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The yellow fever mosquito Aedes aegypti was introduced in Peru in 1852 and was considered to be eradicated in 
1958.  In 2001, Ae. aegypti had been recorded in 15 out of 24 Peruvian Departments. Peru has great ecological dif-
ferences between the east and west sides of Andes.  Because of this, we consider that Ae. aegypti populations of both 
east and west sides can have a genetically distinct population structure.  

In this study we examined genetic variability and genealogical relationships among three Ae. aegypti Peruvian 
populations: Lima, Piura (west Andes), and Iquitos (east Andes) using a fragment of the ND4 gene of the mitochondrial 
genome.  Three haplotypes were detected among 55 samples.  Lima and Iquitos showed the same haplotype (Haplotype 
I), whereas Piura has two haplotypes (Haplotype II and III).  Haplotype II is four mutational steps apart from Haplotype 
I, while Haplotype III is 13 mutational steps apart from Haplotype I in the network. The analysis of molecular varia-
tion showed that mostly of the detected genetic variation occurs at interpopulational level. The significant value Φst 
suggests that Piura population is structured in relation to Lima and Iquitos populations and the gene flow of the ND4 
is restricted in Piura when compared to Lima and Iquitos. Genetic relationship between haplotype I and haplotype II 
suggests introduction of the same mtDNA lineage into those localities. However the existence of a genetically distant 
haplotype III also suggests introduction of at least two Ae. aegypti lineages in Peru. 
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Aedes aegypti is widespread throughout tropical and 
subtropical areas of the world. It is vector of several 
arboviruses, including yellow fever, dengue (serotypes 
1-4), and Chikungunya viruses, all of which can cause 
severe morbidity and mortality (http://www.cdc.gov/). 
A mosquito of African origin, it was probably imported 
into the American continent through African slave trade 
during the 18th century (Campillo 2001). In spite of a 
continuous eradication program carried out throughout 
the American continent in the 1950’s and the 1960’s, this 
species has been able to disperse and colonize several 
countries (Agrelo 1996). 

Ae. aegypti was first reported in Peru in 1852 and it 
was considered eradicated in 1958. In 1984, the mosquito 
was reintroduced in Loreto Department and, in the same 
year, its presence was reported in several cities, one of 
which was Iquitos. A year later, the mosquito was found 
in the state of Piura and in 2000, larvae were collected in 
Lima. In 2001, 15 of the 24 Peruvian states had the Ae. 
aegypti, thus presenting a potential risk for public health 
in that country (Andrade et al. 2001). 

Ae. aegypti shows a high adaptive capability. In fact, 
this vector displays variations in its morphology, physiol-
ogy and behavior. At least three forms have been described 

(Mattingly 1957, Tabachnik & Powell 1978). Lourenço-
de-Oliveira et al. (2002) reported low infection rates of the 
dark form of the mosquito (Ae. aegypti formosus) by the 
yellow fever virus. On the other hand, the light form (Ae. 
aegypti aegypti) presented high susceptibility rates, indi-
cating differences in the subspecies vectorial capacities. 

Mitochondrial DNA (mtDNA) polymorphism is a 
widely used tool in the study of genic flow in several 
organisms (Excoffier et al. 1992, Brower 1994, Birungi 
& Munstermann 2002, de Brito et al. 2002). Inferences 
about migration events are made based on the geographical 
pattern of mitochondrial genetic variability, although this 
pattern can be influenced by historical and/or ecological 
events (Templeton et al. 1995). In the analysis of Ae. ae-
gypti populations of Mexico, Gorrochotegui-Escalante et 
al. (2000) detected, by means of random amplified poly-
morphic DNA-polymerase chain reaction (RAPD-PCR) 
markers, populations isolated by distances greater than 
250 km. In this study,  amplification of ND4 fragment 
and  single-strand conformation polymorphism (SSCP) 
analysis  allowed for the description of seven haplotypes 
among the 574 samples examined. The authors showed 
that the ND4 marker is very informative. 

Divided by the Andes mountain range from North to 
South and with different climates in the coastal, mountain 
and jungle regions, Peru displays geographical and eco-
logical conditions that sustain the existence of genetically 
differentiated and isolated Ae. aegypti populations. 

The characterization of ND4 haplotypes and the genetic 
variability among different Ae. aegypti populations in 
Peru might be an important comparative data for suitable 
proposals to control this vector.
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This study also shows that single nucleotide polymor-
phism (SNP) was found in sequences of ND4 fragment of 
Ae. aegypti  mtDNA from three cities in Peru. This allowed 
for inferences about gene flow, biogeographical patterns, 
and phylogeographical relations among the haplotypes 
detected in this study.

Materials  and  Methods

Table I lists the analyzed Peruvian Ae. aegypti popu-
lations, locations, dates of collection, and geographic 
coordinates. Fig. 1 shows the geographical locations of 
the studied populations. The specimens (adults preserved 
in 100% ethanol) were obtained from the Alexander von 
Humboldt Tropical Medicine Institute of the Peruvian 
Cayetano Heredia University. The specimens were identi-
fied as Ae. aegypti in compliance with the description in 
Belkin et al. (1970), and were kept in 100% ethanol at  
–70°C. Before extracting the DNA, females had their ab-
domens removed to avoid contaminations with exogenous 
DNA derived from blood meal and/or semen stored in the 
female spermateca.

DNA extraction was performed using a phenol-
chloroform extraction protocol described in Sambrook et 
al. (1989). After precipitation, the DNA was resuspended 
in 100 ml of TE buffer (10 mM Tris-HCl, 1 mM EDTA,  
pH 8.0). 

A fragment of 361 bp relative to the mitochondrial ND4 
gene was amplified from each DNA sample by PCR in a 
final reaction volume of 50 µl with 2 mM Mg++, 20 mM 
Tris-HCl (pH 8.4), 50 mM KCl, 0.5 mM of each primer, 
0.2 mM dNTP mix, 2 U of Taq DNA polymerase (Invit-
rogen), and 1 µl of template DNA. The amplified regions 
corresponded to nucleotides 8,521-8,882 in Ae. albopictus 
(GenBank #AY072044). 

The primers used in the PCR were 5'-ATTGCCTAAGG 
CTCATGTAG-3' and 5'- TCGGCTTCCTAGTCGT-
TCAT- 3'. For each experiment a negative control  was 
performed. The thermocycler program was configured for 
an initial denaturation step at 94°C for 2 min, followed 
by 35 cycles at 94°C for 1 min, 56°C for 30 s, and 72°C 
for 1 min, and a final elongation step at 72°C for 7 min. 

Fig. 1: the geographical localities sampled in the present study. Arrows indicate the sample cities.

TABLE I
Location, dates, and coordinates of the Peruvian samples of 

Aedes aegypti

Sampling locality Dates Geographical 
coordinates

Piura 06/10/02 04º49' S 80º38' W
Lima 08/12/02 11º81' S 77º07' W
Iquitos 24/02/03 03º82' S 72º30' W
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The PCR products were precipitated by adding 1 volume 
of PEG solution (20% in 2.5 M NaCl), and then the tubes 
were gently mixed and incubated for 15 min at 37°C. The 
mixture was quickly agitated and incubated at 37°C for 
15 min, centrifuged and the precipitate was washed twice 
with ice cold 80% ethanol.

Sequencing of the amplified fragments was carried 
out using the ABI Prism BigDyeTM Terminator Cycle 
Sequencing Ready Reaction Kit and Ampli-Taq® DNA 
Polymerase. For each reaction we used 2 ml of BigDyeTM, 
2 µl of Save Money buffer (200 mM Tris-HCl, pH 9.0, 5 
mM MgCl2), 3 µl of primer (10 mM), 30 to 90 ng of DNA, 
and 1.5 µl of autoclaved Milli-Q water. The thermocycler 
program was set for an initial denaturation step at 96°C for 
10 s, 50°C for 20 s, and 60°C for 4 min and a final process 
of 4°C with a 1°C per second ramp. 

Sequence reactions were purified by precipitation with 
isopropanol and analyzed in the ABI Prism® 377 (Applied 
Biosystems, US) automatic sequencer at 51°C for 7 h, with 
1200 scans per hour and 1680 V of electrophoresis voltage. 

The consensus sequences were obtained through the 
analysis of the sense and antisense sequences of each PCR 
fragment employing the BioEdit Sequence Alignment 
Editor program (Hall 1999). 

Analysis of genetic variation in populations must 
consider, besides the genetic drift, other forces that may 
be involved in alterations of allelic/haplotypic frequencies 
such as mutations, natural selection and the combination 
of both since the polymorphism pattern in populations is 
affected by selection (Tajima 1989, Fernandes-Matioli 
2001). The Tajima’s D (Tajima 1989) and F* & D* neu-
trality tests  (Fu & Li 1993) as well the estimated mean 
number of nucleotide differences per site (π), the propor-
tion of segregating sites (S) and the number of haplotypes 
per sample (k) were performed using the DnaSP program 
version 4.0 (Rozas et al. 2003).  

The relationships between Ae. aegypti haplotypes 
were inferred in Network Software  to create an unrooted 
haplotype network, using star contraction (Röhl 1999 apud 
Forster et al. 2001). The analysis of molecular variation 
(AMOVA) based on methodology described in Excoffier 
et al. (1992) is a technique which determines the amount of 
variation due to population substructure given an a priori 
set of population hierarchies using Φst (de Brito et al. 
2002). The analysis was conducted in Arlequin 2.0 (Sch-
neider et al. 2000). The first model tested considered that 
there was no hierarchy in the localities. A second model 
considering geographical/ecological patterns was tested. 
The AMOVA provided an overall estimate of population 
differentiation similar to Fst following Slatkin (1991) 
across the three samples locations.

results

Sequencing, analysis, and sequence alignment - The 
fragment of 361 base pairs of the gene ND4 was sequenced 
in 19 individuals from Piura, 17 from Iquitos, and 19 from 
Lima (Table II). The alignment of consensus sequences 
was performed visually.

Analysis of polymorphism indexes - Table II summa-
rizes the results of polymorphism indexes found among 
55 sequences. We found three haplotypes. Haplotype I was 

present in Iquitos and Lima populations and haplotypes 
II and III were determined in  Piura population. Fourteen 
polymorphic sites were identified. All mutations were 
synonymous. Nucleotide diversity was estimated for the 
three Peruvian populations. 

Neutrality tests - Neutrality tests were applied in 
grouped Peruvian populations. A significant neutrality 
deviation was detected in the neutral selectivity test D* 
(Table III). Due to homogeneity of the Iquitos and Lima 
sequences, the tests were repeated only in the Piura popu-
lation, in an attempt to show that the neutrality deviation 
of Peruvian sequences as a whole is being caused by the 
heterogeneity of the Piura sequences. As it can be seen in 
Table III, the Piura population showed significant neutral-
ity deviation in test D*. 

TABLE II
Polymorphism indexes of the three peruvian populations of 

Aedes aegypti

Population N K Haplotype π

Iquitos 17 1 I 0.0
Lima 19 1 I 0.0
Piura 19 2 II ; III 
0.00855
All 55 3               I ; II ; III             0.00790

N: sample size; K: haplotypes per population; π: nucleotide 
diversity

TABLE III
Neutrality tests of  three Peruvian populations and Piura 

population

Populations Tajima’s D Fu & Li’s F* Fu & Li’s D*

Lima, Iquitos, – 0.20236a 1.12406a 1.54547b

and Piura 

Piura – 0.06802a 1.16591a 1.43728b

a: P > 0.10 not significant; b: P < 0.05 significant

Analysis of haplotype network - The analysis resulted 
in an unrooted cladogram where each mutational step 
is represented (Fig. 2). Three different groupings were 
defined —haplotype I, haplotype II, haplotype III. Hap-
lotype I, which encompasses all individuals from Iquitos 
and Lima, is distant from haplotype II, common to 16 
individuals in the Piura population, in four mutational 
steps (Fig. 2). The other three individuals of the Piura 
population show haplotype III, which is connected to the 
other two haplotypes in the cladogram by 10 mutations 
(Fig. 2). As showed in Fig. 2, haplotype III differs from 
haplotype II by 11 nucleotides and it differs from haplo-
type I by 13 nucleotides. The same groups were found in 
Mexican populations (Gorrochotegui-Escalante 2000, data 
not showed here).
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AMOVA analysis - We performed AMOVA to in-
vestigate population differentiation. Our first estimate 
considered all localities in an island model (without any 
specific hierarchy). This analysis produced a Φst value 
of 0.89930 (p < 0.00001) with 89.93% of the total varia-
tion between the populations and just 10.07% within the 
populations (Table IV). 

In a second estimate, a geographical/ecological hier-
archy was tested by separating the populations into two 
groups: the west of the Andes with a drier climate (Lima 
and Piura) and the east of the Andes with a hot and humid 
climate (Iquitos). Results of the analysis showed strong 
structuring where the highest covariation component 
(124.20%) is due to differences among populations within 
the groups (Φsc = 0.77804, p < 0.001, Table V). That is 
a result of the great distance between the Lima and Piura 
haplotypes, here clustered in the same group. 

discussion

Several studies on population genetics have evalu-
ated the variation and genetic structure of Ae. aegypti 
populations. Generally speaking, high genetic variability 
has been found in this species and the variability pattern 
suggests there are genetically differentiated subpopula-
tions among the many locations analyzed (Yan et al. 1999, 
Gorrochotegui-Escalante et al. 2000, de Souza et al. 2000, 
Fraga et al. 2003). 

Genetic variability in Ae. aegypti was found in the 
present study. The characterization of three Peruvian 
haplotypes allowed for an estimated nucleotidic diversity 
of  π = 0.00790 (Table II). This variability is due only to 
the Piura samples (π = 0.00855, Table II) since they have 
two haplotypes, while Lima and Iquitos samples share the 
same haplotype. Therefore, the variability of the sampled 
Peruvian populations is not related to an increase in geo-
graphical distribution: the distribution of the Piura popula-
tion is much smaller than that of all Peruvian populations. 
However, the nucleotidic diversity of Piura samples was 
the highest, suggesting that the isolation-by-distance 
mechanism is not responsible for this diversity. 

The infinite-sites model seems adequate to explain the 
polymorphism observed in ND4 fragment, since of the 14 
polymorphic sites observed, all are synonymous mutations 
(Table II).  The only neutrality deviation detected for the 
Peruvian populations in test D* (Fu & Li 1989, Table III) 
was attributed to a great number of polymorphic sites 
found in Piura sequences. This fact is reinforced by the 
significant positive neutrality deviations in test D* carried 
out only for Piura sequences (Table III). As showed by de 
Brito et al. (2002), significantly positive results for neutral-
ity deviation may suggest population substructuring.

The AMOVA analysis showed that: (1) there is a popu-
lation structuring (Table IV) and (2) the most important 
component in the found variability is due to the varia-
tion among populations of the same group, i.e. given the 
geographical/ecological hierarchy proposed, the highest 
variability is a result of differences between the Lima and 
Piura populations (Table V). That can be explained by the 
genetic distances in Piura in comparison to the other two 

Fig. 2: haplotype network of  haplotypes of Aedes aegypti from Peruvian 
populations. Arrows indicate the cities where mosquitoes were collected. 
Numbers are the mutational positions in a 361 bp fragment.

TABLE IV
Partition (without hierarchy) of variation in the frequency of ND4 haplotypes among Aedes aegypti from Peru

Source of variation d.f. Variance components % of variation Φ Statistics

Among populations within groups   2 0.45120 89.93 Φst = 0.89930a

Within populations 15 0.05053 10.07 -        

a: P < 10-5

TABLE V
Partition of variation in the frequency of ND4 haplotypes among Aedes aegypti from Peru. Hierarchy: group 1 - West from 

Andes, hot and dry (Lima and Piura) and group 2 - East from Andes, hot and humid (Iquitos)

Source of variation d.f. Variance components % of variation Φ Statistics

Among groups    1  – 0.93545 –59.64    Φct = – 0.59636 a
Among populations within groups   1    1.94825 124.20 Φsc = 0.77804 b
Within populations 19    0.55579   35.43 Φst = 0.64568 b   

a: not significant; b: P < 0.001
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populations, since both haplotypes verified for Piura differ 
from haplotype I shared by the Lima and Iquitos popula-
tions. Besides, haplotype III from Piura is genetically very 
far from haplotype I, thus increasing the variation between 
populations. The highly significant F-values Φst = 0.64568 
and Φsc = 0.77804 indicate high structuring in the Peruvian 
populations (Table V). Since Lima and Iquitos share hap-
lotype I, the structuring found reinforces the hypotheses 
of restricted genic flow of the ND4 gene between these 
two populations and the Piura population.

Concerning the low capacity of active dispersion of the 
Ae. aegypti  mosquito (Trips & Hausermann 1986, Muir 
& Kay 1998), it was expected that the existence of a road 
connecting Piura and Lima (Fig. 1) could be an ultimate 
passive dispersion factor for the existence and maintenance 
of the genic flow and the genetic proximity between the 
populations of the two locations. Moreover, the isolation 
of Iquitos, caused by geographical and climatic (low tem-
peratures) barriers represented by the Andes (Fig. 1) would 
be another determining factor to make the Piura and Lima 
samples more genetically closer between them when com-
pared to Iquitos samples. However, this pattern could not 
be observed for the ND4 gene in these populations. Genetic 
relations between haplotype I from Lima and haplotypes II 
and III from Piura depicted in the network in Fig. 2 refute 
the hypotheses of higher genetic proximity of these two 
populations in comparison to Iquitos samples. This pattern 
of genetic distances non-related to geographical distances 
has already been described for Ae. aegypti. In a study with 
alozymes carried out in Argentinean populations, de Souza 
et al. (2000) showed that the three populations analyzed 
were genetically close. Nevertheless, the highest genetic 
distance observed was between the cities of Buenos Aires 
and Zárate, which were geographically closer.

As for the close relationship between haplotypes I and 
II (Table II, Fig. 2), this study suggests that a similar lin-
eage was introduced in these locations and it has possibly 
dispersed from one region to another by human movement, 
considering the geographical and climatic restrictions 
previously mentioned. 

Fonseca et al. (2001) analyzed the genetic structure 
of Ae. (Finlaya) japonicus populations in Japan and the 
United States using ND4 sequences. The results showed 
geographically differentiated Japanese populations, in-
dicating limited gene flow. For populations of American 
cities, a significant genetic differentiation among samples 
suggested multiple introductions of the species as showed 
in our present study.

The existence of genetically distant haplotype III  sug-
gests the occurrence of at least two introductions of Ae. 
aegypti in Piura. Haplotype II might have derived from 
haplotype I (or vice versa) by means of recent mutations 
of this lineage. An evident division of these ND4 haplo-
types into two genetically distinct groups can be observed 
through our data and Mexican population data (Black 
IV, pers. commun.). Thus, viral susceptibility, vectorial 
competence, resistance to insecticides and ecological ad-
aptations can be different among the Peruvian populations 
of Ae. aegypti  as showed in other populations (Lourenço-
de-Oliveira et al. 2002, Fraga et al. 2003). 

Therefore, knowledge of genetic variation of the vector 
populations related to geographical and/or historical fac-
tors can be highly informative when developing effective 
control strategies. 
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