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Abstract The present study was undertaken to investigate
the effects of organophosphate and carbamate insecticides
namely, temephos and propoxur respectively, on the life
history of Anopheles stephensi Liston (Culicidae) under
laboratory conditions. The late third instar larvae of the
mosquito were exposed to sublethal concentrations of
temephos and propoxur at LC;o, LC3¢ and LCjs, respec-
tively, and adult survivors were evaluated for fitness
parameters. Sublethal effects were also evaluated in sub-
sequent generations. Fecundity, egg hatchability, sex ratio,
adult longevity and morphology of gonads were the end
points studied and compared to the untreated control. Ad-
verse changes in developmental traits were mainly ob-
served in fecundity, egg hatchability and sex ratio.
However, significant differences in adult longevity were
observed in the insecticide-exposed population. Pleiotropic
effects through prolonged larval duration and enhanced
longevity of adults were observed. Morphology of gonads
in the insecticide-exposed population was severely affect-
ed and is represented by rudimentary and atrophied testes,
and the size of the vas deferens was very much reduced
when compared to that of the control. In another set of
experiments, circadian rhythm (for pupation and adult
emergence) of LCyy, LC59 and LCs, values to abovemen-
tioned insecticides exposed to late third instar larvae was
studied. Pupation and adult emergence rhythms were found
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to be disturbed with an increase in concentrations of insec-
ticides when compared to that of untreated control.

Introduction

Disease-causing malarial parasites are transmitted to
humans by anophelines. Anopheles stephensi is one such
important carrier of urban malaria in the Indian subcontinent
and roughly accounts for 15% of the total malaria incidence
in India (Shetty 2002; Zin and Shetty 2008). Insecticides
continue to be the mainstay for the control of these infec-
tions since they can kill a great number of vectors within a
short time and can reduce their densities sufficiently to
suppress the vector population (Saelim et al. 2005).
Chemical-based control represents a key strategy in the
management of populations of insect vectors of medical
and veterinary importance (Curtis and Davies 2001; Zaim
and Jambullngam 2007). During the past two decades, con-
siderable progress has been made in the development of
natural and synthetic compounds that are capable of inter-
fering with the growth and development process of the
target insects. However, the control of insect pests and
vectors of disease has become increasingly difficult for
various reasons, including the emergence of insecticide re-
sistance (Shetty 1987, 1997; Gayathri and Shetty 1992;
Beard et al. 1998). Insecticide resistance in vector-borne
diseases has become a major public health concern.
Treatment of a target mosquito species with toxic insec-
ticides however results in an uneven field distribution of the
insecticide material as a result of complex and dynamic
interaction between abiotic and biotic factors such as rain-
fall, wind speed and direction, vegetation cover so that some
larvae/adults receive sublethal doses of the toxin (Ali et al.

@ Springer



424

Parasitol Res (2012) 111:423-432

2006). Since insect behaviour is affected by both the ner-
vous system and hormones, insecticides that attack the ner-
vous system and disrupt the hormonal balance and/or
metabolic process in insects can affect behaviour and phys-
iology at levels that do not lead to direct mortality. There-
fore, insecticides decrease the production of offspring
because of behavioural modifications in mate location,
courtship and oviposition, or due to physiological effects
on egg fertilization, oogenesis, ovulation, spermatogenesis,
sperm motility and overall affecting population structure
(Haynes 1988; Ali et al. 2006).

Temephos and propoxur have been commonly used for
mosquito control under public health programmes worldwide
including India (National Vector Borne Diseases Control
Programme and Directorate General of Health Services
2007). Temephos has also regularly been used as a mosquito
larvicide worldwide and is one of the few organophosphates
registered to control mosquito larvae (USEPA 2001). Pro-
poxur, however, is the most commonly used insecticide in
vector control, particularly against vectors resistant to the
organochlorines and organophosphates (WHO 2005a). Hence,
these insecticides were selected for the present investigation.
This study aimed to reveal the sublethal effects of temephos
and propoxur on A. stephensi, focusing on effects on life
history traits. The endpoints selected are fecundity, hatchabil-
ity, sex ratio, adult longevity, morphology of gonads and
circadian changes in pupation and adult emergence.

Materials and methods
Mosquito used

Subhashnagar, Bangalore (SBN) and Vector Control Research
Centre, Pondicherry (VCRC) strains of A. stephensi from
South India were used for the experiments. Larval bioassay
revealed that SBN and VCRC strains were sensitive among
the strains tested for temephos and propoxur, respectively
(Shetty et al. 2007; Hariprasad and Shetty, unpublished data).
Hence, VCRC and SBN form ideal strains for monitoring
the life history trait changes occurring due to insecticidal
exposure that may eventually lead to resistance.

The adult mosquitoes were maintained at 25+1°C and 75
+5% relative humidity during 10-h photoperiods according
to the procedure of Shetty (1983). The adults were fed on
10% sucrose in 8 x8% 8 in. metal cages covered with cotton
net cloth. Females were provided with mice and pigeons for
blood meals. Plastic cups (3 in. in diameter) lined with filter
paper containing clean water were placed inside the cage for
oviposition. The eggs were kept for 72 h to ensure complete
hatching. The hatched larvae were transferred to an enamel
tray and reared. A powdered mixture of fish food and dog
biscuits was used as larval food.
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Insecticides

Temephos (Abate) is an organophosphate insecticide [phos-
phoric acid,0,0'—(thiodi,1,4-phenylene) 0, 0,0,0 -tetra-
methyl ester] with chemical formula of C;sH,oO¢P,S3.
Propoxur (Baygon) is a carbamate insecticide [ O-isopropox-
yphenyl methyl carbamates] having a chemical formula of
C11H;5NOs; both were used for this study.

Temephos (50% TC) and Propoxur (20% EC) were
obtained from the Greater Bangalore Municipal Corpora-
tion. Different concentrations (LC;y, LC3¢ and LCsq) in
milligrams per litre of the said insecticides were prepared
by using denatured alcohol (98 ml of absolute alcohol+2 ml
of methyl ethyl ketone) as a diluting agent. Stocks and
working solutions were prepared as recommended by the
WHO (1981, 2005Db).

Method of exposure

Batches of 25 third instar larvae (in three replicates) of the
SBN strain of A. stephensi were exposed to sublethal concen-
trations of temephos, whereas the VCRC strain was used to
study the effect of propoxur. The three sublethal concentra-
tions (LC, ¢, LC30 and LCs() used in this study (Table 1) were
derived from probit analysis results generated by Shetty et al.
(2007); Hariprasad and Shetty, unpublished data.

Experiments were carried out according to the procedure
of WHO (1981, 2005b). Twenty-five larvae were released
into 500-ml glass beakers containing 250 ml distilled water.
The larvae were exposed to different concentrations (LCg,
LC;0 and LCs). The experiments were carried out at 26°C+
2°C. Three replicates of each concentration were run under
the same conditions along with an untreated control. The
control larvae were given the same food as the experimental
larvae. Mortality was assessed at 24-h post-treatment. The
survivors were isolated and washed with tap water and
reared in separate enamel pans for subsequent study on life
traits for two generations. The process of getting F, and F,
from parents is based on a selection process of surviving
adults (parent) from previous generations to each sublethal
concentration of insecticides. Observations on changes in
life history parameters were done as described by Aguilera
et. al. (1995) and Zin and Shetty (2008).

Table 1 Sublethal concentration of temephos and propoxur at which
the larvae were exposed

Insecticides ~ Strains Sublethal concentration of
insecticides (mg/1)

Temephos Subhashnagar (SBN)  0.00030  0.00130  0.00310

Propoxur Pondicherry (VCRC)  0.00027  0.00056  0.00094
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Fecundity

The eggs laid by blood-fed females were collected from the
ovitrap lined with filter paper. The eggs were counted using
a dissecting microscope (%x20) and allowed to hatch.

Hatchability

The hatched larvae were counted and the percentage hatch-
ability was calculated for each of the isofemales using the
formula:

% hatchability = (number of larvae/number of eggs) x 100.

Sex ratio of offsprings

Immediately after emergence from pupae, the adults were
scored for sex ratio. The ratio of male/female from the offspring
produced by each female was calculated for three generations.

Longevity

Freshly emerged adults whose larval stages were exposed to
sublethal concentrations of the insecticides were isolated/
reared in separate cages, and the number of days they
survived was recorded for longevity of the adult fly.

Morphology of gonads

Five-day-old adult male and female mosquitoes (n=150) ex-
posed at LCs( and LCs, concentrations were used for studying
gonad morphological variations. Live males and females of
same age were separated into a test tube and were incapaci-
tated by tapping the lower end of the tube against the palm.
Once disabled, males were placed in a drop of insect saline
and examined with a dissecting microscope (x40). Their
reproductive system was removed by using needles to detach
the last segment of the abdomen. Slow excision removes the
whole male reproductive system including testes, accessory
glands and ejaculatory duct. In females, the ovaries were
removed by anchoring the anterior part of the abdomen with
one needle and the penultimate segment with the other and
then slowly pulling the posterior to excise the last two seg-
ments. The abdomen was then gently pressed, exposing the
ovaries posteriorly. The ovaries were separated from debris
and examined with the dissection microscope.

Experiment on circadian pupation rhythms of larval
development and pupal eclosion

Circadian rhythms were studied as described by Nayar and
Sauerman (1970). Batches of 100 same age larvae were

selected for studying the effect of temephos and propoxur
exposure on their development until eclosion. Larvae of the
SBN strain were selected, and their late third instars were
exposed to a sublethal concentration of temephos, whereas late
third instar larvae of VCRC strain were exposed to propoxur.
The exposed larvae were washed with tap water and reared in
separate enamel pans. The total number of hours taken for
pupation was recorded among the insecticide treated and un-
treated control. Pupae thus formed were collected in wide-
mouth bottles, and upon emergence, the adults were released
to designated cages. The time interval from pupae formation to
eclosion was also documented from the batches of larvae
exposed to different sublethal concentrations and the untreated
control. Similarly, rhythms of adult emergence (eclosion) main-
tained under strict light-dark condition were used in the regular
maintenance of mosquitoes in our laboratory, i.e. 10 h of light
and 14 h of darkness (10L:14D) (Shetty 1983) was recorded to
correlate toxicological effect in its eclosion pattern, if any.

Statistical analysis

Mortality data recorded after 24 h of treatment of the larvae
were subjected to probit analysis (Finney 1971) for calcu-
lating LCy, LC39 and LCsy. Data were analysed by the
Kruskal-Wallis one-way analysis of variance procedure of
Minitab® statistical package for Windows, version 16 (Minitab
2010). Groups were considered significantly different at a
family-wise error rate of a=0.05. In all analyses, treatments
were compared to the untreated control.

Results
Sublethal effects of exposure to temephos

Effects of sublethal exposure of temephos on selected biolog-
ical endpoints on the SBN strain of A. stephensi for subse-
quent generations (parental, F; and F,) are illustrated in
Table 2. Fecundity declined with an increase in the concen-
tration of the insecticide, and was statistically found to be
nonsignificant in the parent (Kruskal-Wallis value (H)=
1.89, df=3, P=0.596), F, (H=3.17, df=3, P=0.294) and F,
(H=0.84, df=3, P=0.840) when compared to the untreated
control. Significant differences in hatchability representing
less fertile eggs were observed in F; (H=10.15, df=3, P=
0.017)and F, (H=17.51, df=3, P=0.001) generations, where-
as nonsignificant differences were observed in the parental
generation (H=5.70, df=3, P=0.127) compared to the con-
trol. The statistical values thus obtained clearly depict that the
eggs were found to be less productive with an increase in
sublethal concentrations. No significant difference was ob-
served in the sex ratio of parental (H=3.956, df=3, P=
0.2662) and F, (H=0.8493, df=3, P=0.8376) generations,
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whereas a significant shift in sex ratio distortion towards
males was observed in the F; (H=12.41, df=3, P=0.0061)
generation compared to the control. Adult longevity was
found to be significantly prolonged in parent (H=26.50), F,
(H=40.92) and F, (H=28.19) generations when exposed to
LC,0, LC30 and LCs, concentration of insecticides. The mean
number of days adults survived (+SE) when exposed to the
sublethal concentration of temephos is presented in Fig. 1.

Sublethal effects of exposure to propoxur

The effects of propoxur on the VCRC strain of A. stephensi
for subsequent generations (parental, F; and F,) are shown
in Table 3. Though fecundity was marginally reduced with
an increase in the concentration of the insecticide exposure,
it was found to be statistically nonsignificant in the parent
(H=1.15, df=3, P=0.765), F| (H=1.68, df=3, P=0.640)
and F, (H=4.98, df=3, P=0.173) in contrast to the untreated
control. Significant differences in hatchability were ob-
served in Fy (H=9.47, df=3, P=0.024) and F, (H=14.95,
df=3, P=0.002) generations, whereas no significant differ-
ence was observed in the parental generation (H=4.51, df=
3, P=0.211) compared to the control. No significant differ-
ence was observed in the sex ratio of parental (H=1.732,
df=3, P=0.6299), F; (H=2.071, df=3, P=0.5578) and F,
(H=2.254, df=3, P=0.5214) generations when compared to
the untreated control. The mean number of days adults
survived (=SE) when exposed to the sublethal concentration
of propoxur is presented in Fig. 2. A significant increase in
adult longevity was observed in the parent (H=40.04), F,
(H=36.92) and F, (H=12.47) generation when exposed to
LC,o, LC30 and LCs, concentration of propoxur.

Effect of exposure of temephos and propoxur
on morphology of gonads

Adult males from temephos-treated larvae showed distinct
structural changes in the testes in 30% of the population of

35+
304
25+
204 PARENT

154 F2

Average adult longevity (days)

104

CONTROL LCro ' LCao ' LCso

Fig. 1 Effect of sublethal exposure of temephos on the adult longevity
(mean no. of days, +SE) of parent, F1 and F2 generations of 4.
stephensi as compared to that of the control

the F; generation at LCsy. However, morphological distor-
tion in testes was observed in 20% and 40% of the popula-
tion in F, generations at sublethal concentrations of LCjs
and LCs, respectively. Frequently observed changes in
male gonads were atrophied testes, reduced accessory
glands and short, disintegrated, thin vas deferens (Fig. 3).
Among females, 10% of the population showed size differ-
ences in ovaries at LCsg in the F, generation when exposed
to temephos.

No morphological changes in ovaries were observed in
females treated with sublethal concentrations of propoxur.
In males, a short vas deferens and rudimentary testes were
commonly recorded in 30% of the population in F; gener-
ation at LC3o. At LCsq concentration, 20% and 30% of the
population were affected with structural deformation of
testes in males in F; and F, generations, respectively. Adults
from the temephos-treated group showed maximum struc-
tural distortions when compared to that of those subjected to
propoxur treatment.

Effect of temephos and propoxur on circadian pupation
rhythms of larval development and pupal eclosion

Studies on light regime effects on pupation rhythms in larval
population of 4. stephensi treated with different concentra-
tions of temephos and propoxur insecticides are shown in
Fig. 4a, b. The first peak, indicating the maximum average
pupation time occurred at 48 h, was followed by a second
peak at 60 h among both the larval population treated with
LC,o and LC5, of the insecticides. However, in the larval
batches exposed to LCsq of the insecticides, the highest
pupation peak occurred at 72 h followed by a peak at 60
and 40 h., indicating delayed/prolonged larval ecdysis with
increase in the concentration of insecticides.

Demonstration of eclosion (adult emergence) from pupa
whose larval stage was treated with the insecticides teme-
phos and propoxur is presented in Fig. 5a, b. The results
clearly depict that the eclosion peaked during early morning
hours and late evening in the LC;( exposure of the insecti-
cides, which was similar to that of the untreated control.
Pupal eclosion into adults from the LC3y and LCs, treated
batch for both the insecticides showed synchronous peaks
from dusk to dawn indicating a non-rhythmic pattern of
adult emergence on exposure to insecticides, compared to
that of discontinuous peaks of control (Fig. 5a, b) showing a
rhythmic pattern of eclosion.

Discussions
Sublethal exposure of 4. stephensi to temephos and pro-

poxur affected changes in life history traits. Statistically
nonsignificant differences in the number of eggs produced
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35+
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Fig. 2 Effect of sublethal exposure of propoxur on the adult longevity
(mean no. of days, £SE) of parent, F1 and F2 generations of A.
stephensi as compared to that of the control

by blood-engorged females were observed in the control and
treatment groups. However, a marginal decrease in fecundi-
ty was observed with an increase in insecticide concentra-
tions in the following generation. These results indicate that
temephos and propoxur cause reproductive disadvantages in
exposed groups. Similar findings in 4. stephensi were also
recorded from sublethal exposures of malathion, fenthion,
methyl parathion (Rao and Shetty 1992), neem and bifen-
thrin (Zin and Shetty 2008). Analogous conclusion in Aedes
aegypti showed that females exposed to higher concentra-
tion of abate (temephos), malathion and alphamethrin dur-
ing their larval stage exhibited a decrease in egg production
numbers (Reyes-Villanueva et al. 1990; Minn and Shetty
2008). A decrease in fecundity on propoxur exposure has

been reported in Musca domestica by Georghiou (1965).
While many reports showed that insecticides reduced the
fecundity of the affected insects, there have been some
contradictory findings. In A. aegypti, Sutherland et al.
(1967) observed an increase in basal follicles upon treatment
with sublethal doses of DDT, dieldrin and malathion.

The present study on hatchability confirms that the eggs
of females whose larval stages were exposed to temephos
and propoxur were significantly less fertile. However, teme-
phos had a greater influence in reduced egg hatchability
compared to that of eggs from propoxur-treated females in
all three generations. This indicates that both insecticides
may have a direct toxic effect which may have been left
unmetabolized in the body of the parent and may have been
transmitted to the eggs. Insecticides acting on the central
nervous system can cause a disturbance in the neurosecre-
tory system, which results in disrupted reproductive physi-
ology in the parent. Since reproduction is neurohormone
regulated, neurohormonal imbalance from insecticide poi-
sonings may affect normal function (Maddrell and Reynolds
1972; Lee 2000). Reduced hatchability is also reported in A.
stephensi exposed to sublethal concentrations of alphameth-
rin (Hariprasad and Shetty, unpublished data). Sex ratio
distortion (males/females) were found to be negligible in
the parental and F, generation at LC;, and LC;(, but a
radical decline toward male sex ratio in the F, generation
at LCso was observed when subjected to temephos.
Propoxur-treated population showed small sex ratio distor-
tion towards male in all the three generations. These results
may suggest that insecticides may be nonselective towards

Fig. 3 Plates / and 2 show normal testis and ovary, respectively; 3 reduced vas deferens (vd); 4 short vd; 5 depicts atrophied/rudimentary test (¢); 6
shows disintegrated testis and accessory gland (ac) with reduced vd; 7 poorly developed ovary (o) compared to that of normal as shown in 2
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Fig. 4 Circadian larval rhythms of pupation in the population of 4. stephensi. a Temephos-treated batch. b Propoxur-treated batch

developing larvae, females and males. Sex ratio distortions
toward males were also reported in Indian strains of 4.
stephensi treated with fenitrothion, cypermethrin and delta-
methrin (Priyalakshmi et al. 1999). The insignificant impact
of insecticides on the progeny sex ratio was also previously
reported in Culex quinquefasciatus using malathion, chlor-
pyriphos, methyl-pirimiphos, propoxur and resmethrin
(Aguilera et al. 1995) and other insect species (Suh et al.
2000).

Sublethal concentrations of temephos and propoxur had
affirmative effects on the adult longevity of A. stephensi.
The average longevity of adults whose fourth instar larval
stage was exposed to the temephos/propoxur was signifi-
cantly increased compared to the control. The influence of
temephos in increasing mosquito longevity has been previ-
ously reported by Reyes-Villanueva et al. (1990) for 4.
aegypti. An increase in adult longevity may increase oppor-
tunities for mating in males, while long-lived females tend
to have more gonotrophic cycles and thus more progeny.
These changes could increase the number of blood meals
taken and increase the risk of pathogen transmission by
insecticide-exposed individuals. Lengthened larval and pu-
pal duration was recorded in populations that were exposed
to LC3¢ and LCs, concentrations of temephos and propoxur,
resulting in increase in average longevity compared to
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populations of controls. Similar findings were also observed
in A. aegypti and C. quinquefasciatus exposed to temephos
(Shian 2007).

Morphological effects of insecticides on reproductive
organs revealed that atrophied/rudimentary testes, short vas
deferens and reduced accessory glands were frequent in
males exposed to increased concentrations, i.e. LC;o and
LCs of temephos and propoxur. Few structural differences
in ovaries were recorded from the adult female treated with
the insecticides.

Our investigation also revealed that larvae exposed to
temephos and propoxur at LC3q and LCso concentrations
displayed disturbed rhythms of larval development and
eclosion from puparium compared to that of the control.
The fewest variations in circadian rhythms of pupation and
eclosion were observed from pupae whose larval stages
were exposed to LCy of the insecticides. Circadian rhythms
in mosquito sensitivity to toxicants were studied in 4.
aegypti, the larvae of which were most susceptible to chlor-
pyrifos (Dursban) 1 h after lights off (Roberts et al. 1974).
Circadian changes of insecticide sensitivity were reported
in both larvae and adults of three strains of A. aegypti
(Bainbridge 1983). The occurrence of day/night ecdyses is
species-dependent. It is thought that the trigger to molt
is switched on and off based on a daily rhythmic activity
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Fig. 5 Circadian pupation rhythms of eclosion in the population of 4. stephensi. a Temephos-treated batch. b Propoxur-treated batch

cycle of 24-h intervals that is exhibited by many organisms,
or a circadian rhythm. This is not universal among all
mosquitoes. Examples of some found not to have such
a rhythm are Anopheles quadrimaculatus (Nayar and
Sauerman 1970) and A. aegypti (Haddow et al. 1959). The
circadian rhythms of insect sensitivity to toxicants have
been related to rhythmic biochemical processes. Thus,
behavioural and physiological rhythms might be considered
as marker rhythms for the rhythmic patterns of sensitivity
to toxicants. However, the circadian peaks of sensitivity
may not always be correlated with activity and metabolism
(Eesa and Cutkomp 1995).

Survival of insect individuals exposed to sublethal level
of insecticides is the consequence of an increase in the
selection pressure towards resistance. This is due to physi-
ological changes resulting in an increased number of copies
of genes, coding for more protective enzymes that break
down the toxins into less toxic ones. Such enzymes include
esterases, glutathione transferases and mixed microsomal
oxidases (Daly et al. 1998). Alternately, the number of
biochemical receptors for the chemicals may be reduced,
or the receptor may be altered, reducing the insect sensitivity
to the toxin compounds (Daly et al. 1998). Mutation in a
single gene only leads to the development of a resistant
organism (Chaube and Pundhir 2005; Marchetti and Moyle

2010). In other cases, multiple genes are involved. Resistant
genes are usually autosomal. As a result, resistance is inherited
similarly in males and females. Also, resistance is usually
inherited as an incompletely dominant trait (Alyokhin et
al. 2008). When a resistant and a susceptible individual
mate, their progeny has an intermediate level of resistance
(Rajashree and Shetty 1998; Sanil and Shetty 2009, 2010).
Adaptation to pesticides usually decreases relative fitness of
organisms in the absence of pesticides. Resistant individuals
often have a reduced reproductive output, life expectancy,
mobility etc. (Stenersen 2004).

The significance of insecticides on reproductive potential
depends upon the mosquito species, inherent toxicity, selec-
tion pressure (dosage) and behaviour of mosquitoes towards
the insecticide application in the field population (Zin and
Shetty 2008). The application of insecticides in the field
would result in a decline of the population not only by killing
the susceptible ones but also by reducing the reproductive
potential among the resistant strains (Rao and Shetty 1992).
Knowledge of these sublethal effects of insecticides could be
important in the decision-making process in integrated pest
management programmes (Robert and Olson 1989). There-
fore, the present study underlines the need to maintain con-
centrations of insecticides at lethal levels in larval habitats
with better planning of insecticide application.
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