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ABSTRACT. Genetic variability of a population of Adedes aegypti from Parana, Brazil, using the mitochondrial ND4 gene. To
analyze the genetic variability of populations of Aedes aegypti, 156 samples were collected from 10 municipalities in the state of
Parana, Brazil. A 311 base pairs (bp) region of the NADH dehydrogenase subunit 4 (ND4) mitochondrial gene was examined. An
analysis of this fragment identified eight distinct haplotypes. The mean genetic diversity was high (h = 0.702; m = 0.01556).
AMOVA analysis indicated that most of the variation (67%) occurred within populations and the F  value (0.32996) was highly
significant. F values were significant in most comparisons among cities. The isolation by distance was not significant (r=-0.1216
and p = 0, 7550), indicating that genetic distance is not related to geographic distance. Neighbor-joining analysis showed two
genetically distinct groups within Parana. The DNA polymorphism and AMOVA data indicate a decreased gene flow in populations
from Parana, which can result in increased vectorial competence.
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RESUMO. Variabilidade genética de uma populacdo de Aedes aegypti do Parana, Brasil, usando o gene mitocondrial ND4. Para
analisar a variabilidade genética de populagdes de Aedes aegypti, 156 amostras foram coletadas em dez cidades do estado do
Parana, Brasil. Foi examinada a distribui¢do dos 311 pares de base do gene que codifica a subunidade 4 da enzima NADH
desidrogenase. Pela amplificagdo e o sequenciamento deste fragmento foram identificados 8 haplotipos distintos. Os valores de
diversidade genética foram altos (h = 0.702; p = 0.01556). A analise de AMOVA indicou que a maior variagdo ocorreu dentro das
populagdes com um valor de FST de 0.32996 altamente significativo. Valores de FST foram significativos na maior das compara-
¢oes entre as cidades. O isolamento por distancia ndo foi significativo (r=-0.1216 e p = 0.755), indicando que a distdncia genética
ndo esta relacionada a distancia geografica. A analise de Neighbor-joining mostrou dois grupos genéticos distintos dentro do
estado do Parana, grupo I e grupo II. O polimorfismo de DNA e os dados de AMOVA indicam decréscimo de fluxo génico no

estado do Parand, o que pode resultar em aumento da competéncia vetorial da populacao.

PALAVRAS-CHAVE. dedes aegypti; DNA mitocondrial; estado do Parana; genética de populagdes; variabilidade genética.

Aedes (Stegomyia) aegypti (Linnaeus, 1762) has great
epidemiological importance because it is the main vector of
four serotypes of the dengue virus in urban areas. Aedes
aegypti originated in the African continent (Ethiopic region).
It arrived in the Americas aboard slave ships, became estab-
lished and spread throughout the New World in the 17th and
18th centuries (OPAS 1995).

The distribution of Ae. aegypti covers the entire Brazilian
territory. In the state of Parana, the mosquito it is mainly found
in regions with warm and wet climate (Forattini 2002). It is not
well known when the pest first arrived in the state, although the
first described cases of yellow fever date to the beginning of the
17th century (Roncaglio ef al. 2001). In 1985, after supposed
eradication from the country, Ae. aegypti was detected by Lopes
et al. (1993) in Londrina, Parana. The geographic distribution
area of the mosquito has increased in the state since 1995. The
increase in cases of dengue fever and hemorrhagic dengue, es-
pecially in the north and west regions of the state, occured be-
cause the vector has dispersed as a result of commercial trade,
and also because solid residues from urban areas were not dis-
posed of properly (Duque et al. 2010). Information on genetic

variation within and between populations is important for out-
lining new strategies for local and regional vector control.

Since 1950, there have been advancements in genetic stu-
dies of mosquitoes, especially species of Aedes, Anopheles
and Culex, generating information on chromosome numbers
and heterochromatin distribution, as well as on genome size
and organization (Rai 1999).

Several analyses have been undertaken using DNA se-
quences to evaluate genetic variability of Ae. aegypti. Exten-
sive DNA-based genetic studies, using microsatellites (Huber
etal 2002), RFLP (restriction fragment length polymorphism)
(Yan et al. 1998), and RAPD (Random Amplification of Poly-
morphic DNA) (Apostol et al. 1996; Gorrochotegui-Escalante
et al. 2000; Sousa ef al. 2001; Santos et al. 2003; Ocampo &
Wesson 2004; Paduan ef al. 2006) were published. Ayres ef al.
(2003) assessed the genetic diversity of Ae. aegypti popula-
tions from five states in Brazil, employing 47 RAPD loci.
Results of analyses revealed a high polymorphism and ge-
netic differentiation among populations.

Mitochondrial DNA (mtDNA) is widely used as a genetic
marker in population and evolutionary biology. It is generally
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assumed that the variation in mtDNA sequences is neutral with
respect to fitness, and that the patterns of nucleotide variation
can be used to infer the evolutionary histories of populations
and closely related species (Fos et al. 1990; Nigro & Prout 1990).

Mitochondrial DNA polymorphism is a widely used tool
for assessing species gene flow (Excoffier 1992; Brower
1994, Birungi & Munstermann 2002; Brito ef al. 2002), and
has been widely employed in population genetic studies of
Ae. aegypti from different geographic regions, particularly
where the dengue fever is endemic (Apostol 1996; Gorrocho-
tegui-Escalante et al. 2000; Gorrochotegui-Escalante et al.
2002; Herrera et al. 2006).

The ND4 mitochondrial gene, which codifies the subunit
4 of the NADH dehydrogenase enzyme, is a great tool for ana-
lyzing genetic population structure and colonization events in
Ae. aegypti. Such analyses were carried out in Mexico, Thai-
land, Peru, Venezuela, USA and Brazil (Gorrochotegui-Esclante
et al. 2002; Bosio et al. 2005; Costa-da-Silva et al. 2005:
Herrera et al. 2006; Bracco et al. 2007; Paduan & Ribolla 2008;
Urdaneta-Marquez et al. 2008; Lima-Jinior & Scarpassa 2009).

The purpose of this study was to investigate, for first time,
the genetic variability of Ae. aegypti populations from ten
municipalities in Parana, Brazil. For that purpose we em-
ployed DNA sequences of the ND4 gene.

MATERIAL AND METHODS

Mosquitoes collection. Populations were obtained from
ten cities in the state of Parana, south Brazil, as follows:
Andira, Bandeirantes, Barra do Jacaré, Florai, Jacarezinho,
Londrina, Maringd, Nova Londrina, Palotina, Paranavai. A
total of 156 individuals were collected. The collection sites
are listed in Table I, and the geographical locations of all
sampling sites are shown in Fig. 1.

Mosquito eggs were collected with ovitraps placed in sev-
eral urban locations. Eggs were reared to the adult stage and

Nova Londrina

@®— Palotina

Paranavai

a random sample of the adults was preserved in 100% ethyl
alcohol and maintained at — 70°C for analysis.

DNA extraction, amplification and sequencing of ND4
gene. Individual mosquitoes were placed in 1.5 ml micro-
centrifuge tubes, homogeneized with 160 pL of lysis buffer
(Tris HCL pHS8,0 200 mM, NaCl 2,0 M, EDTA 70 pH 8.0 70
mM and sodium dodecyl sulfate 1%) and incubated at 60°C
for 30 min followed by addition of 50 pL of chloroform:
isoamilic (24:1). The mixture was centrifuged at 13000 g for
15 min. The DNA present in the supernatant was precipi-
tated by ethanol. The final DNA pellet was reconstituted in
TE buffer (10 mM Tris HCI, 1 mM EDTA pH 8.0) in a con-
centration of 20 ng/uL and stored at -70°C. DNA concentra-
tion was measured in NanoDrop 2000 spectrophotometer
(Thermo Scientific).

DNA samples were used as templates to amplify a 336-
base-pair (bp) fragment of the mitochondrial ND4 gene. The
primers used were NDA4: 5°- ATT GCCTAA GGCTCATGT
AG-3’and ND4R: 5’-TCG GCTTCCTAGTCGTTC AT -3’
(Costa da Silva et al. 2005). In each experiment, a negative
control was used. Polymerase chain reactions (PCR) were car-

Table I. Locations, geographical coordinates, and sample sizes of Aedes
aegypti collections in the state of Parana, Brazil.

Municipality Latitude/Longitude Number of individuals
Andira 23°02°407S/50°13 41”W 5
Bandeirantes 23°06°407S/50°21°32”W 18
Barra do Jacaré  23°06°237S/50°10°47”°W 18
Florai 23°17°047S/52°18°14”W 18
Jacarezinho 23°09°437S/49°58°11”"W 26
Londrina 23°17°46”S/51°10°18"W 18
Maringa 23°25°087S/51°56°40”"W 20
Nova Londrina ~ 22°46°25”S/52°59°18”W 4
Palotina 24°16°517S/53°50°27"W 15
Paranavai 23°01°217S/53°50°59”"W 14
Total 156

Flora Maringa

Bandeirantes Andira

Jacarezinho

Londrina

Barra do Jacaré

Fig. 1. Map of Brazil showing the state of Parana and the sites where Aedes aegypti was collected.
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ried out in a total volume of 25 pL using standard protocols,
with 2 mM Mg™, 20 mM Tris-HCI (pH 8.4), 50 mM KCI, 0.2
mM dNTPs, 10 pmols of each primer, 1 U Taqg DNA plymerase
(SIGMA) and 1 puL of template DNA. The PCR termocycler
profile consisted of: initial denaturation at 96°C for 2 min fol-
lowed by 35 cycles at 94°C for 1 min, 56°C for 30 s, and 72°C
for 1 min, and final extension at 72°C for 7 min. Each reaction
was performed in AmpliTherm Thermal Cyclus. For sequenc-
ing, the PCR products were purified using QIAquick PCR Pu-
rification Kit (QIAGEN). Sequence reactions were carried out
directly in both strands of DNA using ABI Big Dye chemistry
(PE Applied Biosystems, Foster City, CA) and the sequences
were generated with ABI 377 automated sequencer. The am-
plified ND4 region corresponds to 336 bp at positions 8405 to
8741 in the Ae. aegypti mitochondrial genome (GenBank ac-
cession number NC_010241).

Statistical analysis. Consensus sequences were obtained
with the Staden Package Program (Staden ef al. 2001). These
sequences were edited using the BioEdit Alignment Editor
program (Hall 1999) and aligned in CLUSTAL X (Thomp-
son et al. 1994). Haplotype genealogy based on the parsi-
mony method was generated using the program TCS v. 1.21
(Clement et al. 2000). The DnaSP v.5 software (Rozas et al.
2003) was used to estimate the genetic diversity of the
haplotypes (%) and nucleotides (p), the number of variable
sites (NV) and the average number of nucleotide differences
(K). Tajima’s D (Tajima 1989) and Fu’s Fs (Fu 1997) neu-
trality tests, as well haplotype and nucleotide differences (K)
and sequence divergence (D), estimated between the
haplotypes, were carried out using the DnaSP software.

The program Arlequin (Excoffier et al. 2006) was used to
estimate genetic distance and gene flow using F' and Nm va-
lues, respectively, and to perform a hierarchical analysis
(AMOVA). The number of migrants per generation (Nm) was
obtained through F values using the formula £, = 1/2Nm+1.

Mantel test (Mantel 1967) was used to estimate the cor-
relation between genetic (F;) and geographic (km) distances.
The IBDWS v. 3.3 software was used to test isolation by dis-
tance. Geographical distances for this analysis were obtained
using Google Earth 6 (http://www.google.com. br/intl/pt-br/
earth/index.html).

We used Mega software (Tamura ef al. 2007) to generate
Neighbor-Joining (NJ) tree (Kumar et al. 2004) using the
Kimura 2-parameter genetic distance model. Bootstrap sup-
port was estimated with 1000 replicates. Aedes albopictus
(Skuse) (GenBank EF153761) and Culex quinquefasciatus Say
(GenBank AY793692.1) were used as outgroups.

The haplotypes of this study are deposited in GenBank
under accession JN089748-JN089755. They were compared
with those of a previous study, from the Brazilian Amazon —
EU650405-EU650417 (Lima-Junior & Scarpassa 2009) Ame-
ricas, Africa and Asia—DQ 176828 —DQ176831, DQ176833-
DQ176843 and DQ176845-DQ176849 (Bracco et al. 2007),
Mexico AF334841-AF334865 (Gorrochotegui-Escalante et al.
2002) and Peru — DQ1777153-DQ177155 (Costa-da-Silva et
al. 2005).

RESULTS

Distribution and frequency of haplotypes. The ND4
fragment contained 336 bp; however, only 311-bp were used
for phylogenetic and population genetic analyses. A total of
156 individuals were sequenced. The analyses revealed the
existence of eight haplotypes (H1, H2, H3, H4, H5, H6, H7
and H8) (Genbank accession number JN 089749 to JN
089755, respectively). The haplotypes showed 12 polymor-
phic sites, all informative (Table IT), and were distinguished
by eleven transitions (C <T or G <A) at positions 48, 53, 83,
98,131, 176,215,224,233,254,293 and by one single trans-
version (A ©T) at position 95. The average nucleotide com-
position was 44.18% A, 28.29% T, 19.68% C, and 7.84% G,
with a G+C bias of 28.9%.

Table 11. Variable sites in eight haplotypes identified from a 311-bp fragment
of the NADH dehydrogenase subunit 4 (ND4) mitochondrial gene.

Haplotypes 48 53 83 95 98 131 176 215 224 233 254 293

H1 g a t t t a a t a g t a
H2 g g ¢ t ¢ g g ¢ g a t g
H3 g g t a t a a t a g c a
H4 g a ¢ t ¢ g g ¢ g a t g
HS5 g a t t ¢ a a t a a t a
Hé6 a g t a t a a t a g cC a
H7 g a t t t g g ¢ g a t g
H8 g a t a t a a t g a t g

The most frequent haplotype was haplotype 3 (44.2%),
followed by haplotype 1 (23.7%) and haplotype 4 (18%)
(Table IIT). Haplotype 3 was found in all localities, except in
Maringa. Haplotypes 5 and 8 were detected only in samples
from Maringd, and haplotype 7 only in samples from Bandei-
rantes. In samples from Palotina, only haplotype 3 was de-
tected.

Analysis of haplotype network. The analysis resulted in
an unrooted network in which each mutational step is repre-
sented in Fig. 2 (Clement et al. 2000). Eight different group-
ings were defined: haplotype 1, haplotype 2, haplotype 3,
haplotype 4, haplotype 5, haplotype 6, haplotype 7 and hap-
lotype 8. Haplotype 3, represented by a rectangle, is likely
the oldest, being separated from H6, H1, H7, HS, H4, H2
and HS by one, three, four, seven, eleven, twelve and eigh-
teen mutational steps, respectively.

Genetic variability. The samples from Londrina showed
the highest level of haplotype diversity, followed by Nova
Londrina and Jacarezinho samples, K = 5.55, 5.5 and 4.5,
respectively (Table IV). The highest level of nucleotide di-
versity was detected in the samples from Nova Londrina (4 =
0.83) and Londrina (4 = 0.73). There was no haplotype and
nucleotide variation in samples from Palotina.

Neutrality tests. Neutrality tests were applied in grouped
and non-grouped Parand populations. A significant devia-
tion from the null hypothesis of neutrality was detected in
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Fig. 2. Haplotype network of a 311 bp NADH dehydrogenase 4 region of
mtDNA of 156 samples of dedes aegypti. Each line in the network repre-
sents a single nucleotide mutation. The size of the ellipse is proportional to
the number of individuals found for each haplotype. Blank circles indicate
mutational steps between haplotypes. Numbers correspond to haplotypes
referred to in the text and in the Table III.

test D (Table V) in the population from Londrina (p <0.01)
when the populations are grouped (p <0.001). Fuand Li’s D
test result was significant for the populations from Barra do
Jacaré¢, Florai, Jacarezinho (p < 0.05). A significant devia-
tion from neutrality was observed in the Fu and Li’s F test
when the populations were grouped (p < 0.02), and in the
populations from Jacarezinho (p < 0.02). Fu’s Fs neutrality
tests showed positive values in all samples.

Amova analysis. We performed AMOVA analysis, sepa-
rating the populations according to their cities (Table VI). The
greatest variation was within the populations themselves (67%).
Nevertheless, the percentage of variation was lower among
samples (33%). The results obtained for genetic distance (F, =
0.32996: p < 0.05) indicate strong structuring. Most of the F,
values in comparisons among cities were significant (Table VII).
Not considering the F', values of Andird and Nova Londrina,
due the small size of the populations, the highest value of F,
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Table III. Haplotype frequencies in ten Aedes aegypti populations, and
haplotypes found in the published literature, using the NADH dehydrogenase
subunit 4 (ND4) mitochondrial gene.

Municipality Hl H2 H3 H4 HS H6 H7 HS8 Total

Andira 1 0 3 1 0 0 0 0 5
Bandeirantes 10 6 0 0 1 0 18
Barra do Jacaré 0 1 14 3 0 0 0 0 18
Florai 2 4 2 10 0 0 0 0 18
Jacarezinho 0 19 7 0 0 0 0 26
Londrina 5 0 5 7 0 1 0 0 18
Maringa 13 2 0 3 0 0 2 20
Nova Londrina 2 0 2 0 0 0 0 0 4
Palotina 0 15 0 0 0 0 0 15
Paranavai 4 0 8 0 0 2 0 0 14
Total 37 13 70 28 2 3 1 2 156
Percentage (%) 23.7 83 449 180 13 19 0.06 13
Amazon'! H2 H6 HIO0

Peru? H8

AAA? H17

! Haplotypes from the Brazilian Amazon (Lima-Junior & Scarpassa 2009).
2 Haplotype from Peru (Costa-da-Silva et al. 2006).
* Haplotype from Americas-Asia-Africa (Bracco et al. 2007).

Table IV. Genetic variability of ten populations of Aedes aegypti from the
state of Parand, Brazil, using the NADH dehydrogenase subunit 4 (ND4)
mitochondrial gene.

Population NH NV K h l
Andira 3 8 3.20 0.400 0.01000
Bandeirantes 4 11 4.29 0.610 0.01400
Barra do Jacaré 3 11 4.30 0.400 0.01300
Florai 4 11 3.81 0.650 0.01200
Jacarezinho 2 11 4.50 0.410 0.01400
Londrina 4 12 5.55 0.730 0.01800
Maringa 4 5 1.40 0.560 0.00400
Nova Londrina 2 11 5.50 0.830 0.01700
Palotina 1 0 NC 0 0
Paranavai 3 4 1.58 0.610 0.00500
All 8 12 4.82 0.702 0.01556

NH = Number of haplotypes; NV = Number of variable sites; K = average
number of nucleotide differences; h = haplotype diversity; 7 = nucleotide
diversity; NC = not calculated.

Table V. Neutrality tests of ten populations of Aedes aegypti from the state
of Parana, Brazil, using the NADH dehydrogenase subunit 4 (ND4)
mitochondrial gene.

Population — .Tests -

Tajima's D Fuand Li's D Fuand Li's ¥ Fu's Fs
Andira -1.7432 -1.22979 -1.17432 3.679
Bandeirantes 1.25099 0.16397 0.54427 4.435
Barra do Jacaré 1.00198 1.51783*** 1.43825 5.976
Florai 0.70641 1.42217%** 1.43761 3.902
Jacarezinho 1.86643 1.82958%** 1.43837%* 10.995
Londrina 2.18065%** 1.06475 1.59603 5.748
Maringa -0.02030 1.18636 0.97968 0.803
Nova Londrina  -0.83741 -0.84240 -0.83741 1.655
Palotina NC NC NC NC
Paranavai 0.85013 1.16427 1.23298 1.931
All 3.15744%* 1.44835 2.47881%* 7.092

*p <0.01; ** p < 0.02; *** p < 0.05.
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Table VI. Analysis of molecular variance in the frequency of the NADH
dehydrogenase subunit 4 (ND4) mitochondrial gene haplotypes among
Aedes aegypti populations from the state of Parana, Brazil.

Sou‘rce‘ of af Sum of Variance Percer_lta.ge

variation o squares components  of variation
Among population 9 128.226 0.82139 Va 33.00
Within population 146 243.524 1.66797 Vb 67.00
Total 155 371.750 2.48936

Fixation index p < 0.05. F: 0.32996.

was observed among populations of Palotina vs. Maringa, be-
cause of the presence and absence of Haplotype 3, respectively.

Genetic isolation by distance. Pairwise linearized F',
values were regressed against pairwise geographic distance
among populations to determine if gene flow among popula-
tions was correlated with geographic distance (i.e., to test
for isolation by distance). The values found werer =-0.1216
and p = 0. 7550, indicating no correlation between genetic
and geographic distance among populations.

Phylogenetic analysis. The Neighbor-Joining clustering
of eight haplotypes, using Aedes albopictus and Culex
quinquefasciatus as outgroups, recovered two majors groups
(Fig. 2). Group I is composed of five haplotypes: haplotype
3, the most frequent (H3), haplotype 6 (H6), haplotype 8,
observed only in Maringd samples, haplotype 1 (H1), the
second most frequent (H1), and haplotype 5 (H5), which was
also observed only in samples from Maringa. Group II is
composed of three haplotypes: haplotype 4, the third most
common (H4), haplotype 2, the fourth most common (H2),
and haplotype 7 (H7), the less frequent.

DISCUSSION

Populational parameters of genetic variability in our re-
sults showed that the specimens of Ae. aegypti collected in
Parana, Brazil, were similar to other insect populations that
had already been assessed. The G + C composition (28.9%)
of the obtained sequences is similar to that in the mtDNA of
other insects (Clary & Wolstenholme 1985; Bernasconi et
al. 2000; Mirabello & Conn 2006).

Our study is the first published in Brazil that shows the
genetic variability of the ND4 in populations of 4e. aegypti in

Parana. In a previous study, Bracco ef al. (2007) sequenced
the same fragment of the ND4 gene from two specimens from
Foz do Iguagu and three specimens from Maringa. Paduan &
Ribolla (2008) employed ten specimens from Londrina.

In the present study, eight haplotypes were detected.
Haplotype 3, the most frequent (44.2%), was not detected at
all cities surveyed. This haplotype was absent from Maringa,
although Bracco et al. (2007) had previously found it there.
The cities where haplotype H3 was most frequent were Palotina
(100%) and Barra do Jacaré (77.7%). In a study in the Ameri-
cas, Bracco et al. (2007) found haplotype H3 (named as H17)
in Ananindeua (Para), Presidente Prudente (state of Sdo Paulo)
and Rio Branco (state of Acre), and observed that it is exclu-
sive to Brazil, with wide distribution in the country. Paduan &
Ribolla (2008) detected haplotype H3 (named as H19) in
Barretos (Sao Paulo) whereas Lima-Jinior & Scarpassa (2009)
found it in the Brazilian Amazon (named as H6), as the sec-
ond most frequent in their study. Costa et al. also observed
this haplotype in Brazil (named as H9) (unpublished data, but
sequence on Gen Bank, accession EF153752). Haplotype H3
was not found either in Mexico (Gorrochotegi-Escalante et
al. 2002) or in Peru (Costa-da-Silva et al. 2005). Therefore, in
agreement with Lima-Jinior & Scarpassa (2009), H3 may have
originated in Brazil.

Haplotype 1 was the second most frequent (23.7%) among
the populations analyzed. This haplotype was absent from Barra
do Jacaré, Jacarezinho and Palotina. Similarly to H3, H1 has
been detected in only in Brazil, by Lima-Junior & Scarpassa
(2009) in the Amazon Region, and by Paduan & Ribolla (2008)
in Sdo Paulo. As haplotype 3, haplotype 1 may have arised in
Brazil and is widely distributed in the country.

The third most frequent haplotype, H4, has previously
detected in three studies in Brazil, Belém (state of Pard)
(Lima-Juinior & Scarpassa 2009) (as H10), Juazeiro do Norte
(state of Ceard) (Paduan & Ribolla 2008) (as clone 5). This
haplotype has not been detected in populations from Mexico
(Gorrochotegui-Escalante ez al. 2002) and from Peru (Costa-
da-Silva et al. 2005).

Haplotype 2, contrasting with the others, had only been
previously detected in Peru (as H8) (Costa-da-Silva et al. 2005).
This haplotype may have been introduced in Brazil from Peru
because previous studies did not reveal its presence in the coun-

Table VII. Genetic distances (FST values) and effective number of migrants (Nm), above and below the diagonal, respectively, using the NADH
dehydrogenase subunit 4 (ND4) mitochondrial gene, among populations of Aedes aegypti from the state of Parand, Brazill.

Population Ban Bar Flo Jac Lon Mar Pal Par
Ban - 0.283* 0.206* 0.222* -0.008 0.224* 0.61* 0.432*
Bar 1.27 (18.5) - 0.466* -0.410 0.114* 0.314* 0.152 0.078
Flo 1.92 (199.1) 0.57 (216) - 0.398* 0.185* 0.622* 0.620%* 0.669*
Jac 1.75 (37.1) Inf. (22.4) 0.75 (237) - 0.068 0.265* 0.183* 0.103
Lon Inf. (85) 3.89 (104) 2.20 (115) 6.85 (122) - 0.209* 0.442* 0.340*
Mar 1.09 (162) 1.09 (183) 0.3 (39.5) 1.39 (200) 1.89 (78.5) - 0.682* 0.340%*
Pal 0.32 (370) 2.79 (386) 0.3 (188) 2.23 (401) 0.63 (290) 0.23 (215) - 0.240*
Par 0.66 (214) 5.91 (232) 0.25 (29.5) 4.35 (249) 0.97 (112) 0.97 (66.6) 1.58 (196) -

Inf. = infinity; geographic distances (km) are in parentheses. And = Andira, Ban = Bandeirantes, Bar = Barra do Jacaré, Flo = Florai, Jac = Jacarezinho,
Lon = Londrina, Mar = Maronga, NL = Nova Londrina, Pal = Palotina, Par = Paranavai. * p > 0.05.
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try. Bottlenecks caused by insecticide treatments associated
with strategies to reduce the number of immatures in larval
habitats, are probably the causes of the presence of only four
major haplotypes and four haplotypes with very small frequen-
cies in collections from Parana. Ayres et al. (2004), have re-
ported that Brazilian populations of Ae. aegypti showed high
levels of genetic differentiation in areas treated with chemical
insecticide. In Parana, the dengue mosquito has been exposed
to insecticides for a long time. The intensive use of pyrethroids
and organophosphates on adults, and Temephos, on larvae, had
probably exerted selection pressure on the populations and
caused severe bottlenecks during vector control efforts.

The values of genetic diversity found in this study were
higher (h=0.702; == 0.01556) than for other species of mos-
quitoes, for instance Anopheles trinkae (h=0,559; w=0,0076)
(Conn et al. 1997), Anopheles albimanus (7= 0,0045-0,0051)
(de Merida et al. 1999) and Anopheles nuneztovari (h=0,564;
=0,0063) (Scarpassa ef al. 2000). In previous studies using
the ND4 gene of Ae. aegypti, some values found for h and p
were lower than those obtained in this study. Lima-Junior &
Scarpassa (2009), studying populations from Amazon, esti-
mated values for h = 0,676 and = 0.0113. Although Lima-
Junior & Scarpassa (2009) found a higher number of
haplotypes than that observed in the present study, our results
seem to indicate that Parana populations can be older than
those found in the Brazilian Amazon. Costa-da-Silva et al.
(2005) studied three populations from Peru, and Bosio et al.
(2005) evaluated 19 populations from Thailand, and found
lower value for p (0.0079). Gorrochotegui-Escalante et al.
(2002), studying populations from Mexico, found a w=0.0143.
Higher values of nucleotide diversity than those presented
herein were found in populations from Venezuela (m=0. 0187)
(Herrera et al. 2006), Americas-Asia-Africa (m = 0.0199)
(Bracco et al. 2007) and Brazil (7r=0.0174) (Paduan & Ribola
2008). Analyzing each population of this study, Nova Londrina
and Londrina showed the highest values of genetic diversity;
however, the relatively smaller sample size from Nova Londrina
(n=4) precludes inference on these parameters. Londrina is a
densely populated commercial center with people constantly
traveling in and out. This may contribute to the increase in
gene flow between populations of 4e. aegypti.

The deviation from neutrality detected for grouped popu-
lations in test D* (3.15744; p > 0.05) (Fu & Li 1993) was
positive but significant. Significantly positive results for
deviation from neutrality are an indication of balancing se-
lection or population substructure (Brito e al. 2002). In stu-
dies using mtDNA sequences, the neutral model is rejected
when results of the test is significantly negative (Rand ef al.
1994; Nachman 1998; Nielsen & Weinreich 1999). The val-
ues of Fu’s F'_ test, which is a great tool to assess population
growth, were positive. A positive value of F is an evidence
of a recent population bottleneck or overdominant selection.
F is a more sensitive indicator of population expansion and
genetic hitchhiking than Tajima’s D (Fu 1997).

The AMOVA analysis, in which all the populations are
grouped, showed that the most important component in the
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variability found is due to intrapopulational variation (67%).
This variation may be mostly related to the high levels of p
detected in populations from Londrina, Nova Londrina,
Jacarezinho, Bandeirantes and Barra do Jacaré. On the other
hand, the variation among populations was 33%. The aver-
age I, was 0.32996, suggesting substantial genetic struc-
ture among populations.

Gene flow was low among Parand populations (Nm =
1.062), despite the fact that most populations are situated
less than 200 Km apart from one another and share the four
most frequent haplotypes. This result suggests significant
populations structuring. Human movements can transport
mosquito eggs among urban areas, thus increasing genetic
similarity among geographically distant populations in north-
ern Parana. Similarly, Paduan ef al. (2008) observed low rates
of gene flow (Nm = 0.96) for populations from southeastern
Brazil, and some populations situated less than 250 Km apart
shared no haplotypes. In Mexico, Gorrochotegui-Escalante
et al. (2002) found that gene flow among the populations
decreases with increasing geographic distance. In the present
study, excluding the populations from Andira and Nova
Londrina, the gene flow pattern is correlated with the fre-
quencies of H3 and H1. The gene flow was extensive (Nm =
infinite) among populations from Londrina vs. Bandeirantes
(80 Km) and Jacarezinho vs. Barra do Jacaré (22.4 Km), prob-
ably, due to two factors: first, the short distance between the
cities; and second, the high frequency of haplotypes H1 and
H3, respectively.

Genetic isolation by distance, reflected in a decrease in
similarity among populations as they become farther apart
in space, was tested by Mantel test (Mantel 1967). Results of
this test found no correlation (r = -0.1216 and p = 0.7550)
between genetic and geographic distances. Based on this we
concluded that gene flow in these populations is not affected
by geographic distance.

In agreement with the results of previous studies (Gorrro-
chotegui-Escalante et al. 2002; Bosio et al. 2005; Herrera et
al. 2006; Bracco et al. 2007; Paduan & Ribolla 2008; Lima-
Junior & Scarpassa 2009) our neighbor-joining analysis of the
haplotypes of Ae. aegypti in Parana revealed two groups (I and
1) (Fig. 3). Group I encompass the most frequent haplotypes,
H1 and H3. This group is most likely older than group I1. Group

Group |

0.01

Group Il

Culex quinquefasci

Aedes albopictus

Fig. 3. Neighbor-joining (NJ) tree of Aedes aegypti haplotypes using the
Kimura 2-parameter genetic distance model. Bootstrap values are marked
under the respective nodes.
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I shared haplotypes with other Brazilian regions and group 11
shared one haplotype with Peru. These results are consistent
with the presence of two genetic lineages within Parana; group
I (the older lineage) may have persisted independently of ac-
tions aimed to control vector populations.
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