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Background & objectives: Although having immense clinical relevance, yet only a few studies have been
targeted to understand the chikungunya virus (CHIKYV) susceptibility and growth in Aedes aegypti
populations from India. This study was undertaken to investigate CHIKYV susceptibility and growth
Kinetics in Ae. aegypti along with genetic heterogeneity of Ae. aegypti populations.

Methods: Dose dependent CHIKYV susceptibility and growth Kkinetic studies for three CHIKYV strains
reported from India were carried out in Ae. aegypti mosquito populations. The phenotypic variation and
genetic heterogeneity in five Ae. aegypti populations were investigated using multivariate morphometrics
and allozyme variation studies.

Results: The dissemination and growth kinetics studies of the three CHIKYV strains showed no selective
advantage for a particular strain of CHIKYV in Ae. aegypti. At 100 per cent infection rate, five geographic
Ae. aegypti populations showed differences in dissemination to three CHIKYV strains. Morphometric
studies revealed phenotypic variation in all the studied populations. The allelic frequencies, F statistics,
and Nei’s genetic identity values showed that genetic differences between the populations were small,
but significant.

Interpretation & conclusions: The results obtained in this study suggest that genetic background of the

vector strongly influences the CHIKY susceptibility in Ae. aegypti.
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Several environmental, physiological and genetic
factors are known to govern the vector competence
of mosquitoes'*.  Susceptibility to infection,
permissiveness for pathogen development, duration
of incubation period and transmission -efficiency
contribute to vector competence. To establish the
successful infection in vector, virus has to overcome
numerous barriers to infection and dissemination
within the mosquito, many of which are under genetic
control?. All these factors are known to influence
the association between the vector, the pathogen
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transmitted by the vector and the vertebrate host into
which the pathogen is transmitted'.

Chikungunya virus (CHIKV) 1is endemic in
Africa and Southeast Asia and is transmitted by Aedes
mosquitoes through an urban or sylvatic transmission
cycle’. Three distinct CHIKV phylogenetic groups
viz. one containing all the isolates from West Africa,
one containing the isolates from Asia, and one
corresponding to Eastern, Central and Southern African
(ECSA) isolates, have been reported*’. A variant of
CHIKYV harbouring a substitution in the residue of the
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E1l glycoprotein (E1-226V) has been demonstrated to
be efficiently transmitted by the Aedes albopictus®®.

The susceptibility of Aedes mosquitoes to CHIKV
infection varies widely among individual mosquitoes
and between the mosquito populations'™'?. The
genetic heterogeneity in the mosquito populations and
in the virus strains might be crucial for differential
susceptibility of vectors. Only a few in depth studies on
CHIKYV susceptibility and growth kinetics in Ae. aegypti
and the genetic heterogeneity in Ae. aegypti mosquito
populations have been reported in literature®!!. We,
therefore, investigated the susceptibility, dissemination
and growth kinetics of three CHIKYV strains in Ae.
aegypti and genetic variability in five different Ae.
aegypti populations.

Material & Methods

The experiments were done in a biosafety level-2
animal facility at the National Institute of Virology,
Pune, India. The study protocol was approved by the
Institutional Animal Ethics Committee (IAEC) and
Institutional Biosafety Committee (IBSC).

Mosquito collection and study sites: The sites
(Alappuzha, Gorakhpur, Jalgaon, Tirupati and Surat)
were visited during outbreaks and Ae. aegypti survey
was conducted in and around the patients’ houses.
Adults and larvae of Ae. aegypti were collected from
Alappuzha (Kerala State, India, Collection Date:
October 2010), Gorakhpur (Uttar Pradesh State, India,
Collection Date: October 2010), Jalgaon (Maharashtra
State, India, Collection Date: January 2010), Surat
(Gujarat State, India, Collection Date: December 2009)
and Tirupati (Andhra Pradesh State, India, Collection
Date: March 2010). All available indoor water storage
containers present in patients’ house and nearby houses
were examined for presence of Ae. aegypti larvae.
Mosquito larvae were examined in all available indoor
water storage containers present in the houses by
netting (four times per container). The containers were
classified into high prolificbreeding (morethan 50 larvae
in 4 collection attempts) and low prolific breeding sites
(less than 10 larvae in 4 collection attempts). Among
the larvae positive containers examined, sample
collections were done from six-eight most prolific
breeding container sites, harbouring large number of
Ae. aegypti larvae. To establish the mosquito colony
and morphometric analysis, collection sites from study
areas were selected in such a way that the distance
between the two sites was more than 500 m. Based on
data obtained from Health Departments of these areas,

the collection sites were broadly classified into three
categories viz. (i) Frequent cases (Alappuzha, Jalgaon,
Tirupati), (ii) High number of cases (Surat), and (7ii)
Rare cases (Gorakhpur). Mosquitoes were identified
and colonies were established. Field collected larvae
were used for the morphometric analysis. Colonies
of these populations were maintained in the standard
laboratory conditions at 28+1°C, 70+£5 per cent
relative humidity (RH) and light: dark (LD) 12:12 h
cycle. Mosquitoes of Filial generation (FG) 2 to FG6
were used for CHIKV susceptibility (FG2-FG5) and
allozyme studies (FG2 and FG3).

Chikungunya virus strains: CHIKV strains were
passaged twice in Vero E-06 (VE-06) cells. VE-06 cells
were used for the propagation of CHIKV stock. VE-
06 cells were infected with CHIKV strains; CHIKV
(A226) (MOI 5, African genotype, Strain No. 061573;
Andhra Pradesh 2006; Accession Number EF027134),
CHIKYV (Asian) [MOI 5, Asian genotype, Strain No.
634029, Calcutta (now Kolkata) 1963; Accession
Number EF027140] and CHIKV (A226) (MOI 5,
African genotype with A226V mutation in E1 protein,
Strain No. 74831, Kerala 2007; Accession Number
FJ000069) and CHIKYV amplified for four days. Virus
titre was determined using real time PCR" (CHIKV
A226 9.16 x10® RNA copies/ml; CHIKV A226V
1.25%10° RNA copies/ml; CHIKV Asian 9.65x108
RNA copies/ml).

Oral infection of mosquitoes: Infection assays were
performed with 4-6 days old female mosquitoes.
Mosquitoes were allowed to feed for one h through a
goat intestine membrane covering the base of a glass
feeder containing the blood-virus mixture maintained
at 37°C.

CHIKV  susceptibility —and dissemination: The
mosquitoes (4e. aegypti) were exposed to the 10-fold
dilution of viral stocks. The CHIKV suspension was
diluted in goat blood to obtain the infectious blood
meal with different CHIKV titres (5.08x10° RNA
copies/ml, 5.08x10° RNA copies/ml, 5.08x10” RNA
copies/ml and 5.08x10% RNA copies/ml). The presence
of CHIKYV antigen in head squashes, salivary gland,
fat bodies of individual mosquito was evaluated by
indirect immuno fluorescence assay (IFA)'? after seven
days post-infection (p.i.). For virus susceptibility
and dissemination experiments, two independent
experiments were performed. (The number of female
mosquitoes tested for different CHIKV strains and
titres is given in parenthesis of Fig. 1). The batches of
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each mosquito population (Jalgaon, Surat, Alappuzha,
Tirupati and Gorakhpur) were exposed to each CHIKV
strain (CHIKV A226, CHIKV V226 and CHIKV
Asian, viral titres of 5.08x10” RNA copies/ml) and
processed similarly for determination of dissemination
rates. The number of female mosquitoes tested for each
Ae. aegypti population and for each CHIKYV strain is
given in Table 1.

Quantification of CHIKV in whole mosquito: Ae.
aegypti mosquitoes were orally fed with CHIKV
(A226) (5.08x107 RNA copies/ml), CHIKV (V226)
(5.68x10" RNA copies/ml) and CHIKV (Asian)
(5.70x10" RNA copies/ml), and ten mosquitoes
were sampled everyday starting from day 1 p.. to
day 7 p.i. The number of CHIKV RNA copies in
individual mosquitoes was estimated using qPCR!,
Ten mosquitoes were sacrificed every day till day 7 p.i.
Individual mosquitoes were homogenized in T,,E; (10
mM Tris-Cl pH8, 5 mM EDTA pHS) and supernatants

= CHIKV (A226)

Dissemination rate (%)
(o]
o

40 | (n=43 ~- CHIKV (V226)
(n=52 s~ CHIKV (Asian)
20 (n=51)
0 x v * v
5X10° 5X108 5X107 5X108
RNA copies/ml

Fig. 1. Dissemination rates of Aedes aegypti infected with CHIKV
(A226), (V226) and (Asian) strains at different viral titres. The data
of two independent experiments were pooled and the number of
females tested is given in the parenthesis (n).

were collected by centrifugation at 10000g, 4°C for
five min. RNA from mosquitoes was extracted using
QIAmp viral RNA minikit (QIAGEN, USA) following
the manufacturer’s instructions. One step qPCR was
performed according to procedures described earlier's.

Morphological analysis: Field collected Ae. aegypti
larvae were mounted in Hoyer’s solution (gum arabic
15 g, chloral hydrate 75 g, distilled water 25 ml,
Glycerine 5 ml). Eight morphological characters and
three ratios (Siphon index, anal gill index and siphon
saddle ratio) were scored for morphological analysis
of field collected fourth instar larvae (Table II). The
characters of fourth instar larvae were measured using
micrometric oculars with the least count 0.01 mm
(Leica, Germany and Olympus, Japan).

Electrophoresis and detection of enzyme activity: Adult
mosquitoes (2-3 days old, randomly collected male/
female mosquitoes) from each population were used for
genetic analysis (n=28 for each locus; 140 individuals
from each population). Electrophoresis was performed
according to procedures described earlier'®. Staining
was carried out for five different allozymes viz., alcohol
dehydrogenase (ADH), glucose 1-dehydrogenase
(GLCQ), glycerol 3-phosphate dehydrogenase (NAD+)
(GPD), lactate dehydrogenase (LDH), and superoxide
dismutase (SOD)'® (Table III).

Analysis of data

Determination  of midgut infection and
dissemination rates - Midgut infection rate (MIR)
was determined as the number of midguts containing
CHIKV antigen divided by the number of midguts
examined. The dissemination rate (DR) was determined
as the number of mosquitoes with detectable CHIKV
antigen in non-midgut tissues (e.g. head squash tissues,
salivary glands, fat body, efc.), divided by the number of
mosquitoes with detectable virus antigen in the midgut.

Table I. Dissemination rates of different Aedes aegypti populations for three different CHIKV trains
Ae. aegypti population CHIKYV (A226) CHIKYV (V226) CHIKYV (Asian)
N DR (mean + SD) N DR (mean+SD) N DR (mean£SD)

Alappuzha 77 88.7+3.5 47 87.61 £5.4 52 85.16 7.7
Gorakhpur 80 62.06 +£3.77 42 68.52+7.4 47 60.82 +7.6
Jalgaon 121 71.95+3.2 83 72.04+6.5 72 73.02+1.8
Surat 126 75.7+3 56 77.95+2.4 62 71.59 +8.8
Tirupati 105 71.11+£2.77 77 75.16+2.2 55 71.39+6.8
N, number of female mosquitoes tested; DR, dissemination rate
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Table II. Results of multivariate analysis of variance (MANOVA) for comparing means of morphological characters in four populations of Aedes aegypti

P value

Gorakhpur

Alappuzha
(N=36)

Jalgaon Tirupati
Mean + SD

Surat

(N=31)
Mean = SD

Characters

(N=37)

Mean + SD

(N=34)
Mean = SD

(N=34)
Mean = SD

4.984 0.001

8.95+0.94
2.73 £0.51

9.31 £1.59
3.6+0.99
12.07£2.22
0.63 £ 0.056

8.87+£0.98
3.69 +0.65

9.58 £1.20
3.2+0.60

10.07 +1.63

Comb scale

1
2
3
4
5
6
7
8
9

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001

0.829
0.0001
0.0001

8.712

3.16 +1.12

Denticles on apical pecten tooth

9.916
24.883
14.657
29.987
37.590

13.14+£1.96
0.70 £ 0.09
0.41 +£0.05

11.28 +1.49
0.58 £0.035
0.34+£0.034

12.86 +2.04
0.62 +0.047
0.38 £0.033

14.40 £2.85
0.67 +0.04
0.40 +0.03

Number of pecten teeth

Length of siphon (mm)
Width of siphon (mm)

Siphon index

0.37 £0.046

1.71 £0.19
0.20 £0.02
3.53+£0.40
0.58 =0.09
0.16 =£0.02
3.72+£0.48

1.71+£0.24
0.21 £0.018

1.70 £0.16
0.20+0.017

1.66£0.212
0.19 £ 0.02
3.25+0.46
0.75+0.104

1.70+0.19
0.24 +0.03
2.83+£0.34
0.84 +0.12

Length of saddle (mm)

7.516

3.07+0.40
0.75£0.067
0.19 £0.034

2.92+0.27
0.66 = 0.06
0.16 £0.017

4.06 +0.49

Siphon saddle ratio

0.371
16.875

Length of anal gills (mm)

0.18 £0.026
4.32+0.76

0.19 £0.04
4.62+1.25

Width of anal gills (mm)

Anal gill index

10

11

6.175

4.10+£0.71

N, number of mosquito larvae

For each CHIKYV strain, disseminated infection rates
were compared using a y test, the Fisher’s exact test
being used in the case of small sample sizes.

Analysis of CHIKV growth and dissemination
in Ae. aegypti mosquitoes - For comparison between
virus genotype and CHIKYV titres at each post infection
day in Ade. aegypti mosquitoes, we performed two-
way factorial analysis of covariance (ANCOVA) with
interactions. The normality of dissemination data was
checked using Jarque-Bera test. The homogeneity of
comparison groups was tested using Leven’s test of
homogeneity of variance. The dissemination rates of
three CHIKYV strains in five populations of Ae. aegypti
were compared using a two-way analysis of variance
(ANOVA) with Games-Howell post hoc test.

Analysis of morphological data - Multivariate
ANOVA (MANOVA) was performed to evaluate
the morphological differences in five populations of
Ae. aegypti. Pair-wise comparison of each character
was carried out using a ¢ test, with the Bonferroni
adjustment to the probabilities (as 44 comparisons were
made, 0.05/44 = 0.001136 was used as cut-off value).
Morphological data of five populations were analyzed
using discriminant function analysis (DFA) to access
the morphological differences among the populations.
Multivariate statistical analyses were conducted in
SPSS version 16. (SPSS Inc, Chicago, USA).

Analysis of genetic data - The observed allelic
frequencies for each population were used to
estimate the mean number of alleles per locus (A4),
effective number of alleles per locus (4,), percentage
of polymorphic loci (P), and mean heterozygosity
per locus (H) with respect to the Hardy-Weinberg
expectation'.  Agreement with Hardy-Weinberg
proportions was tested using both F-statistics'” and
a y* test for goodness of fit with Levene’s correction
for small samples'®. To determine whether Inbreeding
coefficient of an individual (I) relative to the sub
(S) population (Fy5) and Inbreeding coefficient of an
individual (I) relative to the total (T) population (F;)
estimations for each locus were significantly different
from zero, chi-square statistics [y*= F(2N) (k—1)] were
obtained, with k(k—1)/2 degrees of freedom, where N
is the sample size and k is the number of alleles. To
determine the significance of the Inbreeding coefficient
of subpopulation (S) relative to the total (T) population
Fg; statistic per locus, the chi-square statistic wasused:
x> =@2N)F,, (k—1), with (k1) (s—1) degrees of freedom,
where s is the number of populations. As the y* test is
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Table II1. Allelic frequencies and F statistics for the five populations of Ae. aegypti populations from India

Locus Allele Surat Jalgaon Alappuzha Tirupati Gorakhpur
ADH (N=28 for each population) a 0.75 0.64 0.54 0.36 0.60
b 0.25 0.36 0.46 0.64 0.40
Fis 0.957" 0.948™ 0.943™ 0.947" 0.945™
Fsr 0.164" 0.317" 0.369™ 0.317" 0.348™
Fir 0.964™" 0.964™" 0.964™" 0.964™" 0.964™
Hg 0.389 0.478 0.515 0.478 0.498
H,, 0.252 0.248 0.247 0.253 0.242
Probability (p) 0.3 0.124 0.037" 0.129 0.082
GLC (N=28 for each population) a 0.98 0.92 0.85 0.93 0.90
b 0.02 0.08 0.15 0.07 0.10
Fis 0.990™" 0.961™ 0.930™ 0.963™ 0.980™"
Fsr 0.0082 0.0809" 0.483™ 0.0150 0.1404"
Fir 0.964" 0.964™ 0.964™ 0.964™ 0.964"
Hg 0.041 0.153 0.264 0.135 0.187
Heg 0.251 0.258 0.247 0.246 0.256
Probability (p) 0.0001" 0.396 0.396 0.297 0.416
GPD (N=28 for each population) a 1.00 0.96 1.00 1.00 0.96
b 0.00 0.04 0.00 0.00 0.04
Fie 1 0912 = 1+ 0912
Fgr 0 0.589™ 0 0 0.589™
F 1 0,964 17 = 0964
Hg 0.080 0.080
H,, 0.242 0.239
Probability (p) 0.303 0.306
LDH (N=28 for each population) a 0.87 0.79 0.91 0.76 0.53
b 0.13 0.21 0.09 0.24 0.47
Fis 0.976"" 0.966™" 0.982" 0.962" 0.949"
Fsr 0.4722 0.0528 0.0879" 0.0392 0.287"
Fir 0.964™" 0.964™" 0.964™" 0.964™" 0.964™"
H; 0.235 0.344 0.170 0.378 0.517
He, 0.254 0.253 0.241 0.238 0.250
Probability (p) 0.488 0.368 0.456 0.245 0.041"
SOD1(N=28 for each population) a 1 1 1 1 1
SOD2 (N=28 for each population) a 1 1 1 1 1
Percentage of polymorphic loci 50 67 50 50 67
Mean no. alleles per locus 1.5 1.67 1.5 1.5 1.67
0.106 0.169 0.154 0.161 0.1865

Mean heterozygosity/locus
P'<0.05; "<0.01; ""<0.001

dehydrogenase; SOD, superoxide dismutase

N, number of mosquitoes tested; My, expected gene diversity; H,, = expected equilibrium gene diversity;
ADH, alcohol dehydrogenase; GLC, glucose-1-dehydrogenase; GPD, glycerol-3-phosphate dehydrogenase; LDH, lactate
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likely to be unreliable when expected values are low',
the j* test was repeated with the genotypes pooled into
the three classes (i) homozygotes for the most common
allele; (ii) heterozygotes for the most common allele;
and (iii) other genotypes. Departures from Hardy-
Weinberg were only considered significant if both y?
tests were significant. The gene frequency data were
analysed using BOTTLENECK software® to assess
the evidence of recent bottlenecks. Deviations from
expected heterozygosity were computed for each locus
for each population. The infinite allele model was used
since it is the most appropriate for allozyme data®.
To determine the significance of deviations, a two-
tailed Wilcoxon signed-rank test was conducted. This
method tests whether the expected gene diversity (Hy)
is higher than the expected equilibrium gene diversity
(H,) calculated from the observed number of alleles
for each locus in each population under the assumption
of mutation-drift equilibrium and the infinite allele
model. Population genetic structure was analyzed based
on allozyme data by means of analysis of molecular
variance (AMOVA) using Genalex?!.

Cluster analysis: Morphological data of the five
Ae. aegypti populations were used to construct the
similarity and distance matrices with the Bray-Curtis
index PHYLIP ver 3.68. Pair-wise genetic similarity
among the populations was calculated according to the
Nei’s genetic similarity index and used in constructing
the similarity and distance matrices. To compare the
populations based on morphological and allozyme
variation, the Neighbor Joining -cluster analysis
was performed using PHYLIP software?>. Neighbor
program in Phylip ver. 3.68 software was used to
construct the Neighbor joining trees.

Results

Susceptibility of Ae. aegypti to three different CHIKV
strains: Immuno-fluorescence assay of infected
mosquitoes showed a linear progression between
dissemination rates and CHIKV titres. The plateau
corresponding to 100 per cent of disseminated
infection rate was reached for blood-meal titres higher
than 5.68x10” RNA copies/ml for CHIKV (V226)
and CHIKV (Asian) while blood meal with 5.08x107
RNA copies/ml of CHIKV (A226) was sufficient to
infect 92 per cent of female Ae. aegypti (Fig. 1). The
effect of the infection dose on dissemination rate for
each of the CHIKV strain at different virus doses
(CHIKYV 226A/CHIKYV 226V, CHIKV 226A/CHIKV
Asian and CHIKV 226V/CHIKV Asian at 5x10°

RNA copies/ml, 5.08x10° RNA copies/ml, 5.08x107
RNA copies/ml and 5.08x10% RNA copies/ml) was
evaluated by contingency analysis and found to be
similar dissemination for each CHIKV strain at each
CHIKYV titre. Similar dissemination rate was observed
when compared in different organs such as salivary
gland, head squash, fat bodies and legs. However, such
selective advantage for particular CHIKV strain was
not observed in Ae. aegypti populations.

Quantification of CHIKV in whole mosquito females:
Immediately after blood meals, Ae. aegypti mosquitoes
had an average of 2.29x10*(£63), 3.23x10*(+£51) and
5.01x10*(£31) viral RNA copies per mosquito when
they ingested the blood-meal containing CHIKV
A226, V226 and Asian strains, respectively. Virus
RNA replication rapidly increased during the first three
days. Following the blood-meal, viral load increased
to reach a maximum of 4.67x107 (x151) at day 6 p.i.
for CHIKV (A226), 7.24x107 (£2690) at day 5 p.i. for
CHIKYV (V226) and 3.16x107 (£53) viral RNA copies
at day 2 p.. and 7 p.i. for CHIKV (Asian) (Fig. 2).
Using two-way factorial ANCOVA no significant
difference was found in titres of the three strains of
CHIKYV. This indicated that there was no measurable
difference in CHIKYV titres for any specific CHIKV
strain at different time points of CHIKV infection in
Ae. aegypti mosquitoes, whereas titres of three CHIKV
strains were significantly changed in due course of
CHIKYV infection (P= 0.002) (Fig. 2).

Dissemination of CHIKV in different geographic strains
of Ae. aegypti: Dissemination and growth kinetic studies
suggested that 3x107 virus particles were enough to
cause 100 per cent dissemination for all three CHIKV
strains in laboratory reared Alappuzha populations of
Ae. aegypti. We checked whether a similar dose was
enough to cause 100 per cent infection in five different
geographical populations of Ae. aegypti. The dose
of about 5 x10” RNA copies/ml of all three CHIKV
strains was enough to cause 100 per cent infection
in midgut of all Ae. aegypti populations. Ae. aegypti
from Alappuzha showed the highest dissemination
rate for CHIKV strains followed by Surat, Jalgaon,
Tirupati, and Gorakhpur (Table I). The null hypothesis
that the dissemination data were normally distributed
was accepted (Jarque Bera = 2.234 P=0.03272).
Leven’s test of homogeneity of variance suggested that
variances were not equal across the groups (Levene
statistics=1.563 P= 0.148), therefore, we used two
way-ANOVA with Games-Howell post-hoc test.
Two way-ANOVA showed significant differences in
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Fig. 2. Growth kinetics of different CHIKYV strains in Aedes aegypti
(A) CHIKYV (A226), (B) CHIKV (V226), and (C) CHIKV (Asian).
Ten mosquitoes were sampled at each time point, and CHIKV
genome copies were measured by q-RT-PCR. Values are expressed
as mean RNA copies and error bars indicate the standard deviation.

dissemination rate among the populations (F =276.782,
P=0.001) and CHIKV strains (F=35.235, P=0.001).
There was significant difference in dissemination in
population x CHIKYV strain (F=9.839, P =0.001).

Phenotypic variation among the populations: A
MANOVA analysis for morphometric measurements,
which included geographic location as factors for all
the variables analyzed, showed significant differences
between the geographic populations (Pillai’s Trace
F=8.591, P<0.001; Wilks’Lambda F=10.147,
P<0.001). Among the geographic populations, 10
variables revealed statistical differences (Table II).
In discriminant function analysis, first factor (F1)
explained 57.58 per cent of the total variability while
the second factor (F2) explained 31.58 per cent of total

variability and together the first two factors explained
89.15 per cent of the total variability. DFA results
suggested that at least one population was significantly
different from others (Pillai’s trace = 1.485, F = 1.394,
P<0.0001). DFA cluster revealed three clusters, rare
cases area (Gorakhpur), high number cases area
(Surat) and frequent cases areas (Alappuzha, Jalgaon
and Tirupati) (Fig. 3A). Anal gill index, siphon index
and denticles on apical pectin tooth were important
variables which discriminated among the clusters (Fig.
3B).

Allozyme variations among the populations: Allozyme
electrophoresis resulted in clear and consistent staining
for five enzymes encoded by putative six loci: ADH,
GPD, GLC, LDH, SODI1 and SOD2. A total of 10
alleles were detected from the five populations of
Ae. aegypti (Table III). The allele frequency analysis
revealed that all populations were monomorphic for
SOD1 and SOD2 and Alappuzha, Surat and Tirupati
populations were monomorphic at loci GPD. All five
populations were dimorphic for ADH, GLC and LDH.

Genetic variation within the population: Based on
four polymorphic loci genetic variations among the
five populations of Ae. aegypti ware calculated. Mean
number of alleles per locus were 1.5, 1.67, 1.5, 1.5,
and 1.67 for the Surat, Jalgaon, Tirupati, Alappuzha
and Gorakhpur populations, respectively. Percentages
of polymorphic loci were 50, 67, 50, 50, and 67 per
cent, respectively, and the mean heterozygosity per
locus were 0.106, 0.169, 0.154, 0.161 and 0.1865,
respectively. F statistics for six loci (Table I1T) described
a high degree of geographic uniformity and suggested
random mating between individuals within the
populations. Fgr, Fyr, and Fig values were significantly
different from zero. Fg; values ranged between 0 and
0.589, suggesting significant genetic differentiation
within these populations. Fig values ranged from 0-1
with most of the values closer to 1 (Table I11I). AMOVA
for the studied populations revealed that most of the
genetic variation (87%) was within populations (Table
IV). To estimate genetic similarity among the studied
populations, Nei’s genetic distances (Table V) were
calculated.

Bottleneck effect: Table 111 shows the significant test
results for a recent bottleneck by polymorphic loci in
each population. For the Surat population GLC locus
and for Alappuzha population ADH locus showed
significant difference between expected heterozygosity
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(Hg), which was found to be higher than the expected
heterozygosity at mutation equilibrium drift (H,,)
(Table III). Gorakhpur population ADH and LDH
loci showed significant difference between expected
heterozygosity (H;) and expected heterozygosity at
mutation equilibrium drift (H,,) (Table III).

Cluster analysis of morphological and allozyme
data: The dendrogram obtained by the Neighbor
joining clustering method revealed the morphological
similarities among the five different populations of Ae.
aegypti (Fig. 4A). All five populations of Ae. aegypti
formed a single cluster, where Alappuzha and Tirupati
populations showed high similarity followed by the
Surat and Jalgaon populations. The genetic similarities
of'the five populations depicted high similarity between
Jalgaon and Gorakhpur followed by Alappuzha, Surat
and Tirupati populations (Fig. 4B).

Discussion

Our experiments demonstrated that all the CHIKV
strainsused in the study were able to infect and replicate
in Ae. aegypti, but strain variations were apparent. At
higher titre of CHIK'V, midgut infection barriers are not
able to restrict the CHIKV infection. The leaky midgut
phenomenon and infection threshold might be playing
important role in CHIKV infection. The head squashes,
salivary gland and fat bodies of Ae. aegypti were found
positive for CHIKV at day 7 p.i. and was in accordance
with the short extrinsic incubation period of CHIKV in
Aedes mosquitoes’. CHIKV (V226) mutation gives a

(A) Variables (axes F1 and F2: 89.16 %)

High number of cases

Rare cases
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Jalgaon
A Tirupati

Frequent cases

4
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= Alappuzha
x Gorakhpur

selective advantage in Ae. albopictus®’. However, such
selective advantage for a particular CHIKYV strain was
not observed in Ae. aegypti populations.

The vector competence of CHIKV has been
studied worldwide?-%*. Tsetsarkin et al** demonstrated
that the E1-226V mutation was able to increase the
vector competence for CHIKYV in Ae. albopictus but
not in Ae. aegypti strains. This was further confirmed
in other studies''?’. Under laboratory conditions,
Girod et al?® showed that Ae. aegypti populations were
more competent than Ae. albopictus and Ae. aegypti
from Libreville (Gabon)® or Yaounde” (Cameroun)®.
The results obtained in the present study were similar
with Girod et al®®. Aedes aegypti populations from
India showed high vector susceptibility for CHIKV.
It has been well documented that difference in vector
competence may, at least in part, be due to the presence
of specific midgut epithelial receptors®®. Most of the
well characterized arbovirus receptors are house
keeping molecules and are also present ubiquitously
in the midgut brush border membrane of mosquitoes*.
Therefore, we hypothesized that at 100 per cent
infection rate mosquito will show similar growth
kinetics. In our study, the midgut appeared infected
during the entire incubation time. However, the titre of
CHIKY varied among individual mosquitoes belonging
to the same population. Adedes aegypti mosquito
populations in the present study exhibited two distinct
profiles of infection for CHIKV strains: (i) females
strongly susceptible (10°-107 RNA copies/female
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Fig. 3. Discriminant factor analysis (DFA) of morphological data. (A) Clusters of different populations. Analysis revealed three clusters,
rare cases area (Gorakhpur), high number cases area (Surat) and frequent cases areas (Alappuzha, Jalgaon and Tirupati) (B) Variables which
discriminated between the clusters. Anal gill index, siphon index and denticles on apical pectin tooth characters discriminate among the

clusters. Ellipses of probabilities are shown as circles.
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Table IV. Analysis of molecular variance (AMOVA) among the 4e. aegypti populations in India
Source of variation df Sum of squares ~ Variance component % variation Fixation index
Among populations 4 44.498 0.196 13 F¢=0.201"
Within individuals of populations 699 902.585 1.289 87
Total variation 703 947.083 1.485 100
Fgr, variation among populations divided by total variation; **P<0.01
df, degree of freedom
Table V. Pairwise Nei’s genetic distance and fixation index Fg; of Ae. aegypti populations
Population 1 Population 2 Nei’s distance Fyr P (rand > data)
Jalgaon Alappuzha 0.01006 0.255 0.010
Jalgaon Gorakhpur 0.01804 0.153 0.010
Jalgaon Surat 0.00668 0.090 0.010
Jalgaon Tirupati 0.03897 0.037 0.040
Surat Alappuzha 0.00900 0.249 0.010
Surat Gorakhpur 0.04916 0.149 0.010
Surat Tirupati 0.04223 0.212 0.010
Alappuzha Gorakhpur 0.05147 0.280 0.010
Alappuzha Tirupati 0.02210 0.398 0.010
Tirupati Gorakhpur 0.04898 0.199 0.010

mosquito), and (i) weakly susceptible (10°-10* RNA
copies/female mosquito). The results of dissemination
studies showed that the susceptibility to infection and
dissemination of CHIKV varied within Ae. aegypti
populations and the CHIKV strain. It has been well
documented that vector competence may differ among
mosquito populations, which have different genetic
backgrounds'?. It has also been demonstrated that
variation in vector competence for dengue viruses
depends on virus replication and it does not depend on
mosquito migut binding affinity®'. These observations
suggest that the genetic variation in populations might
play an important role in determining the susceptibility
of Ae. aegypti to CHIKV.

A distinct intraspecific variation has been observed
worldwide in Ae. agypti populations****. However,
very few studies have been carried out to understand
the Ae. aegypti population structure in India. Using
multivariate analysis of morphological characters, a
significant morphological differentiation was observed
in the five populations of Ae. aegypti. Discriminant
function analysis of the data suggested that siphon,
saddle, and anal gills related variables were the most
important distinguishing characters. The highest
genetic variability and diversity were found in the

Gorakhpur population, whereas the Surat population
showed the lowest genetic variability. The mean
heterozygosity per allele of Ae. aegypti populations was
similar to the average values found in other diptera'*34,
In concordance with high levels of heterozygosity,
the BOTTLENECK test results indicated an excess
of heterozygosity relative to allele numbers at
several of the gene loci studied?. This indicates that
founder effects (bottlenecks) may have played a role
in the history of the species. A high genetic variation
was observed within populations and low variation
among populations of Ae. aegypti indicating a high
within-population differentiation. Similar results were
obtained for Ae. aegypti populations in various parts
of the world*". Low levels of genetic structuring and
gene flow were observed in the studied populations.
These results were consistent with those obtained in
Mexico’*®, Rio de Janeiro’” and in Southeastern and
Southern Brazil*®.

In current study five populations of Ae. aegypti
were studied, however, the studies on more 4e. aegypti
populations from different geographical locations
will give better insights in CHIKV disease dynamics.
Microsatellites analysis would be more useful in
resolving the population structure of Ae. aegypti.



42 INDIAN J MED RES, DECEMBER (SUPPL.) 2015

(A) (B)
Gorakhpur
Jalgaon
Surat
Tirupati
Alappuzha T
1'.2 1..0 0..8 0..6 0’.4 072 0'.0 O.(;OO O.(')05 0.0'10 0.615

Bary Curtis morphometrical distance

Nei’s genetic distance

Fig. 4. Neighbour joining tree showing (A) morphological relationship among five populations of Ae. aegypti (B) genetic relationships among

five populations of Ae. aegypti based on Nei’s pair-wise genetic distance.

In conclusion, the dissemination rates and growth
kinetics of the three CHIKV strains showed no
selective advantage for a particular strain of CHIKV
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