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Londrina is the fourth most populous city in southern Brazil. Its subtropical weather with rain in all seasons, as
well as its high population density, make the city perfect for the Aedes aegypti(Linnaeus, 1762) life cycle. Over
the last few years, Londrina presented high infestation indexes and was one of the cities with the most reported
cases of dengue. Uncontrolled use of synthetic insecticides may influence the mosquito’s genetic composition.
In this paper, we studied mitochondrial DNA and kdr mutations in Aedes aegypti. The analysis of the ND4 gene
in 330 specimens showed the presence of 27 haplotypes. The pyrethroid resistance alleles (kdr) evaluated are
present in the collected populations, with a 50% frequency of the Val1016lle and 48% of the Phe1534Cys mutations.
Such analysis of the mutations in the populations collected at the State University of Londrina’s campus - a
microenvironment that differs from the rest of the city - showed frequencies of 57% and 62%, respectively. The
low gene flow observed, Nm = 0.11 and Nm = 0.10, along with the elevated differentiation, F, = 0.19 and F = 0.18,
among populations suggest an influence of genetic drift. The strong presence of resistance alleles kdr in the
city is evident, which demonstrates that even with the interruption of the use of pyrethroids by the National
Dengue Control Program, resistance may be maintained due to domestic use. Thus, the results have shown the
need for genetic monitoring, alongside other entomological surveillance monitoring tools, to create strategies
of mosquito control.

Introduction

Dengue is a viral infection (DENV) transmitted by the Aedes
aegypti(Linnaeus, 1762) mosquito and can be asymptomatic, mild, or
severe (WHO, 2018). Since 1846, dengue has been reported in Brazil,
although only in 1986 did it become epidemiologically important
after an epidemic in Rio de Janeiro state, becoming endemic in Brazil
(Martins et al., 2008).

According to the Pan American Health Organization (PAHO), in the
last ten years, over 11 million dengue cases have been registered in Brazil.
In 2019, between Epidemiological Weeks (SE) 1 and 52 (12/30/2018
to 12/30/2019), more than 1,500,000 cases were registered in the
country, and 49,509 cases were registered in the South region alone.
Parand State recorded the highest number of cases in the South region
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(45,482 cases), with an incidence of 397.8 cases / 100,000 inhabitants
and 31 deaths (Ministério da Satide, 2020). In the present year of 2020,
between SE 1 and 26 (12/29/2019 to 6/27/2020), the South region has
already registered 276,873 cases, of which 260,307 cases (with an
indication of 2,276.6 cases / 100 thousand hab) are in Parana State.
In Brazil, control and monitoring strategies began several years
ago in a traditional way by making use of the Infestation Index Rapid
Survey for Ae. aegypti (LIRAa), elimination of habitats, either by
health agents or by the population through educational activities,
growth regulators and chemical insecticides (when the other types of
measurement are not possible to be performed) (Aradjo et al., 2015;
Zara et al.,, 2016). Currently, these traditional methods of breeding site
monitoring are the most efficient strategies available in the surveillance
of Ae. aegypti. Pyrethroid (PY) insecticides have been used to control
mosquitoes since 2000 as an alternative to organophosphate malathion,

@« HW: Hardy-Weinberg equilibrium; Kdr: Knockdown resistance gene; LIRAa: Infestation Index Rapid Survey for Ae. aegypti; NaV: Voltage-gated sodium channel; PY: Pyrethroids.
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and the first resistance report occurred a few years later (Lima et al.,
2003; Da-Cunha et al., 2005). Currently, synthetic PY is the most used
control mechanism by the population because it is easy to acquire in
supermarkets and practical use inside homes to control Ae. aegypti
adults (Saavedra-Rodriguez et al., 2018). However, the use of these
compounds by government campaigns and uncontrolled domestic
application represents a major collective health problem, as it leads
to the selection of highly resistant populations (Vontas et al., 2012).

Specifically, in Londrina (Parand, Brazil), chemical control with
adulticides, the focus of this paper, is carried out by the city following
the recommendations in the National Dengue Control Program (PNCD)
since it receives inputs from the federal government. In the last 10 years,
malathion was the main method of adult control in Londrina. In 2020,
Cielo has been used, which is a mixture of neonicotinoid and pyrethroid
as recommended in the PNCD use supplies. Even in the last decade,
the non-use of pyrethroids by public agencies, the population has free
access to pyrethroids, being used frequently in the home preferred site
for Ae. aegypti,in the form of spray or other liquid vapors or in tablets.

The resistance to PY recurs in most regions where Ae. aegypti is
already established (WHO, 2018). Studies have demonstrated that
mutations in the voltage-gated sodium channel (Na ) often play a
significant role in PY resistance. Na, are voltage-gated sodium channel
transmembrane proteins composed of four homologous domains (I-1V),
each with six hydrophobic segments (S1-S6), present in neuronal
axons (Catterall, 2000). Na, mutations, which reduce the connection
to PY, are known as knockdown resistance (kdr) because of insects’
immediate loss of coordination due to exposure to insecticides and
their subsequent recovery.

Eleven kdrmutations in Na, have been observed in several Ae. aegypti
populations (AaNa ), and in its majority, with a certain degree of PY
resistance (Saavedra-Rodriguez et al., 2018). In Brazil, some mutations
have been mentioned, with Phe1534Cys being one of the five proven
to be related to PY sensitivity loss in cooccurrence to the Val1016lle
mutation (Lima et al., 2011; Linss et al., 2014). The latter mutation is
a result of the substitution of a valine for an isoleucine (GTA-ATA),
while Phe1534Cys results in the substitution of a phenylalanine for a
cysteine (TTC-TGC) and are in the Na, 1IS6 and I1IS6 regions, respectively
(Linss et al., 2014).

Insecticide and the presence of mutation susceptibility monitoring
is an important strategy in increasing the knowledge of resistance
mechanisms (Braga and Valle, 2007; Saavedra-Rodriguez et al., 2018).
The interaction with Ae. aegypti genetic diversity analysis might be
applied with the objective of knowing the structure of the populations
to comprehend their dynamics, providing data that might lead to new
control measures.

Characterizing the genetic structure and gene flow in insects that are
vectors to pathogens is of utmost importance in aiding control programs,
producing vaccines and maintaining public health. Mitochondrial
DNA (mtDNA) is a target of Ae. aegypti genetic population studies
in different locations, the mitochondrial gene ND4, which encodes
subunit 4 of the NADH dehydrogenase enzyme, which is important in
the electron transport chain. In Brazil, some populational studies have
already been conducted (Bracco et al., 2007; Lima Janior and Scarpassa,
2009), including some populations from the state of Parana (Bona et al.,
2012) and even the city of Londrina (Twerdochlib et al., 2012). This
type of analysis may provide data for characterizing the populational
structure, as well as working as a basis for new Ae. aegypti control
methodologies to be applied.

The integration of different vector control strategies, considering
both the available alternatives and the specific regional characteristics,
seems to be a feasible mechanism to reduce mosquito infestation and
arbovirus incidence transmitted by them, since a unique solution for

Ae. aegypti control in Brazil is absent (Zara et al., 2016). In addition,
an assessment of mutations related to resistance to pyrethroids can
highlight the results of the indiscriminate use of household insecticides.
Thus, the objective of the present study was to identify the genetic
variety of Ae. aegyptiin Londrina by using the ND4 gene and, evaluate
the presence of kdrresistance mutations in the city.

Material and Methods
Sampling

Eleven locations were chosen in five different regions of the city of
Londrina (North, South, East, West and Central) to collect eggs using
georeferenced oviposition traps (Fig. 1, Table S1): (1) Conjunto Maria
Cecilia (North region); (2) Conjunto Aquiles Stenghel (North region);
(3) Unido da Vitéria (South region); (4) Parque das Inddstrias (South
region); (5) Armindo Guazzi (East region); (6) Vila Ricardo (East
region); (7) Jardim Bandeirantes (West region); (8) Jardim Leonor (West
region); (9) Vila Casoni (Central region); (10) Centro Social Urbano
(Central region); (11) Vila Brasil (Central region). In addition to these
locations, State University of Londrina (UEL)'s campus was also selected
for presenting different characteristics than the rest of the city, being
a microenvironment itself. In UEL, three locations were selected for
installing the traps: Centro de Ciéncias Bioldgicas (CCB), Biblioteca
Central (BC) and Centro de Estudos Sociais Aplicados (CESA) (Fig. 1).
The distances among them are similar (close to 500 m), with distinct
anthropic influences. CCB and BC are surrounded by buildings with
heavy human flow, while CESA - also with heavy human flow - is the
threshold between campus and forest fragment environments due to
its proximity to the University’s grove. The sampling was authorized
by Londrina’s Health Secretary and ICMBio (number 27414-1) and took
place between November and December of 2017.

Aedes aegyptieggs were obtained according to Depoli et al. (2016).
Black 500 mL plastic vases were used as traps for ovoposition, containing
300 mL of a mosquito attracting mix - consisting of 250 mL distilled
water and 50 mL of grass infusion containing 50 mL of the attracting
infusion of mosquitoes (34 g of Colonido grass [ Megathyrsus maximus
(Jacq.)] in 8 L of water, 5 days fermented in a plastic bucket at room
temperature) into 250 mL of distilled water. Inside the traps,a 15x3 cm
band of Duratree. Five traps were placed in each site and they remained
there for five days. The collected eggs were submerged in water at the
General and Medic Entomology laboratory for hatching, and larvae
were kept in controlled conditions (25 + 2°C, humidity 80 £ 10% e 14:10
hours photoperiod) and fed with 1 mm particle fish food (Tetramix,
autoclaved) until adults. To identify Ae. aegypti individuals, Consoli
and Oliveira (1994), Forattini (2002) and WRBU (2018) identification
keys were used, in addition to Opton stereoscopic microscope (40X)
CH30LF100, and thirty adults from each location were selected after
identification. The mosquitoes were individually stored in absolute
ethanol at -20°C for further analysis.

Mitochondrial ND4 gene amplification

Total DNA extraction was performed according to Aguirre-Obando et al.
(2015). Two hundred eighty (twenty from each site) were selected for
evaluating the ND4 gene. Two primers were used for amplification:
an ND4F primer: 5’-ATT GCC TAA GGC TCA TGT AG-3’ and a reverse
ND4R primer: 5’-TCG GCT TAG TAG TAG ATTC-3’ (Costa-da-Silva et al.,
2005). The PCRs and sequencing followed Twerdochlib et al. (2012).
The obtained sequence alignments were made using BioEdit Software
version 7.0.5 (Hall, 2005) using the ClustalW tool (Thompson et al., 1994).
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Figure 1 Collection sites in Londrina. The red line is a boundary between the five regions of the city. The yellow ones represent the streets and avenues of the city. Only the urban

area was evaluated in the study.

The acquired sequences were compared to those available in GenBank
using the TBlastx tool to confirm the amplified fragment. The relation
between the haplotypes was inferred by constructing a haplotype
network created with the help of Network Software (Bandelt et al.,
1999). The genetic diversity and neutrality tests (Tajima’s D and Fu’s Fs)
were calculated using DnaSP Software version 6 (Rozas et al., 2017).
The analysis of molecular variance (AMOVA) was performed using
the software Arlequin version 3.5 (Excoffier and Lischer, 2010). The
population structure was determined using Wright's fixation index
(F,, Wright, 1921), and the genetic flow (Nm) was also obtained using
Arlequin 3.5 (Excoffier and Lischer, 2010).

Genotyping of the Nav 1016 and 1534 sites

For the Val1016lle mutation, the following primers were used:
1016Val 5’-GCG GGC AGG GCG GCG GGG GCG GGG CCA CAA ATT GTT
TCC CAC CCG CAC CGG-3’, 1016lle 5-GCG GGC ACA AAT TGT TTC CCA
CCC GCA CTG A-3’ and the same reverse primer for both: 5’-GGA TGA
ACC GAA ATT GGA CAA AAG C-3'. The amplification conditions occurred
following Saavedra Rodriguez et al. (2007) and Martins et al. (2009). For
the Phe1534Cys mutation, the reverse primer 5’-TCT GCT CGT TGA AGT
TGT CGA T-3' was used for both alleles, and the allele-specific forward
primers 1534Phe* 5'-GCG GGC TCT ACT TTG TGT TCT TCA TCA TAT T-3’
e 1534Cyskdr 5'-GCG GGC AGG GCG GCG GGG GCG GGG CCT CTA CTT

TGT GTT CTT CAT CAT GTG-3'. The amplification conditions were as
described by Harris et al. (2010). To verify the amplified alleles, a 10%
polyacrylamide gel was prepared and stained with SYBR® Safe (Kasvi:6x).
Thirty samples from each location were genotyped for both mutations.
By analyzing the amplicons, the genotype and allele frequencies were
calculated, and the Hardy-Weinberg (HW) equilibrium hypothesis test
was performed. The analyses were conducted in two different ways: first,
eachregion of both the city and the University campus was considered
and individually analyzed. Second, all of Londrina’s sampling sites were
grouped, as well as the University’s, and analyzed as a group.

Results
Populational structure analysis

The amplified product of the ND4 gene for Londrina’s samples was
339 bp with the presence of 13 polymorphic sites and 326 monomorphic
sites (Table 1). The amplified fragment analysis resulted in 17 haplotypes
(Fig. 2). The most frequent haplotypes were H5 and H11. The haplotypes
were defined by four transitions G«>A (sites 104, 143, 321 and 325)
and nine transversions A<T (sites 93 and 321), T<>G (sites 111, 155,
and 286), C«>A (sites 230 and 300) and C«>G (sites 311 and 317). The
average nucleotide composition was 41.1% adenine, 29.4% thymine,
21.5% cytosine and 8.0% guanine.
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The haplotypic diversity (Hd) was 0.862 + 0,011 (average + standard
deviation, n = 220). Nucleotide diversity (1) was 0.0055 + 0.0003, with
1.876 nucleotide differences on average. Some haplotypes were rare,
such as H1-H2, H7-H10 and H15-16. Except for haplotypes H4, H5,
H11 and H12, all the others are from exclusive regions, showing each
region’s particularities (Fig. 2).

Neutrality test results were not significant according to neutral
mutation model assumptions (p > 0.10, Tajima’s D -0.8799, Fu’s Fs
-4.8888). Gene flow was Nm = 0.11. The analysis of molecular variance
(AMOVA, F_ =0.19, p < 0.05) showed genetic differentiation.

Table 1

T.B.F. Lopes et al. / Revista Brasileira de Entomologia 65(1):e20200088, 2021

For UEL campus ND4, the mitochondrial amplified gene product was
also 339 bp, however, with 12 polymorphic sites and 327 monomorphic
sites (Table 2). The amplified fragment analysis resulted in 10 haplotypes
(H1-H10). The most frequent were H24 and H26 (Fig. 2). The haplotypes
were defined by four transitions: G«»A (site 79) and T<>C (sites 118, 132 and
134)and eight transversions: A«<T (sites 114,279 and 290), G«>C (sites 143,
158,167 and 317) and G«>T (site 286). The average nucleotide composition
was 40.8% adenine, 29.3% thymine, 21.8% cytosine and 8.1% guanine.

Haplotype diversity was 0.891 + 0.016 (average + standard deviation,
n =60). Nucleotide diversity was 0.0109 + 0.0006, with 3.702 nucleotide

Variable sites on 17 haplotypes of ND4 mitochondrial gene of Ae. aegypti observed in Londrina, Parana.

Nucleotide changes positions

Haplotype N
83 93 104 111 143 155 230 286 300 311 317 321 325
H1 G A G T G T C T C C C G G 16
H2 G A G T G T C T C C G G G 2
H3 G A G T G T C T A G C G G 2
H4 G A G T G T C T C C C A G 28
H5 G A G T G T c T c C C A A 52
H6 G A G T G G A T C C C A A 16
H7 G A G T A G A T C C C A A 2
H8 T T G T G G A T c C C A A 2
H9 G A G T G T C T C C C T A 2
H10 G A A T G T C T C C C A A 2
H11 ® A G T G T c G c C C A € 47
H12 G A G T G T C G C C C A A 15
H13 G A G G G T C G C C C A G 8
H14 ® A G T G T c c C C C A G 4
H15 G A G T C T C G C C C A T 2
H16 G A G T G T C G C C C A T 2
H17 © A G T G T C c c C C A T 18
N = Number of specimens that share each haplotype.
@ (1) Maria Cecilia ’ H13
@ (2) Aquiles Stenghel
@ (3) Unizo da Vitoria 11
@ (4) Parque das IndUstrias |
© (5) Armindo Guazzi H11
@ (6) Vila Ricardo 325 143 H15
@ (7) Bandeirantes 325, 256 \ S
@ (8) Leonor H12 F 4372-5———'* 77..H1 6
@ (9) Vila Casoni A © 286 yge
@ (10) Centro Social Urbano \ ."Vljjifﬁl‘,‘— ' H17
() (11) Vila Brasil 2861 - 325,
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H10 "% e S
® 230" A1 =l
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143 @ 300
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Figure 2 Haplotype network observed in five regions of Londrina. The circles are proportional to the number of specimens observed in each haplotype. The haplotypes observed

are in bold. The numbers represent nucleotide change positions.
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differences on average. Neutrality test results were not significant and
were according to the model of neutral mutation (p > 0.10, Tajima’s D
1.25761, Fu’s Fs 0.897). The analysis of molecular variance (AMOVA,
Fst = 0.18, p < 0.05) indicated genetic differentiation. The gene flow
value was Nm = 0.10.

Evaluating the city of Londrina as a whole, 27 haplotypes were
found. The analysis of molecular variance (AMOVA, Fst = 0.16, p < 0.05)
indicated genetic differentiation. The gene flow value was Nm =0.10 and
neutrality test results were not significant and were according to the
model of neutral mutation (p > 0.10, Tajima’s D -0.74568, Fu’s Fs -3.458).

Val1016lle and Phe1534Cys kdr mutations

Regarding the evaluated specimens in Londrina’s different regions,
a total of 330 mosquitoes were genotyped for both mutations (30 for
each location) (Fig. 4). For the Val1016lle mutation, 30% (98) were
dominant homozygotes (Val/Val*), 40% (133) were heterozygotes
(Val*/lle*) and 30% (99) were recessive homozygotes (Ile/Ile*). The
Val* allele frequency was 0.5, and the Ilee allele frequency was 0.5
for Londrina. Evaluating all populations as a group, Londrina is not
balanced according to Hardy-Weinberg equilibrium for the Val1016Ile
mutation (Table 3).

With the Phe1534Cys mutation, 30% (99) were dominant homozygotes
(Phe/Phe*), 36% (120) heterozygotes (Phe*/Cys*¥) and 34% (111) recessive
homozygotes (Cys/Cys*®). The Phe* allele frequency was 0.45, and the
Cys* frequency was 0.52 for Londrina. Evaluating all populations as a
group, Londrina is not balanced according to Hardy-Weinberg for the
Phe1534Cys mutation (Table 4).

On the University campus, 90 specimens were genotyped for
the 1016 and 1534 fragments of Na . Regarding Val1016lle, 17% (15)

were dominant homozygotes (Val/Val*), 52% (47) were heterozygotes
(Val*/lle*) and 31% (28) were recessive homozygotes (Ile/Ile*). CCB, BC
and CESA populations were determined according to the Hardy-Weinberg
equilibrium hypothesis, and UELs three populations were balanced
(Table 5). Regarding the Phe1534Cys mutation, 11% (10) were dominant
homozygotes (Phe/Phe*), 53% (48) were heterozygotes (Phe*/Cys**) and
36% (32) were recessive homozygotes (Cys/Cys*). CCB, BC and CESA
populations are also according to the HW equilibrium hypothesis, and
all three UEL populations are balanced (Table 6).

Altogether, considering all eleven locations in Londrina and the
three collection points at UEL, 420 individuals from Ae. aegypti were
evaluated. Regarding the Val1016Ile mutation, 27% (113) were dominant
homozygotes (Val/Val*), 43% (180) were heterozygotes (Val+/Ilek)
and 30% (127) were recessive homozygotes (Ile/Ile*). The Val* allele
frequency was 0.52, and the Ile* allele frequency was 0.48. Regarding
the Phe1534Cys mutation, 26% (109) were dominant homozygotes
(Phe/Phe*), 40% (168) were heterozygotes (Phe*/Cys ) and 34% (143)
were recessive homozygotes (Cys/Cys*®). Phe* allele frequency was 0.46,
and the Cys** frequency was 0.54. Londrina is not balanced according
to HW equilibrium hypothesis for both mutations.

Discussion

Haplotypic diversity in Londrina was considered elevated (Hd = 0.862)
compared to a previous study conducted in the city, Hd = 0.730
(Twerdochlib et al., 2012), and in Foz do Iguagu - another city in
Parana - (Hd = 0.131) (Bona et al., 2012). However, nucleotide diversity
was considered low (1 = 0.005) in comparison to results observed in
other populations in Parana (m = 0.015). For UEL's campus, haplotype
diversity (Hd = 0.891) was considered elevated in comparison to a

H26 H27
134
132 ' L
279 '
H19 ) H21 158 167 H20 118
O 1290—O | i O 4
286 ® l | @ 1
H23 317 79 H2a 114
O CCB
@ BC
® CESA

132 290 H18 158 143 H22
i i O i t O

Figure 3 Haplotypic network obtained through specimens collected in UEL. The circles are proportional to the number of specimens observed in each haplotype.

Table 2

Variable sites in 10 haplotypes identified from a fragment of 339 pb from Ae. aegypti’s ND4 mitochondrial gene.
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Figure 4 Allele frequencies of Na, kdr 1016 and 1534 genotyping distributed in the five different regions of Londrina.

Table 3
Genotypic frequency of Val1016lle mutation of Ae. aegyptiNa, for the eleven locations and Londrina as a whole. X? values highlighted in italics show significant difference
(p>0.05).

X . Genotypic frequency
Region Site N HW* X2
Val/Val* Val*[llekd [le/Ilekd

North Maria Cecilia 30 0.167 0.5 0.333 0.024
Aquiles Stenghel 30 0.133 0.667 0.2 3.453

South Parque das Industrias 30 0.267 04 0.333 1157
Unido da Vitéria 30 0.333 0.1 0.567 18.652

East Armindo Guazzi 30 0.333 0.333 0.333 3.333

Vila Ricardo 30 0.333 0.333 0.333 3.333

West Leonor 30 0.333 0.6 0.067 2.555
Bandeirantes 30 0.2 0.733 0.067 7.297

Central Centro Social Urbano 30 0.167 0.1 0.733 14.927
Vila Brasil 30 0.667 0.133 0.2 13.032

Vila Casoni 30 0.33 0.533 0.133 0.371

Londrina 330 0.297 0.403 0.3 12411

*Hardy-Weinberg equilibrium: Chi-square test with 1 degree of freedom (p>0,05).

Table 4
Genotypic frequency of Phe1534Cys mutation of Ae. aegypti Nav for the eleven locations and Londrina as a whole. X2 values highlighted in italics show significant difference
(p>0.05).

Genotypic frequency

Region Site N Phe/Phe* Phe*/Cysk Cys/Cysk WXt
North Maria Cecilia 30 0,2 0.533 0.267 0.153
Aquiles Stenghel 30 0,1 0.733 0.167 6.718
South Parque das Inddstrias 30 0.267 0.2 0.533 9.726
Unido da Vitéria 30 0.333 0.333 0.333 3.333
East Armindo Guazzi 30 0.367 0.3 0.333 4.783
Vila Ricardo 30 0.334 0.233 0.333 8.383
West Leonor 30 0.167 0.666 0.167 3.333
Bandeirantes 30 0.267 0.5 0.233 -
Central Centro Social Urbano 30 0.433 0 0.567 30
Vila Brasil 30 0.167 0.5 0.333 0.024
Vila Casoni 30 0.667 0 0.333 30
Londrina 330 0.3 0.363 0.337 24.372

*Hardy-Weinberg equilibrium: Chi-square test with 1 degree of freedom (p>0,05).
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Table 5

Genotypic frequency of Val1016lle mutation of Ae. aegyptiNa, of three sites in UEL, both individually and as a whole.

Genotypic frequency

Allele frequency

Site N HW* X?
Val/Val* Val*[llekd Ile/Tlekar Val Ile
Centro de Ciéncias Bioldgicas 30 0.1 0.6 0,3 04 0.6 1.875
Biblioteca Central 30 0.3 0.367 0.333 0.48 0.51 212
Centro de Estudos Sociais Aplicados 30 0.1 0.6 0.3 0.4 0.6 1.875
UEL 90 0.167 0.522 0.311 0.427 0.573 0.4
*Hardy-Weinberg equilibrium: Chi-square test with 1 degree of freedom (p>0,05).
Table 6
Genotypic frequency of Phe1534Cys mutation of Ae. aegyptiNa, of three sites in UEL, both individually and as a whole.
S . Genotypic frequency Allele frequency e
Phe/Phe* Phe*/Cyskdr Cys/Cyskdr Phe Cys
Centro de Ciéncias Bioldgicas 30 0.067 0.533 04 0.333 0.667 12
Biblioteca Central 30 0.2 0.5 0.3 0.45 0.55 0.003
Centro de Estudos Sociais Aplicados 30 0.067 0.567 0.366 0.35 0.65 1.807
UEL 90 0.111 0.533 0.356 0.378 0.622 1.627

*Hardy-Weinberg equilibrium: Chi-square test with 1 degree of freedom (p>0,05).

previous study in Londrina (Hd = 0.730) (Twerdochlib et al., 2012) and
very similar to the diversity obtained to the city in the present study.
Genetic diversity was quite similar (1 = 0.010) in comparison to other
populations of Parana (m = 0.015) and larger than that observed in the
present study in the city of Londrina.

None of the polymorphic sites coincide with those observed by
Twerdochlib et al. (2012). However, changes in positions 143, 186 and
317 were also observed in the present study’s analysis. Taking UEL into
consideration, each site’s haplotype exclusivity became evident: H19-H22
for CCB, H23-H25 for BC and H26-H27 for CESA (Fig. 3). Although the
geographic distance among the locations is rather short, the stress in
each of them is different, matching the obtained results.

Each studied center’s peculiarities must be taken into consideration.
CCB is in one of the edges of the campus, close to the highway, and a
place of heavy movement of people, including the external community
since it holds the University Clinical Hospital. Biblioteca Central is in
the campus’ central region, near the University Restaurant. In both
places, the movement of people is intense, since it is frequented by
a large portion of the campus community. CESA is on the other edge
of the campus, near the University Garden, a more vegetated and
conserved location.

The analysis of molecular variance indicated high genetic differentiation
both in Londrina and in UEL. This AMOVA result, together with the
peculiarities of each location, especially at the UEL, where the collection
points are more different from each other, shows that there may be
different types of stress in each location (Fig 1). The low gene flow
value also reaffirms this possibility, since it shows that inter-population
transfer of the gene is more restricted, in addition to the mosquito’s
reduced biologic dispersion characteristic (Honério et al., 2003).

Chemical measures used in vector control programs affect the
genetic diversity of Ae. aegypti populations and, as a result, may
induce genetic alterations through population bottleneck and genetic
drift (Urdaneta-Marquez and Failloux, 2011). In South America - in
countries such as Brazil, Argentina, French Guiana, Colombia, Peru and
Venezuela - successive control programs implemented over the last years
to fight Ae. aegypti and control dengue and other arboviruses caused
demographic effects that led to intense gene drift and an elevated level
of gene differentiation at both continental and local scales (Urdaneta-
Marquez and Failloux, 2011; Paupy et al., 2012). In addition, such drift
effects might be explained due to the vector mosquito’s own biologic
characteristic: females perform a weak dispersion, which does not surpass

a few hundred meters during their lifetime, stablishing themselves in
restricted regions (Hondrio et al., 2003; Urdaneta-Marquez and Failloux,
2011). Long-distance mosquito dispersion only occurs passively (eggs
and adults transported in cars and public transportation; egg recipients
transported to different locations), which might explain the coexistence
of some haplotypes in different locations observed in Londrina.

The high frequencies of mutant alleles observed in a large part of
the evaluated populations are alarming, as the polymorphisms tend
to increase their frequency should the selection pressure be constant,
eventually reaching fixation (Martins and Valle, 2012). In the present
study, considering all collection sites in Londrina, the kdr resistance
alleles were present in 50% of the Val1016Ile mutation and 48% of
the Phe1534Cys mutation. Although the dominant allele presents
higher frequency than the recessive mutant in some locations — such
as sites 8, 9 and 11 for the Val1016lle mutation and 5, 7, 9 and 10 for
Phe1534 — it is important to point out that heterozygosity must be
taken into consideration. The western region, for instance, presented
a high frequency of the heterozygote genotype for both mutations
(Tables 3 and 4), which despite not having the resistance phenotype,
carries the resistant allele that may be transferred to mosquitoes over
generations.

For some of the locations, the allele frequency is equivalent: at
sites 5 and 6 for the Val1016lle mutation and at sites 4 and 8 for the
Phe1534Cys mutation. The particularity of some locations cannot be
overlooked: at site 10 (Centro Social Urbano), there is a higher frequency
of the Ile%? allele than the Val* allele, whereas Cys*“rallele’s frequency
is lower than the Phe*. At site 11 (Vila Brasil), the opposite occurs: the
Val* allele is more frequent than the Ile¥* allele, while the Cys*@allele’s
frequency is higher than that of Phe*.

The Hardy-Weinberg equilibrium hypothesis describes the influence
of random reproduction in allele and genotypical frequencies on an
infinitely large population. Although in almost all populations from
different locations in Londrina the allelic frequencies were according
to HW, when we group different populations in a large population per
geographic region - or even the city as a whole — we are able to see
HW deviations with Wahlund’s effect (Wahlund, 1928). This shows that
the populations were isolated from each other, and the kdroccurrence
seems to be an independent effect, likely reflecting the chosen insecticide
strategy for each part of the city.

In UEL and Londrina, the presence of recessive resistance alleles 1016lle
and 1534Cys was more frequent in almost all populations (except Vila
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Figure 5 Na, kdr 1016 and 1534 site allele frequencies in UEL. Collection site locations were distributed in the three regions of the campus.

Casoni, Vila Brasil and Bandeirantes for both alleles and Vila Brasil for
allele 1016lle) (Tables 5 and 6, Figs. 4 and 5). The Phe1534Cys mutation
has been provenly related to PY resistance (Saavedra-Rodriguez et al.,
2018), which makes the obtained results alarming. The high frequency
of the heterozygote genotypes Val*/lle**and Phe*/Cys*¥in all locations
is also worrying, since although both genotypes do not confer the
resistance phenotype, they carry the resistance allele that might be
transferred by mosquitoes over generations. In the case of constant
pressure, such alleles might reach fixation (Martins et al., 2009).

Our data show that PY insecticide application in the campus,
as well as the rest of the city, would probably not be able to control
Ae. aegypti, and new strategies should be put in motion. However, it is
only possible to carry out the control if it is combined with monitoring
policies. An alternative monitoring method of Ae. aegyptiis the detection
and quantification of eggs deposited in oviposition traps installed in
the home environment, which allows the identification of areas with
the presence mosquito and the analysis of the spatial and temporal
distribution of its population (Degener et al., 2014). Oviposition traps
are a cheap and sensitive tool for the detection of Ae. aegypti in the
environment. Its use is especially important to guide the control of Ae.
aegypti, perform vector control actions, and reduce mosquito infestation.
Potentially, there is a reduction in the risk of transmission of the Dengue
virus, resulting in a lower incidence of cases. In Colombia, oviposition
traps were a useful tool in vector surveillance, as well as vector control,
mainly when used as part of the integrated vector control approach
(Alarcén et al., 2014).

The association of different control methods, as oviposition
combined with genetic information, can be an important in the

process of surveillance of the Ae. aegypti. This methodologies can
provide significant information about the mosquito’s oviposition in
that location, its genetic variability and mutations, and to improve
current control strategies. The elimination of mosquito breeding sites
is still considered to be a more effective control strategy and intensify
this monitoring may be the cheapest and most advantageous way to
control this vector of arboviruses.

Conclusions

Our results showed that the populations of Ae. aegypti tend to
be structured and genetically distinct with low gene flux. As Na,, the
ND4 gene might be under the influence of synthetic products since the
chemical actions used in Ae. aegypti control programs affect mosquito
populations’ genetic diversity. Populations might have different
responses when PY control actions occur, increasing the complexity
of effective control. This highlights the need of a stricter government
action in the inspection and monitoring of Ae. aegyptiin urban areas,
as well as the regulation or control in domestic use of pyrethroids. In
addition, it is important to educate the population to act in eliminating
mosquito breeding sites, preventing its proliferation, and the increase
of arboviruses.
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Supplementary material

The following online material is available for this article:
Table S1 - Location, number of specimens (N) and geographic coordinates of each collection site.
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