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ABSTRACT. Energy reserves in mosquitoes are an indicator of fitness, linking larval effort in
resource acquisition with adult survival and fecundity. In other words, life history strategies and
disease transmission potential can be related to the amount of energy reserves. The energy reserves
of four mosquitoes — Aedes aegypti, Aedes albopictus, Armigeres subalbatus and Culex
quinquefasciatus (Diptera: Culicidae) — were calculated to justify species-specific differences in
their life history strategies. Following repeated sampling of pupae from the respective larval
habitats, the glycogen, sugar and lipid contents of individual mosquitoes were assessed and
corroborated with pupal weight and adult wing length. Discriminant function analysis was used to
acquire an initial reflection of the differences of the parameters among the sex and species of the
mosquitoes considered in the study. Using logistic regression and ANOVA, the effects of species
and sex as contributors to variations in energy reserves could be established. The results indicated
that for all the mosquitoes, sex-specific differences were prominent with reference to the energy
reserves. Species-specific differences in energy reserves reflect differences in resource acquisition
and assimilation in the tissues, and thus the differences in the life history strategies of these four
species.
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INTRODUCTION

In mosquitoes, resource acquisition in the larval stages determines the energy reserves in
adults. Energy reserves can be regarded as a life history trait owing to their correspondence
with the longevity and fecundity of an individual mosquito (MosTowy & FOSTER 2004,
BARGIELOWSKI et al. 2012, MAIGA et al. 2012, KAUFMANN et al. 2013). Body sizes (pupal
weight, adult weight, wing length etc.) of mosquitoes are also dependent on larval feeding,
so the food resources of larval habitats play a significant role in the mosquito life cycle
(ARRIVILLAGA & BARRERA 2004, MoalI 2010) and mosquito abundance (BANERJEE et al.
2015). For a particular mosquito species, the larger the size of an individual, the higher the
content of protein, glycogen and lipid reserves at emergence, which influences the
fecundity and longevity and thereby contributes to the fitness of the mosquito (NAsc1 1986,
TAKKEN et al. 1998, BRIEGEL 2003). Small, nutritionally deprived mosquito larvae have
lower energy reserves than larger ones, as a consequence of which smaller female
mosquitoes need to take more blood meals for egg maturation during the adult stage
(BRIEGEL 1990, BRIEGEL & TIMMERMANN 2001). This has been demonstrated in Aedes
aegypti (LINNAEUS, 1762) (GRIMSTAD & WALKER 1991, NAKSATHIT et al. 1999), Culex
pipiens pallens (LINNAEUS, 1758) (SHIN et al. 2012) and GILES, 1902 (TAKKEN et al. 1998).
Energy reserves can thus be considered crucial indicators of larval efforts towards resource
acquisition and assimilation in the adult body size, and also determinants of longevity and
fecundity.

The disease transmission potential of vector mosquitoes is linked with life history traits
like body size and longevity. Empirical studies have shown that vector competence for
arboviral pathogens corresponds to the body size and energy reserves in an individual
mosquito (TAKAHASHI 1976, BAQAR et al. 1980, PAULSON & HAwLEY 1991,
SUMANOCHITRAPON et al. 1998, MUTURI et al. 2011). Species-specific variations in
behavioural and life history strategies have been observed for different vector mosquitoes,
which accounts for the varying levels of vector competence (RICHARDS et al. 2012,
TABACHNICK 2013, TSURIM et al. 2013). This is evident from the pattern of transmission of
different mosquito-borne diseases like malaria, filariasis, Japanese encephalitis and dengue.
The oviposition habitat preferences and the developmental pattern of vector mosquitoes
may result in differences in life history traits and thus energy reserves. As a consequence of
the different strategies for larval development, including resource acquisition, energy
reserves in different mosquitoes may vary. Even if mosquitoes develop in the same habitats,
their physiological, genetic and morphological features may lead to differences in the
developmental pattern and thus resource acquisition and energy reserves. The resource
quality of larval habitats can also contribute to the differences in the energy reserves of
mosquitoes. For instance, mosquitoes developing in sewage drains vary in larval
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development and consequently in energy reserves, in contrast to those developing in
phytotelmata and smaller container habitats (BANERJEE et al. 2015). The hypothesis of
species-specific differences in energy reserves is explored in the present study using four
different Culicine mosquito species, namely Aedes aegypti, Aedes albopictus (SKUSE,
1894), Armigeres subalbatus (COQUILLETT, 1898) and Culex quinquefasciatus SAY, 1823
(Diptera: Culicidae). In Kolkata, India, the records of the larval habitats of these
mosquitoes indicate that Culex quinquefasciatus and Armigeres subalbatus prefer larger
larval habitats as breeding sites, while Aedes aegypti and A. albopictus prefer smaller
container habitats (ADITYA et al. 2009, ADITYA & SAHA 2013, BANERJEE et al. 2015).
Although field observations provide an impression of the differences in the life history
strategies and body sizes of these four mosquitoes, comparative studies of the energy
reserves and body size correlates have been made separately, mostly on the basis of inbred
laboratory populations (TAKKEN et al. 1998, BRIEGEL 2003, SHIN et al. 2012). Thus, we
hypothesize that, if energy reserves are a species-invariant property, the correspondence
between body size and energy reserves will remain similar in all the mosquitoes concerned.
If it varies with the species, however, differences in life history strategies can be deduced,
which in turn may help understand the variations in the transmission of different vector
borne diseases.

MATERIAL AND METHODS

Study sites

Larval sampling was carried out in six broad areas of Kolkata and surroundings:
Belghoria (22°39°56.01” N, 88°22°45.26” E), Kasba (22°31°3.42” N, 88°23°2.58"" E),
Garia (22°27°46.61”" N, 88°23°48.31” E), Park Circus (22°32°16.39” N, 88°22°5.69” E),
Dankuni (22°40°51.00” N, 88°17°34.55” E) and Howrah (22°35°44.77” N, 88°15°49.10”
E). The immature stages of four mosquito species — Armigeres subalbatus, Culex
quinquefasciatus, Aedes aegypti, and Aedes albopictus — were randomly collected from at
least 20 larval habitats of each site using standard sampling methods (BLACKMORE & LORD
2000, WHO 2003, ADITYA et al. 2009, BANERJEE et al. 2010) from July to September of
2011 and 2012. The collection times and the study period were selected to coincide with the
abundance of all four mosquito species. At least 20 prospective larval habitats were
surveyed in each month for collections of immature mosquitoes. Sewage drains and storm
water pits were regarded as larval habitats for the mosquitoes Armigeres subalbatus and
Culex quinquefasciatus (ADITYA et al. 2009, ADITYA & SAHA 2013), whereas plastic and
porcelain containers were considered for the mosquitoes Aedes aegypti and A. albopictus
(BANERJEE et al. 2010, 2015). Sampling was continued for different time periods from the
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same geographical locations, such that the samples were random and interspersed in
compliance with the norms of replication (HURLBERT 1984).

Larval and pupal sampling and rearing to adult stages

The pupae and larvae from each positive habitat were collected randomly and placed in
sample containers (100 ml sample container Tarsons®, India) and brought to the
laboratory. There the specimens were placed in plastic trays (15x11x3 cm) for segregation
of pupa and larva, identification and data recording. The pupal weight was measured (wet
weight up to the nearest 0.1 mg using an Adam equipment analytical balance, ADA 71/L,
UK) in mg and each pupa was placed in a glass vial (with 5mL of deionized water)
individually and allowed to emerge as an adult at room temperature (27-30°C). The larger
larvae (late IV instar stages), i.e. those that pupated without any additional food resources
within 2 hours of collection, were also considered. The sex and species of the adults were
identified on the basis of the relevant keys (CHRISTOPHER 1933, BARRAUD 1934, NAGPAL
et al. 2005). Following eclosion, the water in the glass vials was removed and the glass
vials along with the adult mosquitoes were stored at -20°C for 2 hours to kill the insects.
Then the vials were placed in a hot air oven with a temperature of 40°C maintained for 48
hours to dry the samples, following the protocol used elsewhere (TELANG et al. 2006,
2007). This process was adopted for adults emerging within a 2 hour time frame; the
remainder were continuously monitored for eclosion to adult stage. In no instance were
adult mosquitoes allowed to feed on a sugar solution. One of the wings was then separated
from each individual and its length measured to the nearest 0.1 mm using a dissecting
stereo microscope (Olympus® SZX, Olympus Corporation, Tokyo, Japan) fitted with
a graduated eyepiece (Erma®, Japan) (appropriate magnification, scaling and conversion of
the eyepiece to mm was done). The dead mosquitoes were then subjected to biochemical
analyses to estimate the energy reserves in each species. Adult eclosion varied in
accordance with the numbers of each species collected, and the energy reserves were
estimated accordingly.

Estimation of glycogen, sugar and lipid content

The glycogen, sugar and lipid contents of individual adults of four mosquito species
(Armigeres subalbatus, Culex quinquefasciatus, Aedes aegypti and A. albopictus) were
estimated following standard methods (VAN HANDEL 1965, 1985a, 1985h). Dead and dried
mosquitoes were individually homogenized in 0.2 ml 2% sodium sulphate and a few drops
of methanol in a 15x155 mm glass tube. This solution was vortexed (Remi CM 101, India)
vigorously, after which a mixture of methanol and chloroform (1:1) was added to it. The
tissues were crushed and then stirred. The mixture was centrifuged (HERMLE® Z323K,
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USA) at 2000 RPM for 20 min. The supernatant was transferred into a 15x155 mm glass
test tube (marked up to 10 ml, graduated at 0.1 ml) for the sugar assay, while the precipitate
was left for the glycogen and lipid assays. The test tubes containing sugar were heated to
evaporate the solution in it to 0.1-0.2 ml. Anthrone solution was added (up to the 5 ml
mark), stirred and heated in a water bath for 17 min. Following this the test tubes were
cooled in an ice box and then stirred. The absorbance of the resultant solution was
measured at 625 nm in a spectrophotometer (SHIMADZU® UV-17000, India) and
compared with glucose standards.

To the precipitate left earlier, 0.5 ml chloroform and methanol were added and the
whole gently shaken. The mixture was centrifuged at 2000 RPM for 10 min using
a HERMLE®™ Z323K, USA, centrifuge, yielding a supernatant (containing glycogen) and
precipitate (lipid). The supernatant containing glycogen was collected in separate test tubes
(15x155 mm, marked up to 10 ml, graduated at 0.1 ml) and then heated well to evaporate
the solution. Next, anthrone solution was added to it (up to the 5 ml mark), stirred and
heated in a water-bath for 17 min. It was then allowed to cool in an icebox and stirred. The
absorbance of the resultant solution was taken at 625 nm using spectrophotometer
(SHIMADZU®™ UV-17000, India) and compared with glucose standards.

For estimating the lipid content, the precipitate was dissolved in a mixture of methanol:
chloroform (1:1). The test tubes (15%155 mm, marked up to 10 ml, graduated at 0.1 ml)
were put in a water bath for evaporation and 0.2 ml concentrated sulphuric acid added.
Then they were cooled in an icebox and vanilin was added up to the 5 ml mark. The
solution was stirred and a reddish colour allowed to develop within 5 min. The absorbance
was measured at 525 nm using a spectrophotometer (SHIMADZU® UV-17000, India) and
compared with the lipid standard. All the standard curves for sugar, glycogen and lipids
were prepared with 10, 20, 30, 40, 50 ml concentrations of glucose and lipid solution
(mg/ml) using the same reagents, and the same treatment was applied to the mosquito
tissues. A schematic diagram of the experimental setup is shown in Fig. 1.

Data analysis

To analyse the sex- and species-specific variations between the energy reserves and the
pupal weight and wing length [life history traits i.e. pupal weight, PW (in mg), wing length,
WL (in mm), glycogen content, GLY (in mg), sugar content, SUG (in mg) and lipid
content, LIP (in mg)], the data were subjected to two-way factorial ANOVA, taking sex and
species as explanatory variables. The sex- and species-specific differences in the
mosquitoes were further expressed by means of discriminant function analysis (MANLY
1994), in which the relative differences among the eight groups (4 species and 2 sexes)
were portrayed using features like pupal weight, wing length, and three levels of energy
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reserves. The results would enable justifying the difference, if any, among the four species

considered in the study.
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Fig. 1. Outline of experimental design to estimate the relation between life history traits and
energy reserves. A — Armigeres subalbatus, B — Culex quiquefasciatus, C — Aedes aegypti,

D — A. albopictus.
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A logistic regression complying with the binomial generalized linear model with logit
link was employed to comment on the sex- and species-specific variations in the life history
traits of the four mosquito species using sex and species as explanatory variables. In the
logistic regression, a particular life history trait (response variable) is assumed to follow
a binomial (n, p) distribution with n replicates (sampling efforts) for each level of
explanatory variables (the levels of the explanatory variables: Sex-2, Species-4). The linear
combination of the explanatory variables is represented through the probability parameter
p. A weighted binary function with logit link was employed and the parameters were
estimated by maximum likelihood using XLSTAT software (ADDIN SOFT 2010). The
equation is represented as a life history trait (y) = 1/(1+ exp(— (a +biX; — byXp))), where x; is
species, X, is sex. A Chi square value (Wald’s Chi-square) was used to deduce the
significant contribution of the explanatory variables. All statistical analyses were done
following ZAR (1999).

The difference between the male and female adult mosquitoes with respect to glycogen,
sugar and lipid contents were highlighted by the degree of sexual dimorphism (SHARMILA
BHARATHI et al. 2004) using the following formula:

Degree of sexual dimorphism (DD) = (ERg — ERy) / [(ERF + ER\)/2]

where ERg = energy reserve of the ith female and ER\, = energy reserve of the ith male.

Prior to this, the data on the glycogen, sugar and lipid contents of individuals were
weighted and scaled separately by taking the corresponding pupal weight as the
denominator. The values were then arranged in ascending order for the two sexes, in
accordance with the respective pupal weight, and DD was calculated for glycogen, sugar
and lipid separately, using the above formula. The difference between males and females
was judged to be significant by the deviation from 0 (no difference) (ZAR 1999) using the
one-tailed t-test for each of the four mosquito species.

RESULTS

The pupal weight and wing length of the mosquitoes varied with the species and sex,
with Armigeres subalbatus and Culex quinquefascitus exhibiting higher values than the
Aedes mosquitoes. Irrespective of the mosquito species, the mean values of the pupal
weight and the wing length of the males were smaller than in the females (Table 1). The
energy reserves of the four mosquito species, when expressed as a function of unit pupal
weight, were found to vary according to species, but no fixed pattern for the sex-specific
variation was found (Fig. 2). The results of the two-way factorial ANOVA indicate that
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Table 1. The values (Range, Mean + SE) of the pupal weight (PW), adult wing length
(WL) and energy reserves (Sugar, SUG, Glycogen, GLY, and Lipid, LIP,) of the four
mosquito species collected from larval habitats in Kolkata, India. Sp. — Species: Armigeres
subalbatus (Asu), Culex quinquefasciatus (Cqu), Aedes aegypti (Aae) and A. albopictus
(Aal).

Sp. Sex PW [mg] WL [mm] GLY [mg] SUG [mg] LIP [mg]
Q 4.50-6.20 4.690 — 5.020 1.500-1.600 | 0.216-0.289 | 0.214-0.333
Asu N=77 5.62 £0.06 4.880 + 0.009 1.560 + 0.003 0.239 +0.002 0.293 +0.004
3 4.50-6.20 4.670 —5.000 1.500-1.600 | 0.213-0.280 | 0.199-0.321
N=77 5.62 £0.06 4.860 = 0.009 1.55+0.002 0.234 +0.002 0.280 +0.004
Q 2.00-2.30 4590 -4.920 | 0.230-0.260 1.206 - 1.370 | 0.010-0.050
Cau N=102 | 2.12+0.01 4.830+£0.010 | 0.250+.0010 1.360 £ 0.003 | 0.030+0.001
q 3 1.70-2.10 4590 -4.920 | 0.230-0.260 1.120-1.370 | 0.010-0.040
N=102 | 1.85+0.01 4790 £0.010 | 0.240+0.001 1.240+£0.010 | 0.028 +0.001
Q 2.30-4.70 2.290-6.710 | 0.128-0.618 | 0.042-0.816 | 0.021-0.062
Aae N=100 | 3.82+0.06 3.080 +0.060 | 0.223+0.011 0.155+£0.010 | 0.044+0.001
3 0.50 — 3.42 1.800-3.390 | 0.027 -0.611 | 0.038-0.507 | 0.015-0.054
N=100 1.98 £0.07 2.450 +0.030 0.221 £0.012 0.149 +0.007 0.038 +£0.001
Q 1.80-4.30 2.150 -3.600 | 0.040-0.568 | 0.036-0.437 | 0.019 -0.058
Aal N=100 2.60 +0.06 2.760 = 0.003 0.160 +£0.012 0.134 +0.005 0.042 +0.001
3 0.50 - 3.00 1.120-2.440 | 0.053-0.571 | 0.018-0.494 | 0.008 —0.053
N=100 1.86 £0.06 2.070 +£0.010 0.158 +0.009 0.133 £0.007 0.031 £0.001

pupal weight shows both species- and sex-specific variations but that wing length varied
significantly only with the species. Whereas energy reserves, particularly of sugar, varied
significantly for the four different species, both glycogen and lipid reserves showed both
species- and sex-specific variation (Table 2). The results of the GLM resulted in significant
differences in the pupal weight as explained by the sex and species of the mosquitoes,
whereas the wing length displayed species-specific variation. The significant contribution
of sex and species were observed across the values of Wald’s Chi-square values (Table 3).
The results of the discriminant function analysis highlighted the differences among the
mosquitoes and the two sexes with considerable resolution (Fig. 3). The first two extracted
factors were able to explain 93% of the variation in the data on pupal weight, wing length
and energy reserves. Significant values of the Mahalnobis distance matrix among the
species and sex of the mosquitoes were manifested owing to the differences in the life
history traits and energy reserves. Irrespective of the sexes, the differences between Culex
quinquefasciatus and Armigeres subalbatus were greater than those between Aedes aegypti
and A. albopictus. The results of the discriminant function analysis as well as factorial
ANOVA indicate that the four mosquito species differed significantly in terms of pupal
weight, wing length and energy reserves. Comparison of the degree of sexual dimorphism
indicated that the female mosquitoes were larger than the males (Fig. 4). As a consequence,
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the extent of differences between the two sexes was not pronounced in case of the energy
reserves weighed according to pupal weight. Since the female mosquitoes were heavier in
size, the contribution per unit biomass of pupa reduced the value of the energy reserves to
a greater extent than in their male counterparts.

Table 2. The results of two-way factorial ANOVA using the sex and species of the
mosquitoes as the source of variations for the response variables pupal weight (PW), wing
length (WL), glycogen (GLY), sugar (SUG) and lipid (LIP) reserves. The values in bold
represent significance at P < 0.05 level.

Source | DF | Sum of squares | Mean squares | F

PW [mm]
Species 3 1390.135 463.378 1802.472
Sex 1 109.108 109.108 424.415
Species*Sex 3 92.854 30.951 120.396
Error 750 192.810 0.257
Total 757 1784.907

WL [mm]
Species 3 969.532 323.177 4104.991
Sex 1 0.000316 0.000316 0.004
Species*Sex 3 43.824 14.608 185.549
Error 750 59.046 0.079
Total 757 1072.401

SUG [mg]
Species 3 1.870 0.623 198.147
Sex 1 0.002 0.002 0.730
Species*Sex 3 0.011 0.004 1.176
Error 750 2.360 0.003
Total 757 4.243

GLY [mg]
Species 3 286.664 95.555 13147.700
Sex 1 0.202 0.202 27.795
Species*Sex 3 0.490 0.163 22.494
Error 750 5.451 0.007
Total 757 292.807

LIP [mg]
Species 3 7.732 2577 7671.371
Sex 1 0.011 0.011 31.733
Species*Sex 3 0.004 0.001 3.961
Error 750 0.252 0.000336
Total 757 7.999
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Table 3. The results of the logistic regression (binomial generalized linear model) with
logit link to deduce the variations in the life history traits and energy reserves of the four
mosquito species, using sex and species as explanatory variables. Species-specific
variations were consistent for all the response variables considered.

PW =1/ (1 + exp(-(-5.58-0.28*Species-0.25*Sex)))
WL =1/ (1 + exp(-(-5.98-0.27*Species-0.0003*Sex)))
SUG =1/ (1 + exp(-(-6.05-0.22*Species-0.018*Sex)))
GLY =1/(1 + exp(-(-4.91-0.77*Species-0.043*Sex)))

LIP =1/ (1 + exp(-(-4.63-0.88*Species-0.086*Sex)))

Variable Factor Intercept Species Sex

Value -5.584 -0.278 -0.252

SE 0.078 0.020 0.042

PW Wald 5148.091 202.152 35.863
Pr >y <0.0001 <0.0001 <0.0001

Value -5.980 -0.267 0.0003

SE 0.073 0.018 0.038

wL Wald 2 6797.450 224.307 0.0001

Pr>* <0.0001 <0.0001 0.992

Value -6.049 -0.219 -0.018

SE 0.318 0.077 0.166

SUG Wald o 361.809 8.039 0.012

Pr> o <0.0001 0.005 0.912

Value -4.906 -0.768 -0.043

GLY SE 0.153 0.045 0.083

Wald 1024.474 286.648 0.264

Pr> o <0.0001 <0.0001 0.607

Value -4.633 -0.881 -0.086

SE 0.450 0.141 0.245

LIP Wald y? 106.100 39.178 0.123

Pr> 2 <0.0001 <0.0001 0.726

DISCUSSION

In mosquitoes and other insects, life history traits like wing length and pupal weight can
be considered indicators of reproductive success and fitness (AGNEW et al. 2000, 2002,
BRIEGEL 2003). In different species of mosquitoes the correspondence among pupal weight,
wing length, longevity and fecundity justifies the use of one or many life history traits as
markers of fitness at the individual or population level (BLACKMORE & LORD 2000,
PADMANABHA et al. 2011a, 2011b, MUTURI et al. 2012). The amount of energy reserves in



MOHAN S. et al.: Energy reserves in for co-occurring mosquito species 59

- [m[eln]
0.8 2 014 4 ? e
2071 ge Og s 3 m
= N s 012 ] —
06 % S
g g 010
05 ¥ &
i s 008
s 04T <
o =
; 03 & é 0.06
s
£o2% S 004 %
S 2
So01 % @ 002 ¢
s mll
0.0 T T T Y 0.00 T T T
Asu Cqu Aae Aal Asu Cqu Aae Aal
Species Species

0.06 T
09 Og

=]
(=3
(%,

(4
=]
=

Fig. 2. The energy reserves (Mean + SE) of
the mosquitoes expressed as a function of
unit pupal weight of the four mosquito
species — Armigeres subalbatus (Asu), Culex

quinquefasciatus (Cqu), Aedes aegypti (Aae)
and A. albopictus (Aal) — collected from
larval habitats in Kolkata, India. (Gly -
: ; ; ; glycogen, Sug — sugar, Lip — (lipid).
Cqu Aae Aal

Species

=
=]
]

Lip content as afunction of PW
(=] f=3
o =
Pt @

2
=
S

an individual mosquito can also be included as an indicator of fitness, owing to the
correspondence with multiple life history traits (MosTowy & FOSTER 2004,
BARGIELOWSKI et al. 2012, MAIGA et al. 2012, KAUFMANN et al. 2013). The link between
life history traits and energy reserves form the basis for using them as an indicator of
reproductive success and fitness at individual and population levels. Pupal weight and wing
length have been incorporated in many entomological surveillance studies to predict
population size and abundance and thus the chances of mosquito borne diseases
(BLACKMORE & LORD 2000, STRICKMAN & KITTAYAPONG 2003, BANERIJEE et al. 20133,
2013b). A positive correlation between pupal weight and energy reserves has been
demonstrated in a number of mosquito species, including Aedes aegypti and A. albopictus
(CHAMBERS & KLOWDEN 1990, SHIN et al. 2012). As a result of positive correlations, pupal
weight is used as a suitable predictor of adult body size (adult weight and wing length) and
energy reserves in mosquitoes. The observations of the present study justify this
proposition, since the energy reserves showed correspondence with pupal weight and wing
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(b) F1 F2 F3 F4 F5
Eigenvalue 90.063 16.823 1.686 0.397 0.009
Discrimination (%) 82.643 15.437 1.547 0.364 0.008
Cumulative % 82.643 98.080 99.628 99.992 100.000
Canonical correlations: 0.994 0.972 0.792 0.533 0.094
Standardized canonical discriminant functions coefficients
PW -0.087 -0.128 1.066 -0.426 -0.021
WL 0.463 0.334 0.335 0.755 0.012
SUG 0.103 0.064 -0.169 0.057 1.004
GLY 0.787 0.319 -0.116 -0.501 -0.149
LIP 0.517 -0.811 -0.529 0.323 0.054

(c) Age @  Aaed Aal Q@ Aal 3 Asu Q@ Asu & Cqu @
Aage & 20.832
Aal Q@ 20.430 4,797
Aal & 18.501 1.947 8.594
Asu @ 520.22 551.34 602.69 568.46
Asu 3 493.82 527.26 577.27 543.87 0.685
Cqu Q 245.86 264.81 317.57 267.70 214.37 194.45
Cqu & 212.46 226.04 277.47 227.19 226.48 206.56 2.241

Fig. 3. The results of the discriminant analysis using pupal weight (PW), wing length (WL),
energy reserves (GLY=glycogen, SUG=sugar and LIP=lipid) as explanatory variables
against the four mosquito species as response variables (Aal = Aedes albopictus, Aae =
Aedes aegypti, Asu = Armigeres subalbatus and Cqu = Culex quinquefasciatus; 4 = male
and @ = female). The results are represented as: (a) a biplot with the ordination of the
mosquitoes in two axes, (b) eigenvalues and canonical correlations and the standardized
canonical discriminant function coefficients and (c) the Mahalnobis distance matrix for the
response variables (values in bold are significant at P < 0.001). Wilk’s A yielded
a significant F-value justifying the application of discriminant function analysis (Wilk’s A =
0.0002; Fgs, 3141 =624.010; P <0.0001).
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Fig. 4. The degree of sexual dimorphism with reference to energy reserves in four mosquito
species. The values of the energy reserves are scaled in accordance with the pupal weight of
the individuals to make them comparable among the four species. The values (except Aedes
albopictus glycogen; t 451)= 2.5; P<0.05) did not differ significantly from O (dashed line,
representing no difference) based on the one-tailed t-test.
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length of Aedes aegypti, A. albopictus, Armigeres subalbatus and Culex quinquefasciatus.
Although earlier studies demonstrated the relation between life history traits and energy
reserves in Aedes mosquitoes (VAIDYANATHAN et al. 2008), the present study is a pioneer
effort to report the same for the mosquitoes Armigeres subalbatus and Culex
quinquefasciatus from the geographical region concerned. In most instances, laboratory
reared mosquitoes are used for estimating energy reserves, except for the few where field
collected individuals are used (STRICKMAN & KITTAYAPONG 2003, BANERJEE et al. 2015).
Estimation of the pupal weight and energy reserves of field collected mosquitoes collate the
amount of resources exploited and assimilated by the larval stages. Variations in energy
reserves within and between the mosquitoes thus reflects the acquisition of resources and
their subsequent assimilation by the larval stages developing in the respective larval
habitats under natural conditions, which was observed in the four mosquito species
considered in the present study.

Although mosquitoes may vary in terms of larval developmental time and adult features
(LEHMANN et al. 2006, DA-SILVA ARAUJO et al. 2012), the predictability of pupal weight
for the adult body size and energy reserves remains an invariant property. In the present
study, the correspondence between pupal weight, wing length and energy reserves
substantiates this proposition. However, species-specific variations were observed, with the
pupal weight of Culex quinquefasciatus and Armigeres subalbatus being considerably
higher than that of Aedes aegypti and A. albopictus. The sex specific differences were
observed to be an invariant property of the four mosquito species. As a result, the energy
reserves per unit pupal weight varied in both a sex- specific and a species-specific manner,
represented by the degree of sexual dimorphism. Even though constancy in energy reserves
among the species may not be the same owing to differences in feeding activity, resource
acquisition and assimilation, the sex-specific differences may remain invariant. The
survival and reproductive strategies of the female mosquito differ from the male in many
senses, at least one of which is related to egg production and maturation (BRIEGEL 2003).
Energy expenditure for egg maturation is somewhat higher than for sperm production, if the
unit biomasses of mosquito sperms and eggs are considered. Therefore, females would
require a higher amount of energy to mature as an adult than males. However, constancy of
biomass and energy reserves in all the species is not observed, owing to the differences in
the life history strategies as well as the evolutionary consequences that lead different
species of mosquitoes to mature at different sizes and biomass. Thus the observed
differences among the species of mosquitoes can be attributed to the way natural selection
has shaped them. In general, the energy reserves of the female mosquitoes are higher than
their male counterparts as obtained from the laboratory reared populations (FOSTER 1995,
2008, BANERIJEE et al. 2015, Yu et al. 2016). This may differ when scaled with the pupal
weight. The mean biomass of a female pupa was higher than the male one, so unit energy
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reserves per pupal biomass may be skewed towards the male. This was observed in the
present instance for all the four mosquitoes collected from nature. However, variations in
the pupal weight was not considerably high as known for the four mosquito species
considered (ADITYA & SAHA 2013, BANERJEE et al. 2013a, 2013h, 2015), thereby leaving
a chance of error to generalize the observations of the present study. Energy reserves show
a considerable positive correlation with the pupal weight, but may be controlled with the
developmental requirements of somatic and reproductive tissues (JULIANO et al. 2004,
MURRELL & JULIANO 2008, ARRIVILLAGA & BARRERA 2004, BARRERA et al. 2008). Thus
the variations in energy reserves observed in the four co-occurring mosquitoes are
a reflection of the differences in their life history strategies and adaptations to
environmental conditions. It needs to be tested further whether the variations in energy
reserves in these mosquitoes correspond to a preference for oviposition habitat selection
and the resources available therein.
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