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Population genetic structure of the dengue mosquito
Aedes aegypti in Venezuela
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The mosquito Aedes aegypti is the main vector of dengue in Venezuela. The genetic structure of this vector was
investigated in 24 samples collected from eight geographic regions separated by up to 1160 km. We examined the
distribution of a 359-basepair region of the NADH dehydrogenase subunit 4 mitochondrial gene among 1144 Ae.
aegypti from eight collections. This gene was amplified by the polymerase chain reaction and tested for variation
using single strand conformation polymorphism analysis. Seven haplotypes were detected throughout Venezuela
and these were sorted into two clades. Significant differentiation was detected among collections and these were

genetically isolated by distance.
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Dengue is the most important viral disease transmit-
ted to human by mosquitoes in Venezuela, causing many
cases of dengue fever (DF) and dengue hemorrhagic fe-
ver (DHF) annually. More than 42,199 cases (DF/DFH:
15/1) were reported through calendar year 2005 (MSDS
2006). The incidence of dengue has increased since the
outbreak in 1989, because multiple serotypes are circulat-
ing in endemic areas.

Aedes aegypti is the principal vector for dengue vi-
ruses. This vector is able to maintain the four serotypes
of dengue viruses (DEN 1, 2, 3, and 4) in an urban trans-
mission cycle. Ae. aegypti populations may differ in bit-
ing behaviour, vectorial capacity, and other characteris-
tics of epidemiological importance which may be detected
through molecular markers (Tabachnick 1991). In addition,
these markers could be used to determine the relatedness
of geographic populations and associate this information
with vector movements. This will help to analyze the risk
of disease transmission (Ballinger-Crabtree et al. 1992).

Single strand conformation polymorphism (SSCP)
analysis offers a simple, sensitive, and cheap method of
detecting DNA polymorphisms, therefore, SSCP has be-
come one of the most used means for determining genetic
variation (Orita et al. 1989). SSCP is based on the principle
that changes in the nucleotide sequences of a single-
strand DNA molecule alter its three-dimensional confor-
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mation. Point mutations could thereby change strands
migration through polyacrylamide gels. SSCP detected
99% of base changes in 100 to 300 bp DNA fragments and
89% of point mutations in 300-450 bp molecules (Black &
DuTeau 1997, Hayashi 1991, Sunnucks et al. 2000)

An extensive population genetic study among Ae.
aegypti collections from Mexico using SSCP to analyze a
347-bp fragment amplified from the NADH dehydroge-
nase subunit 4 mitochondrial DNA (ND4) showed that
gene flow varies by region, that collections were geneti-
cally isolated by distance in the Pacific and that the
Yucatan but not among collections in the northeast
(Gorrochotegui-Escalante et al. 2002). A similar study
across a broad geographic area of Thailand showed a
much lower genetic diversity in ND4 than the one found
in Mexico. Genetic drift and vector control efforts were
implicated as the principal factors in genetic differentia-
tion (Bosio et al. 2005). Other study using the ND4 gene
of Ae. aegypti only from three cities in Peru revealed low
levels of genetic variability in these mosquito popula-
tions. Restricted gene flow was claimed to be responsible
for population differentiation (da-Costa-da-Silva et al.
2005). The aim of this study was to investigate for the first
time the population genetic structure of Ae. aegypti in
different geographic regions of Venezuela using ND4
mitochondrial DNA markers.

MATERIALS AND METHODS

Mosquito collection and DNA extraction - Mosqui-
toes were collected as larvae between January and De-
cember 2003 and returned to the insectary in Maracay
where they were reared to adults and then stored at —70°C
awaiting DNA extraction. Collections were obtained from
eight geographic regions of Venezuela (Table I). The geo-
graphic coordinates of each locality was entered into a
Maplnfo Professional version 7.5 (MaplInfo industry, New
York). The number of mosquitoes analyzed in each collec-
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tion are listed in Table I. The DNA was extracted from
individual specimens using a phenol/chloroform method,
resuspended in 60 pl of sterilized water and stored at -
80°C (Rivero et al. 2004).

Mitochondrial gene amplification - A 359-bp region
of'the ND4 gene was amplified using the oligonucleotides
and reaction conditions of Gorrochotegui et al. (2000).
The PCR amplifications were carried out in 50 pl reaction
volumes using 1 pl oftemplate DNA ina PTC-100 thermal
cycler (MJ Research, Inc., Watertown, MA). Negative
controls (all reagents except template) were run to detect
possible contamination. Thermal cycling conditions fol-
lowed (Gorrochotegui et al. 2000) except that Tug DNA
polymerase was added in the mixture. The amplified prod-
ucts were visualized by electrophoresis in 2% agarose
gels stained with ethidium bromide.

SSCP analysis - The PCR product (10 pl) was mixed
with 8 pl of loading buffer (10 mM NaOH, 95% formamide,
0.05% bromophenol blue, and 0.05% xylene cyanol), cen-
trifuged and heated to 95°C for 10 min on a thermal cycler,
then transferred immediately into ice. Samples were loaded
onto 27 X 20 cm, 1 mm thick, 7% polyacrylamide gels. Gels
were run at 4°C for 20 h at a constant 8 milliamps and silver
stained to visualize DNA fragments (Black & DuTeau 1997).

ND4 PCR products from 3-6 individuals of each haplo-
type were sequenced in both directions using the PCR

primers. Sequencing reactions were performed with ABI
PRISM BigDye Terminator v3.1 Cycle Sequencing Kit on
an Applied Biosystem Model 310 Genetic Analyzer at the
Instituto de Estudios Avanzados (Caracas, Venezuela).

Statistical analysis of mitochondrial haplotype fre-
quencies - Analysis of molecular variance (AMOVA)
(Excoffier et al. 1992) was conducted on the resulting
haplotypes within and among regions using Arlequin 2000
(Schneider et al. 2000). The significance of the variance
components was computed using a non-parametric per-
mutation test (Excoffier et al. 1992). The DNA sequences
were aligned using the Clustal W software package (Th-
ompson et al. 1994). The nucleotide sequence and the
frequency of each haplotype for each collection were ana-
lyzed using DnaSP version 3.99 (Rozas et al. 2003). The
number of polymorphic sites, the average number of nucle-
otide differences (k) (Tajima 1983), the nucleotide diver-
sity (wr,) and the nucleotide diversity with the Jukes and
Cantor correction (1t,) (Nei 1987) were estimated. Effec-
tive migration rates (Nm) were calculated from F. Trans-
formed Fg /(1- F¢;) were regressed on the natural loga-
rithm of pairwise geographic distances among popula-
tions to test for isolation by distance (Slatkin 1993). The
Mantel test was performed using FORTRAN program
MANTEL (William C. Black IV, Department of Microbiol-
ogy, Immunology and Pathology, Colorado State Univer-
sity, Fort Collins, CO). Genetic distance matrices were used

TABLE 1
Regions, locations per region, geographic coordinates, and sample sizes

Region Locality Latitude Longitude No. individuals
1: West Coast (WC) Mecocal -71.411 10.6465 48
La Esperanza -69.7711 10.5944 49
Los Pedros -69.0461 10.8036 48
2: Maracaibo Lake (ML) Nueva Bolivia -71.0873 9.14206 52
Palmarito -71.2173 9.18048 47
3: West Region (WR) Santa Maria -70.6239 9.28081 49
Las Américas -70.9909 8.54235 50
4: Inland Region (IL) San Carlos -68.5728 9.68337 45
Calabozo -67.4372 8.9293 48
San Juan -67.343 9.92745 49
5: Central Region (CR) Maracay -67.5914 10.2553 48
El Limo6n -67.6334 10.3106 43
La Victoria -67.3331 10.2312 50
Cagua -67.4565 10.1888 47
Villa de Cura -67.4807 10.0369 49
6: North Region (NR) Puerto Cabello -68.0176 10.4731 41
Catia La Mar -67.0342 10.6057 48
Naiguata -66.7364 10.6251 46
7: East Region (ER) Puerto Piritu -65.0411 10.0654 50
Barcelona -64.6617 10.1554 45
Sucre -64.155 10.4772 49
8: South Region (SR) Tumeremo -61.5049 7.27414 49
El Dorado -61.6357 6.72379 47
El Callao -61.8088 7.35699 47

Total 24
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to construct a cladogram among all collections by means
of unweighted pair-group method with arithmetic averag-
ing analysis in the NEIGHBOR procedure of PHYLIP3.5C
(Felsentein 1993).

Phylogenetic relationships among haplotypes -
MEGA (version 3.0) was used to perform phylogenetic
analyses using maximum parsimony (Kumar et al. 2004). A
bootstrap analysis with 1000 replications was done to
assess the consistency with which the dataset supported
the resolved phylogenies. ND4 homologous regions of
Anopheles gambiae and Ae. albopictus were used as
outgroups.

RESULTS

Haplotypes frequencies - A total of 24 samples, repre-
senting 1144 wild specimens of 4e. aegypti were collected
in eight geographic areas defined as the West Coast (WC),
the Maracaibo Lake (ML), the West Region (WR), the
Inland (IL), the Central Region (CR), the North Region
(NR), the East Region (ER), and the South Region (SR)
(Table I).
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Seven haplotypes were detected by SSCP analysis
and sequencing. The haplotype sequences were aligned
with other ND4 sequences from Mexico and Brazil regis-
tered in the GenBank (Mexico: GenBank # AF334841-
334865; Brazil: GenBank # AY 906835-AY 906853). All
Venezuelan sequences were unique. The sequences of
Bosio et al. (2005) and da Costa-da-Silva et al. (2005) are
not in the GenBank. To date there are 25 haplotypes re-
ported from Mexico (Gorrochotegui-Escalante et al. 2002),
6 from Thailand (one of the haplotypes is found in Mexico),
19 from Brazil, 3 from Peru, and 7 from Venezuela which
makes a total of 60 haplotypes. To identify the Venezu-
elan haplotypes following the numbering listed in the lit-
erature, it will be necessary to wait until the Brazilian pub-
lication and the Thailand and Peruvian sequences are
available. Therefore, we denoted them A-G. The frequen-
cies of these haplotypes, both by region and in the whole
country are shown in Fig. 1.

Only haplotypes A, C, and E were shared among all
collections. Haplotype A was the most frequent (0.96-
0.18). Haplotype C was only absent from the WR and its

Atlantic Ocean

Fig. 1: map of Venezuela showing the eight geographic regions of Aedes aegypti populations. The bars indicate % of haplotype frequencies
in each region and in the lower graph the total % of haplotype frequencies in the whole country. Arrows indicate the direction of the spatial
gradients of distribution of haplotypes C and E.
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frequency varied from 0.64 to 0.02. Haplotype E was found
in WC,NR, ER, CR, and IL. This haplotype is also distrib-
uted along a gradient of decreasing frequency (0.81-0.06)
but in the opposite direction of haplotype C. The rest of
the haplotypes occurred at low frequencies: Haplotype
D was present in five regions. Haplotype B was present in
NR, WC, and CR. Haplotype F was found only in the
population of Catia La Mar in the NR whereas haplotype
G was found in WC, WR, and NR.

Genetic heterogeneity - Geographical analysis of varia-
tion in ND4 haplotype frequencies was conducted by
AMOVA (Table II). Most of the variation (77.6%) arose
among mosquitoes in collections while 11.6% arose
among collections within regions and 10.8% occurred
among regions. The average F¢ was 0.224 suggesting
substantial genetic structure among collections. In addi-
tion, the effect of the distance on levels of gene flow was
estimated by regressing linearized Fy; values on geo-
graphic distance (Fig. 2). This analysis indicated a signifi-
cant correlation between genetic and geographic dis-
tances among all collections but no correlation was de-
tected among collections from any particular region (data
not shown).

A distance matrix containing all the pairwise linearized
F; among collections was collapsed using the UPGMA
option in NEIGHBOR and the rectangular cladogram op-
tion on PHYLIP (Fig. 3). Two main clusters were detected.
Cluster I contains the majority (5/7) of the collections from
western Venezuela (ML, WR, WC) and from CR (4/5), while
cluster II contained all of the collections from the SR, IL,
and NR. The ER collections were distributed in both clus-
ters.

We examined the frequencies of the haplotypes in both
clusters. Collections in cluster I had the highest frequency
of haplotype A (= 0.78) while the majority of the collec-
tions from Cluster II had haplotype C in hight frequency
(=0.43). The Los Pedros collection failed to group in ei-
ther Cluster I or II. This collection contained only
haplotypes A and E and the frequency of the latter was
0.81

Haplotype diversity - The number of polymorphic sites
and the diversity indices for each collection and for all
mosquitoes are listed in Table III. The majority of collec-
tions had similar numbers of polymorphic sites and diver-
sity indices. However, collections from Western Venezu-
ela with the exception of WC, had lower values of k, T,
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Fig. 2: Mantel regression results show isolation by distance for
Ae.des. aegypti in Yen;zuela. A: Pairwise FST{(I— Fgr) regrqssed on
pairwise geographic distance among all collections; B: Pairwise Fgp/
(1- Fgp) regressed on pairwise natural logarithm transformed geo-
graphic distances.

and 1, especially the Nueva Bolivia collection in which
values were at least one order of magnitude lower than all
others.

Phylogenetic analysis - Phylogenetic analysis pro-
vided a well-supported phylogeny with one maternal lin-
eage and the presence of another minor lineage.
Haplotypes A-F were monophyletic while the haplotype
G occurred in a separate clade (Fig. 4).

DISCUSSION

In this study we found that de. aegypti collections
from different geographic regions of Venezuela were ge-
netically differentiated even at the minimum distance stud-
ied (£ 15 km; ML region). This suggests a very restricted
level of interchange of genes among collections. This
genetic differentiation arose in part to geographic dis-

TABLE II
Analysis of molecular variance in the frequency of ND4 haplotypes among Aedes aegypti collections in Venezuela
Source of variation Degrees of freedom  Variance components Variation (%) Fixation index P
Among regions 7 0.32712 10.81 Fer = 0.108 0.01
Among collections within regions 16 0.35044 11.58 Fge = 0.130 < 10
Within collections 1120 2.34743 77.60 Fgr = 0224 < 10
Total 1143 3.02499

Fixation indices: Fgr, correlation among haplotypes within collections relative to the correlation of random pairs drawn from the
whole sample; Fg., correlation among haplotypes within collections relative to the correlation of random pairs drawn from the
region; Fr, correlation among haplotypes within regions relative to the correlation of random pairs drawn from the whole sample.
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TABLE 111
Variability estimates in the mitochondrial genome among Aedes aegypti collections in Venezuela
No. Polymorphic sites k T, T,
West Coast 145 16 6.685 0.02065 0.02115
Mecocal 48 14 6.202 0.01915 0.01962
La Esperanza 49 16 6.681 0.02065 0.02114
Los Pedros 48 12 3.832 0.01181 0.01212
Maracaibo Lake 99 13 1.258 0.00390 0.00398
Nueva Bolivia 52 11 0.849 0.00262 0.00268
Palmarito 47 13 1.696 0.00527 0.00536
West Region 99 13 3.172 0.00980 0.01004
Santa Maria 49 12 3.769 0.01162 0.01193
Las Américas 50 10 2.510 0.00777 0.00794
Inland Region 142 14 6.259 0.01936 0.01980
San Carlos 45 14 6.384 0.01975 0.02020
Calabozo 48 11 5.752 0.01777 0.01820
San Juan 49 11 5.689 0.01758 0.01800
Central Region 237 18 5.142 0.01589 0.01627
Maracay 48 12 4.967 0.01532 0.01572
ElLimon 43 14 2.569 0.00792 0.00813
La Victoria 50 16 6.889 0.02130 0.02180
Cagua 47 16 4.470 0.01383 0.01414
Villa de Cura 49 15 3.835 0.01191 0.01213
North Region 135 18 6.535 0.02022 0.02068
Puerto Cabello 41 11 5.357 0.01655 0.01695
Catia la mar 48 18 6.104 0.01890 0.01932
Naiguata 46 16 6.631 0.02053 0.02098
East Region 144 16 5.820 0.01799 0.01841
Puerto Piritu 50 11 3.944 0.01219 0.01248
Barcelona 45 16 5.245 0.01623 0.01660
Sucre 49 14 5.492 0.01696 0.01737
South Region 143 11 5.657 0.01748 0.01790
Tumeremo 49 11 5.631 0.01740 0.01782
El Dorado 47 11 5.438 0.01680 0.01721
El Callao 47 11 5.730 0.01771 0.01813
All samples 1 144 18 6.073 0.01877 0.01922

k: the mean number of nucleotide differences; 7, : nucleotide diversity; 7,: nucleotide diversity with Jukes and Cantor correction.

tance. Geographic barriers may limit gene flow. However
throughout most of these regions there is intense terres-
trial and air traffic. There is a significant correlation be-
tween gene flow in Ae. aegypti and human transportation
(Craven et al. 1988, Garcia-Franco et al. 2002, Gor-
rochotegui-Escalante et al. 2002, Huber et al. 2004, da-
Costa-da-Silva et al. 2005, Merril et al. 2005). In addition,
there were large Fg; (0.221) values among collections made
across uniform habitats such as the sea coast separated
by < 50 km (Fig. 2). Other possibility may be a strong
reduction in the effective population size in collections
caused by insecticide applications. The presence of only
three major haplotypes, unique haplotypes or haplotypes
with very small frequencies in some regions could arise
due to major population bottlenecks caused by insecti-
cide treatment. Similarly, Ayres et al. (2004) have reported
that Brazilian populations of Ae. aegypti showed high
levels of genetic differentiation in areas most frequently

treated with chemical insecticides. Other investigators
suggested that insecticide pressure is probably the major
cause of genetic diversity in Ae. aegypti from highly popu-
lated urban areas (Paupy et al. 2000, Ocampo & Wesson
2004).

Ae. aegypti in Venezuela have been exposed to chemi-
cal insecticides since 1945 when the use of DDT started
(Berti et al. 1960). Then, 30 years ago, the intense use of
three organophosphates began with malathion and
fenithrothion used for adult control and temephos as a
larvicide. Insecticide treatments have probably exerted
intense selection on the populations and caused severe
bottlenecks during vector control efforts. The use of in-
secticides has also facilitated the appearance of insecti-
cide resistance in Ae. aegypti (Bisset et al. 2001, Rodriguez
etal.2001)

The effective migration rate among even nearby col-
lections was low, suggesting reduced gene flow. The
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distribution of haplotypes C and E followed a gradual
change in frequency along two spatial gradients. Haplo-
type C from the south to the west region separated by a
distance of 1160 km and the E from the west to the east
separated by 794 km. The spread of these haplotypes fol-
lowed the main roads between localities that are used in
extended human commerce (Fig. 1).

Cluster analysis of collections from the eight regions
shows two main clusters principally associated with the
frequency of haplotypes A and C. Haplotype C was most
frequent in the SR collections and probably disseminated
to nearby regions. Haplotype A was common to all collec-
tions with a frequency > 0.18. However, it was most fre-
quent in WR (84%) and ML (92%) which suggests that
haplotype A originated or was introduced into western
Venezuela. The Los Pedros collection was separated from
the rest of the collections because it contained the high-
est frequency for the haplotype E (0.81) and was similar to
the Catia La Mar collection in having the lowest frequency
of haplotype A (0.18). The Los Pedros collection appar-
ently underwent a bottleneck. Los Pedros is a town near a
main road (Carretera Zulia-Falcon), ~15 km away from the
WC. However, it may be an “ecological island” since it is

surrounded by kilometers of sand dunes and few plants
are able to grow in the lower sections of the dunes.

Phylogenetic analysis of haplotype sequences dem-
onstrated two clades. Probably, the oldest clade of Ae.
aegypti in Venezuela is represented by the clade that
groups the majority of the haplotypes. Besides it has an
even geographic distribution showing a frequency of 99%
in the whole country. The other lineage occurs at very
low frequency (1%) and it is mainly confined to the west-
ern region. In the monophyletic group, the common hap-
lotype A (58.6%) is split from the two other major
haplotypes, C (24.2%) and E (11.8%), in different groups,
although they clustered individually only 65% of the time.
Based on this low bootstrap value, the two groups can-
not be considered completely distinct. However, it is tempt-
ing to speculate that haplotype A contributed to the
Ae. aegypti gene pool more anciently than the other
haplotypes since it is widespread in Venezuela and it has,
apparently, less evolutionary changes than the other
haplotypes.

Analysis of additional populations from North, Cen-
tral, and South America countries will reveal historical
and phylogeographic patterns for de. aegypti in these

Los Pedros

Las Américas \

Nueva Bolivia

Palmarito

Puerto Piritu

LaVilla

ElLimén

Santa Maria

La Esperanza

I
_E
_E
L
_E

__E

Naiguata

Catia La Mar
San Carlos

_-E La Victoria

Puerto Cabello

—E Tumeremo
El Callao

>II

Barcelona

El Dorado
‘E Calabozo
San Juan j

Fig. 3: Unweighted pair-group method with arithmetic averaging cluster analysis of pairwise Fg/(1-Fgy) genetic distances between Aedes

aegypti populations.



Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 107(6), September 2006

631

27— Haplotype A

65

Haplotype B

76 [ Haplotype C

98

Haplotype F

100

9N

Haplotype E

Haplotype D

Haplotype G

Ae. slbopictus

An gambie

Fig. 4: Maximum parsimony tree showing phylogenetic relationships among individual haplotypes. Bootstrap support using maximum

parsimony analysis appears above each branch.

countries. Such knowledge will allow testing from where
the haplotypes were introduced into Venezuela. Results
can have importance in revealing differences in selection
by insecticide resistance genes in Aedes during its dis-
persal and evolution.

We compared our data of ND4 in de. aegypti with
similar studies from Mexico Thailand and Peru. Within
Mexico, Thailand, and Peru were identified 25, 7, and 3
haplotypes respectively. Our results are more consistent
with the ones from Thailand since we found also seven
haplotypes. We detected seven haplotypes but only A,
C, and E had appreciable frequencies. The frequencies of
these haplotypes varied geographically following two
gradientes.

The comparison of our haplotype sequences with simi-
lar ones registered in the GenBank (Mexico and Brazil)
demonstrated that all the haplotypes found are unique to
Venezuela. We also compared the genetic variability of
our samples with the ones from Mexico, Thailand and
Peru. Mexico has a greater genetic diversity (2-3 times)
than Thailand and Peru that could be explained because
Mexico has more haplotypes than Thailand (> 3 times)
and Peru (> 8 times). Our results exhibit a mixed behaviour.
We have only seven haplotypes, a low number like Thai-
land and Peru, but the genetic diversity pattern was simi-
lar to Mexico.

In addition, the data presented here could have impor-
tant implications for dengue transmission since the ge-
netic variability in Ae. aegypti from Venezuela may cause
differences in their susceptibility to dengue virus. Infor-
mation obtained from the Venezuelan Ministry of Health
(2006) gave support for this idea. In 2005, dengue has
become endemic in the majority of the Venezuelan terri-
tory. Nevertheless, there are localized regions over the
northeastern parts of the country which are not consid-
ered dengue risk areas.

A correlation between population differentiation and
heterogenous patterns of vector competence in Ae.
aegypti has been suggested for other authors (Tran et al.

1999, Vazeille-Falcoz et al. 1999, 2001, Paupy et al. 2000,
2003, Black WC 4th et al. 2002, Garcia-Franco et al. 2002,
Lourengo-de-Oliveira et al. 2004, Ocampo & Wesson
2004). A population genetic analysis and an evaluation to
susceptibility to dengue 2 virus were conducted among
Ae. aegypti samples from different states of Brazil
(Laurengo-de-Oliveira et al. 2004). It was demonstrated
that Brazilian Ae. aegypti were genetically differentiated
within most of the regions, and that their infection rates
towards DENV2 were heterogenous. Other study has
found a correlation between genetic distances of Ae.
aegypti populations and their infections rates (Garcia-
Franco et al. 2002).

This study suggests that the Venezuelan vector con-
trol programme may induce recurrent emergence of insec-
ticide-resistant populations. Moreover, the rapid fixation
of haplotypes conferring insecticide resistance could take
place; the resistant populations may be spread at a larger
scale as the migration of resistant mosquitoes could be
facilitated over the one of susceptible insects. Ae. aegypti
resistant to insecticides represent a great problem in den-
gue control. The next step will be to look for insecticide
resistance in the studied populations to confirm the in-
volvement of selection effects in the actual genetic struc-
ture of Venezuelan 4e. aegypti population.
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