m. was originally applied, but it
was with extreme difficulty that selection could be carried as far as the
fifth generation. Therefore the usual procedure was modified by reducing
the selection dosage to 0.005 p.p.m. Even this produced a high degree of
suppression, but it was just possible at this dosage to continue the selection.
Over a period of seventeen months this substrain produced 14 generations.

Whenever sufficiently large numbers of larvae were available, that
generation was tested for resistance, the results of which were tabulated in
the usual way (Table X, Fig. 15). The level of resistance evidently was
doubled in the first generation, but had reverted by the sixth generation
and thereafter remained at a low level until the F14.

TABLE X. RESULTS OF DIELDRIN-SELECTION EXPERIMENTS ON AIDES AEGYPTI
(LABORATORY STRAIN), BASED ON PERCENTAGE KILLS AFTER LARVAL

EXPOSURE FOR 24 HOURS*

Genera- Percentage kill, at concentrations (p.p.m.):
tion

0.01
|

0.015 0.02 0.03 0.035 0.05 0.1 0.15

F1 - 0 - - 1 33 - 63

F2 1 - - - -

F3 8 _ 4 _ _ 6 8 9

F4 19 - - - - - -

F5 33 - - -

Fs 6 - 4 - - 73 - 100

F7 - - 84 - - 100 - 100

F - - 9 - - 61 - 100

F13 - - 4.5 - - 65.5 83 99

F, . | - - 45 - 71 - 91.5

* The number of larvae used per concentration ranges from 30 to 517 over 1-21 replicates.

Delayed Effects of the Insecticides on the Post-larval Stages

The specific effects of DDT, y-BHC and dieldrin on fourth-stage larvae
within the 24-hour period of exposure have been given above. However,
it is necessary to consider the subsequent fate of the survivors reaching
the pupal or adult stages. Delayed effects were particularly in evidence
with the dieldrin-selected strain.

In Table XI the percentages of survivors from the 24-hour test whose
development was subsequently suppressed are listed in the penultimate
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TABLE XI. EFFECT OF DDT, y-BHC AND DIELDRIN ON POST-LARVAL STAGES
OF DEVELOPMENT OVER A NUMBER OF GENERATIONS OF EACH SELECTED

STRAIN, AFTER EXPOSURE FOR 24 HOURS

Number of Percentage Percentage Total
Strain Genera- Range of larvae killed suppressed percentageand tin selection experi- within from kill over

Insecticide tion dosage mented 24 hours survivals life-cycle
upon

Aedes aegypti Stock Untreated 375 - 2 2
(Laboratory)

DDT Fs 0.02-0.15 2135 78 41 87

F11 0.05 186 56 17 63

F,2 0.05 206 33 17 45

A&des aegypti Stock Untreated 510 - 0 0
(Malayan)

DDT F2 0.05-0.15 917 54 21 66

F4 0.15-0.2 730 47 15 55

F6 0.15-0.4 697 53 18 60

C. molestus

DDT F4 0.03 754 58 11 63

Fl 0.03-0.05 932 78 38 86

Fl2 0.04-0.05 469 77 6 78

Fl 3 0.04-0.05 241 74 1 74

Aedes aegypti
(Laboratory)
v-BHC F3 0.1-0.3 1617 48 39 68

F4 0.1-0.3 2335 61 49 80

F6 0.2 1656 66 62 83

Fil 0.2-0.4 1234 60 43 77

Aedes aegypti
(Laboratory)
Dieldrin F4 0.01 517 0 80 80

Fe 0.005 386 1 65 65

Fio 0.005 791 0 69 69

Fi1 0.005 870 0 86 86

column, and the mortality figures adjusted to include these suppressed
individuals are set out in the last column. From consideration of these
results, the following facts become evident:

(I) All three of these insecticides had a prolonged effect on the later
vitality of surviving larvae, whose development became suppressed during
subsequent pupal or adult life.
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(2) The extent of such effects depended both upon the strain of insect
and upon the particular insecticide used.

(3) There appears to be a d finite correlation between the degree of
suppression of later stages on the one hand and the dosage or level of
resistance on the other. Suppression varied directly with dosage but
inversely with the level of resistance.

(4) Of the three insecticides studied, dieldrin had the most profound
effect on the subsequent development; dosages that produced quite a low
kill in the larval stage resulted in almost complete suppression subsequently.
Even sublethal dosages of dieldrin resulted in greater suppression than high
lethal dosages of the other two insecticides. Dieldrin induced delayed
mortality before, during and after pupation, and at or after emergence of
the imagos. The adults which were suppressed on emergence were unable
to escape from the pupal cases ; they remained alive in this condition for
3-4 days, and could, on stimulation, make fanning movements with their
wings. The adults which survived emergence were very weak, and their
flying, feeding and ovipositional behaviour was affected. When placed on
the hand, they were unable to pierce the skin.

(5) The effect ofDDT or y-BHC, on the other hand, was less pronounced
than that of dieldrin when later stages are considered. DDT produced
no abnormality in the behaviour of the adults other than an apparent
reduction in the number of eggs laid. y-BHC seemed to produce no delayed
adverse effects on the adults.

Effects of Selection on Life-Cycle

The DDT-selected Malayan strain of Aedes aegypti was compared at
the F8 with the unselected strain. No differences were found in the length
of the larval or pupal stages. However, the adults of the selected strain
seemed to have a shorter adult life, take fewer blood meals and lay fewer
eggs. The F15 of the BHC-selected laboratory strain of Aedes aegypti
showed no difference in these life-cycle characteristics from the unselected
strain.

DISCUSSION

A major point of interest in these experiments was the considerable
variation in results which occurred between experiments on different days,
although replicates performed on the same day were comparatively uniform.
The various factors causing variation may be considered to fall into three
groups. The first consists of factors such as volume of water, surface area,
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types of container and depth of test water; these are normally standar-
dized in such experiments. The second group contains factors requiring
more elaborate attention, e.g., the nature of the breeding medium and the
density of the larvae prior to being tested, or the number of larvae per test
beaker. The main factor in the third group is the sex ratio, which cannot
normally be controlled in selecting test material in the larval stage. It is
considered that an adjustment for sex ratio might eliminate a large propor-
tion of the variation observed. The use of large numbers of larvae, distri-
buted over several replicates, has proved, in these experiments, to improve
the results by randomizing the whole range of biological variation, whether
due to sex ratio or other factors.

The results of tests performed on the Malayan strain of Ae!des aegypti
have revealed that it is naturally somewhat DDT-resistant. The fact that
this degree of resistance was present without any previous contact with
insecticides stands in contrast to the views of Crow 10 and Milani 27 that
resistant genes are disadvantageous in the absence of the toxic agent.

The increase of resistance induced in this strain by laboratory selection
confirms the findings of Bruce & Decker 4 that an already resistant strain
of houseflies builds resistance with selection much faster than a non-
resistant strain. Moreover, the failure of the laboratory strain of Aedes
aegypti to develop any resistance indicates that it may lack the genes for
resistance, and supports the belief of Busvine & Harrison 8 that the possi-
bility of development of a resistant strain within a species depends upon
pre-existing genes for resistance. However, the fact that resistance in the
Malayan strain was associated with a smaller size and reduced oviposition
may possibly (though not necessarily) indicate that the development of
resistance is not beneficial to the insect in other respects. The fact that the
Malayan strain of Aides aegypti exhibited a degree of resistance in the field
without the stimulus of insecticidal contacts seems to discount the idea that
all resistant genes are inevitably disadvantageous in normal natural con-
ditions.

There is no apparent explanation as to what are the influencing factors,
in the particular natural environment of the Malayan strain, under which
natural selection of resistance took place. The Colonial Research report
for 1953-54 describes a similar case in the same region with C. fatigans.36
Adults of this species were initially found to be highly resistant to DDT and
good control was obtained only with dieldrin and BHC. However, the good
control that had been obtained with BHC since 1949 was found ineffective
in 1953, and laboratory tests against larvae from treated and untreated areas
confirmed this. What ecological factors exist in such a region to affect
natural selection in those mosquitos of resistance to DDT only, and not to
other insecticides, are not known. The fact that resistance to y-BHC was
acquired by C. fatigans in that region is a further indication that resistance
depends upon the presence of genes responsible for resistance.
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It appears that the selection of the laboratory strain of Aiedes aegypti
with y-BHC did, in these experiments, induce a true resistance, although
of a low order, because of its sudden appearance and its subsequent per-
sistence. This increase in tolerance extends to DDT and dieldrin also,
apparently indicating that it is different from DDT-resistance of the Malayan
strain. It is possible that the twofold increase of polyvalent resistance in the
laboratory strain could be due to increased vigour, homogeneity, or factors
other than specific protective mechanisms. The sudden rise and fall of this
increased tolerance at the F8 and F14 generations could be explained
either by a single mutation gene which was lost in the F14, or by a dissocia-
tion of the additive effects of multiple factors in the F14 generation of the
laboratory strain.

The further development of resistance in the Malayan strain, character-
ized by a continuous and accelerating increase, is indicative of multifac-
torial inheritance. Crow 10 has suggested that an initially slow rate of selec-
tion followed by a rapid increase is to be expected in the case of selection
for genes which are initially rare. The same thing, in houseflies, was
explained by Maelzer & Kirk (as cited by Metcalf 26) to be due to the selec-
tion of a highly resistant phenotype controlled by a single pair of alleles,
but the high resistance factor cannot be initially selected because of the low
fertility associated with it which outweighs the selective advantage of resis-
tance. The general decrease in the adult longevity and oviposition observed
in the selected Malayan strain seems to support the latter view. The fact
that the resistance in the Malayan strain is specific for DDT suggests that
the genes involved are of specific nature.

The important delayed effect of dieldrin on the subsequent vitality of
surviving treated larvae, when they had later pupated or reached the adult
stage, is one of the most interesting phenomena revealed in these studies.
It could easily be overlooked, despite its significance, in practical control
programmes. Dieldrin is certainly the most effective insecticide against
Aedes aegypti, considering its effects beyond the larval stage, although
its LC50 for the 24-hour period is no greater than that of DDT. The sup-
pression of development it induces during the pupal-adult transition closely
resembles the effects of folic acid deficiency on moulting, observed by
Golberg and colleagues 17 in larvae of Aedes aegypti. It suggests a possibility
that dieldrin may be inhibiting some enzyme or hormonal system at this
stage. The suppressed emerging adults, being unable to escape from
the pupal cases, remained alive in this condition for 3-4 days, and could,
on stimulation, make fanning movements with their wings.
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RJ-SUMIt

Quelques aspects de la resistance aux insecticides de souches d'AUdes aegypti et de
Culex molestus, A l'etat larvaire, ont ete etudies en laboratoire. II s'agissait de mettre au
point une technique standardisee pour les tests, de comparer les niveaux de sensibilite
de diverses souches et de suivre, au cours des generations, le developpement eventuel
d'une resistance par selection chez les larves elevees en laboratoire.

Le travail experimental et les methodes employees sont decrits en detail.
L'auteur a constate qu'une souche d'A. aegypti norrralement sensible aux insecticides,

dont les larves au stade IV sont maintenues au contact de l'insecticide au cours de 15
generations, n'avait acquis aucune resistance. Au contraire, la resistance que manifestait
une souche malaise de la meme esp&ce d&s la premiere exposition A l'insecticide s'accrut
rapidement; au bout de 8 generations, elle etait sept fois plus forte que la resistance
initiale. Une souche de laboratoire d'A. aegypti exposee au cours de 15 generations A
l'HCH-gamma a developpe une resistance double, au HCH, au DDT et a la dieldrine.

Malgre la variabilite des resultats - influences par plus de 30 facteurs - certains
faits se degagent de cette etude. La resistance naturelle peut exister chez les insectes,
avant toute exposition A un insecticide; elle parait multifactorielle. La resistance peut
s'accroitre par selection, plus rapidement chez les souches naturellement resistantes que
chez les autres. Certaines souches sont restees uniformrrent sensibles aux insecticides,
ce qui confirme l'opinion selon laquelle la resistance est sous la dependance d'un gene
preexistant. L'une des observations les plus interessantes est celle de 1'effet letal retard
provoque par la dieldrine sur les stades ulterieurs de developpement des larves traitees.
La mort de l'insecte au stade nymphal ou a l'eclosion, due peut-etre A la destruction ou
A l'inhibition d'un enzyme essentiel, fait de la dieldrine l'insecticide le plus actif contre
A. aegypti.
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