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Abstract

Cities usually offer a suitable environment for the dengue vector Aedes aegypti, providing
oviposition sites, accessibility to human hosts and nectar meals. However, large urban cen-
tres are highly heterogeneous environments, forming a patched landscape that could affect
Ae. aegyptipopulation dynamics and dispersal. Here, we performed a genome-wide analy-
sis using Rad-seq data from 99 Ae. aegypti specimens collected in three areas within Bue-
nos Aires city with varying levels of urbanization/land use: highly urbanized Area 1,
intermediate Area 2 and poorly urbanized Area 3. We found an inverse association between
urbanization levels and spatial genetic structure. Populations from highly urbanized Area 1
did not present genetic structure whereas two and three clusters were detected in Areas 2
and 3, respectively. In the case of Area 3, initial analyses showed separation in clusters was
mostly due to elevated consanguinity within sites although three clusters were still detected
after closely related individuals were discarded. Mosquitoes around each site displayed a
high degree of isolation, evidencing a close dependence between the vector and human
dwellings. Interestingly, specimens from distant boroughs (within the limits of the city) and
the city’s outskirts formed a single cluster with inner city sites (Area 1), highlighting the role
of passive transport in shaping population structure. Genetic distances were poorly corre-
lated with geographic distances in Buenos Aires, suggesting a stronger influence of passive
than active dispersal on population structure. Only Area 2 displayed a significant isolation-
by-distance pattern (p = 0.046), with males dispersing more than females (p = 0.004 and p =
0.016, respectively). Kinship analyses allowed us to detect full-siblings located 1.5 km apart
in Area 1, which could be due to an extreme event of active female dispersal. Effective popu-
lation size was higher in Area 2 confirming that cemeteries represent highly favourable envi-
ronments for Ae. aegyptiand need to be specifically targeted. Our results suggest that
control programs should take into account urban landscape heterogeneity in order to
improve vector control.
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Author summary

Arboviral vector Aedes aegypti usually thrives in urban areas due to its close dependence
of human dwellings on breeding sites and meals. However, urban landscapes are hetero-
geneous and present varying levels of urbanization and land use, affecting Ae. aegypti spa-
tial structure and dispersal. We used nuclear Single Nucleotide Polymorphisms to analyze
99 Ae. aegypti specimens from three areas within the city of Buenos Aires: highly urban-
ized Area 1, intermediate urbanized Area 2 and poorly urbanized Area 3. We found an
inverse association between urbanization levels and spatial genetic structure: mosquitoes
from Area 1 did not present genetic structure. On the other hand, mosquitoes from Area
2 and 3 displayed 2 and 3 clusters, respectively. Human-mediated transport plays an
important role in highly urbanized areas, connecting mosquito populations from distant
locations. Potential active dispersal was detected in Area 1 where we found pairs of full-
siblings located 1500m apart. In less urbanized areas, the distribution of breeding sites
also affected spatial genetic structure. In Area 3, spatial structure was mostly due to con-
sanguinity, but it also reflected the effect of urban landscape on Ae. aegypti population
dynamics. Area 2 presented the highest effective population size. This could be partially
explained by the advantageous conditions that cemeteries offer to vector populations
which can also spill over surrounding neighbourhoods. Our results suggest that vector
programs should consider the heterogeneity of urban landscapes to improve the effective-
ness of control measures.

Introduction

During the last fifty years the world has witnessed an unprecedented emergence/re-emergence
of arboviral diseases [1]. Highly anthropophilic Aedes (Stegomyia) aegypti constitutes the pri-
mary vector of these pathogens in urban environments. Ancestral populations of Ae. aegpyti
(currently known by the sub-species denomination of formosus) are found in African forests,
breeding in tree-holes and feeding on non-human hosts [2]. More recently, Ae. aegpyti was the
first African species within the genus Aedes that evolved to exploit the novel niche associated
with human villages, using artificial containers as oviposition sites and developing a distinct
predilection for human-blood meals [3]. Currently, the most accepted hypothesis is that the
domestication of Ae. aegypti occurred in West Africa prior to the posterior migration of the
species first to America and then Asia. Today Ae. aegypti has efficiently spread to tropical, sub-
tropical and temperate domestic habitats worldwide [4]. Arboviral expansion has been associ-
ated with the spread of Ae. aegypti and its ability to colonize new areas [5]. Effectively, Ae.
aegypti’s distribution fluctuates and grows mainly due to human-mediated migration and
increasing temperatures caused by global warming [6].

In urban areas, the population dynamics of Ae. aegypti are driven by climate conditions and
environmental features [7] which are highly heterogeneous. Different degrees of urbanization,
vegetation coverage and land use coexist within large cities, forming a patched landscape that
conditions mosquito abundance, dispersal and, consequently, disease transmission at a micro-
geographic scale [8,9]. Urban landscapes determine the availability and distribution of breed-
ing sites, quality of larval habitats and exposure of human hosts [9-11]. The prevalence of
impervious surfaces is also directly related to the urban heat island effect which affects micro-
climate temperature in mosquito breeding sites [9]. Dispersal of Ae. aegypti throughout urban
areas also depends on different physical and social features that either obstruct or facilitate the
movement of mosquitoes [7]. Given that Ae. aegypti active dispersal is generally limited,
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human connectivity within and between urban areas plays a crucial role in shaping population
dynamics through passive transport of mosquito specimens [12].

With the exception of yellow fever, no safe vaccine or specific treatment is available for
arboviral diseases. Therefore, prevention depends almost exclusively on vector control.
Genetic characterization of local populations is crucial to anticipate disease expansion and to
improve current vector control strategies [6]. Spatial genetic structure is determined by the
interplay between active/passive vector dispersal, connectivity/isolation between populations,
migration and introduction of novel alleles, bottlenecks and past extinction events and tempo-
ral overwintering dynamics [13]. Understanding the outcome of these interactions is para-
mount for implementing a successful control program against Ae. aegypti at the local level.
Previous studies analyzed Ae. aegypti population genetic structure within cities using nuclear
markers such as microsatellites [14-21] or SNPs [20,22-25]. While most of these works did
not focus on the effect of urban heterogeneity on vector’s genomics, those that did showed a
clear effect of urban landscape on genetic structure and vector dispersal [18,24].

Buenos Aires represents the main urban conglomerate in Argentina and one of the largest
metropolises in the world (United Nations, 2016). The urban matrix is composed of paved
streets and buildings with patches of green spaces such as parks, squares, reserves and one uni-
versity campus. The city’s cemeteries are located within highly urbanized neighborhoods as a
result of rapid and unplanned urbanization processes [26]. Currently, Buenos Aires harbors a
well-established and growing population of Ae. aegypti. After continental vector control pro-
grams were discontinued in South America, Ae. aegypti reinvaded its previous range and even
expanded to cooler areas [27]. In Argentina, it was first detected in the Northeastern province
of Formosa in 1986. Since then, it colonized almost all northern and central provinces of the
country [28]. Ae. aegypti first reached Buenos Aires in 1995 [29] and only one year later it had
expanded throughout the city [30]. As in most temperate areas, reproduction and development
are conditioned by temperature and only occur during the warmer months, from late Septem-
ber to late June [31]. During winter, it is assumed that the population remains mainly as eggs;
only a few larvae have been reported during this season [32]. Previous studies in this area
addressed vector abundance [33,34] and the relationship between infestation levels and envi-
ronmental features within urban sites [26]. However, none of them took into account Ae.
aegypti population genetic structure or potential dispersal ranges.

Here, we sought to investigate the genetic structure of Ae. aegypti in different urbanized
areas of Buenos Aries to understand the role of urbanization in the dispersal and genetic struc-
ture of the vector. To achieve this goal, we used high-throughput nuclear sequence data to eval-
uate population genetic structure on the basis of a genome-wide analysis in three areas within
the city of Buenos Aires with varying environmental and social conditions. We hypothesized
that landscape heterogeneity can affect the spatial genetic structure and dispersal range of Ae.
aegypti in urban areas, since anthropic modifications to the physical environment usually
modulate population structure [18] either impeding or facilitating vector dispersal and gene
flow. Understanding the dispersal behavior of Ae. aegypti is key to improve any control strat-
egy. Fine-scale genetic structure can provide critical information about the potential dissemi-
nation of alleles associated to insecticide resistance, particularly those of the kdr gene [35,36],
and vector competence for different arboviruses [7]. It also conditions the potential success of
vector control programs based on the release of Wolbachia-carrying or genetically modified
mosquitoesto limit arboviral transmission [37]. Tracking mosquito dispersal and its underly-
ing mechanisms can also help improve traditional methodologies based on breeding-site elim-
ination by determining passive transport routes and active dispersal range in different areas
within a city. Finally, additional samples from presumptively older Ae aegypti populations
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from Northeastern and Northwestern Argentina [38] were included to address vector move-
ment at a countrywide level.

Materials and methods
Study areas

We selected three environmentally heterogeneous areas (Area 1, Area 2 and Area 3) within
Buenos Aires city (Fig 1) (S1 Table) which present different levels of urbanization and vegeta-
tion cover and variable availability of human hosts and potential breeding sites. Area 1is
located in the highly urbanized borough of Parque Chas (Fig 1A), situated in the geographic
centre of the city. This part of the city combines one or two story houses usually with a back-
yard and higher buildings, mainly on avenues and two-way streets. Vegetation cover is low
(less than 5%) [39] and there is high availability of human hosts and potential breeding sites
for the vector. Here, mosquitoes were sampled within a 1 km* area comprising 4 four sampling
points during late 2017 season (S2017) and four sampling points during early 2018 season
(52018). During S2017, we also obtained samples in two other highly urbanized areas, one
located in the distant borough of Villa Lugano (LUG) and another situated in the outskirt
town of Monte Grande (MG) 10 and 30 km away from Parque Chas, respectively. We included
samples from these sites together with Area 1 samples in genetic structure analyses to obtain
an overview about the relationship among Ae. aegypti populations sampled in highly urban-
ized neighbourhoods from downtown Buenos Aires and from more distant boroughs or the
city’s outskirts.

Area 2 encompassed two cemeteries, Cementerio de Chacarita and Cementerio Britanico
and one sampling point in the surrounding borough (Fig 1B). Chacarita is the largest cemetery
in the city (0.72 km?) administered by municipal authorities, whereas Britdnico is a private
cemetery that covers a much smaller area (0.05 km?). Both cemeteries are contiguous and are
located in a crowded neighbourhood with high buildings and intense commercial activity.
Chacarita cemetery is surrounded by walls 5m high and shows various environments. In this
case, all sampling points were located within an open field area with grass graves and scarce
trees. The average vegetation cover for the whole cemetery is around 26% [26]. Britanico cem-
etery is also surrounded by 5 m high walls and presents higher vegetation cover of around 82%
[40]. Both cemeteries are separated by an8 m high wall. The only direct communication
between both areas are five semicircular holes of about 0.8 m*at ground level located 20 meters
apart designed for water draining. Both sampling areas show an intermediate degree of urbani-
zation with scarce buildings on the premises but surrounded by densely populated neighbour-
hoods. In both cases, cemetery staff provides containers (plastic or metal cones) to use as
flower vases although visitors also bring their own containers (mostly ceramic vases or glass
flasks). Previous studies detected high abundance of water-holding containers which provide
continuous availability of breeding sites for Ae. aegypti in both areas [26,33,41]. Human hosts
are available during daytime although there are no permanent residents in the area.

Area 3 comprised Ciudad Universitaria (CU), a 0.4km” campus that belongs to University
of Buenos Aires, situated close to the borough of Nunez (Fig 1C). CU is situated on the banks
of Rio de la Plata on the eastside and is bordered on the west by two extended highways, which
makes it a highly isolated area within a densely populated part of the city. CU includes several
buildings with extended parks among them and a natural reserve area. Overall, it presents a
low level of urbanization with around 89% of vegetation coverage. Thousands of students and
faculty members circulate daily through the premises although this circulation is mainly
restricted to specific buildings and little movement among buildings. Regarding permanent
residents, during the time of our study only one family lived in site 1whereas a little squatter
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Fig 1. Collection sites for Ae. aegypti in different areas within Buenos Aires city. Sampling sites in each area are
depicted with red dots. In Area 1, collection sites located in Monte Grande (MG), and Lugano (LUG) are not directly
depicted in the map for scale purposes. Maps were created using Qgis and layer files were all retrieved from public
domain source available at: https://data.buenosaires.gob.ar/dataset/.

https://doi.org/10.1371/journal.pntd.0010549.¢001

settlement was located behind site 6. Potential breeding sites for mosquitoes are water-holding
containers located mostly around buildings. Therefore, availability of potential oviposition
sites for Ae. aegypti within this area is discontinuous and associated to building patches.

To determine countrywide genetic structure and to infer connectivity between Ae. aegypti
populations in Argentina, we performed a macrogeographic study that included all samples
collected in Buenos Aires and samples from Northeastern and Northwestern Argentina. These
two regions are considered the main sources of Ae. aegypti reintroduction in the country from
Brazil and Bolivia, respectively, after eradication campaigns were discontinued in the 1970s
[42].

Mosquito sampling and rearing

Samples from Area 1 (N =29), Area 2 (N = 35) and Area 3 (N = 19) were collected between
April and May 2018. To evaluate inter-seasonal variation in the highly urbanized area, a sec-
ond batch of specimens was collected in December 2018 from four sampling sites in Area 1
(N =16). Samples from Area 1 and all samples from Area 3 were collected using ovitraps,
whereas samples from Area 2 were obtained as larvae from flower vases with the exception of
site 7 where specimens were obtained from ovitraps placed on sidewalks. Ovitraps consisted of
glass containers partially filled with dechlorinated tap water and a wooden paddle (commer-
cially available as tongue depressor) attached to the inner wall by a clip aimed as oviposition
substrate.

Eggs were recovered from ovitraps and transferred to plastic cups containing an aqueous
solution of commercial powdered baker’s yeast (10%) to stimulate hatching. All larvae were
placed in plastic containers with dechlorinated tap water and fed ad libitum with more pow-
dered yeast. Once pupated, larvae were transferred to individual glass flasks until adult emer-
gence. Ninety-nine specimens were selected for genomic DNA extraction using Qiagen
QIAamp genomic DNA kit with an RNAse treatment step. No more than three adult speci-
mens for each sensor/container were selected to avoid excessive sampling of closely related
individuals.

ddRADseq library preparation and SNP typing

ddRADseq library preparation was conducted following the guidelines outlined in Peterson

et al [43] with minor modifications. Genomic DNA (100 ng) was digested with restriction
enzymes EcoRI and Pstl. DNA fragments were purified using AMPureXP beads (Agencourt)
and then ligated to barcode adapters. Targeted fragment distribution was collected in a Blue-
Pippin instrument (Sage Science Inc.). Libraries were examined with Qubit 2.0 Fluorometer
(Invitrogen, Carlsbad, CA) and Bioanalyzer DNA assays (Agilent technologies, Santa Clara,
CA) and processed with Illumina cBot for cluster generation on the flow cell, following manu-
facturer’s instructions. Finally, libraries were sequenced inanIlluminaHiSeq2500 using 125 bp
paired-end chemistry.

Raw fastq sequences were processed using a customized pipeline that retained reads with
phred scores > 10 and trimmed to 110 bp. High-quality reads were aligned to the Ae. aegypti
reference nuclear genome (AaegL5.0) [44] using the short read aligner software BWA v0.7.17
(BWA-MEM algorithm) [45] with default parameters. Uniquely aligned reads were analyzed
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with STACKS v2.1 [46] which we used to call genotypes on RAD stacks with a minimum read
depth of three. We ran the populations program included in Stacks with-r = 0.75 to retain loci
that were present in > 75% of the samples and export the resulting files. Subsequent filtering
aimed to retain individuals with <25% missing data and minor allele frequency >0.1 was per-
formed with plink [47]. We employed the same software tofurther filter this dataset by elimi-
nating linked loci using the—indep parameter (SNP window size = 500, window shift

size = 50, variance inflation factor = 2) and then evaluated the dataset with the—r2 command
as previously described [48]. The final Rad-seq data set included 99 individuals and4836
unlinked and informative SNPs for further analyses. Because highly related individuals (full
and half-siblings) can bias some genetic diversity and structure analyses, all but one individual
from each sibling group were excluded from these tests.

Genetic diversity and kinship analysis

Average observed (H,) and expected (H,) heterozygosities, allelic richness, private allelic rich-
ness, percentage of polymorphic loci and Fixation Index (FIS) were calculated with Genalex
v6.5 [49]. Effective population size was calculated using the Linkage Disequilibrium method in
Ng, Estimator v2 [50]. Fine scale relatedness was determined using two methods. First, we
employed SPAGeDi [51] to calculate Loiselle’s kinship coefficient between pairs of individuals
and estimate specific relationships for each pair. We considered kinship coefficients over
0.1875 for full-sibs and between 0.0938 and 0.1875 for half-sibs and negative coefficients for
unrelated individuals. Secondly, we also used ML-relate [52] to determine Maximum Likeli-
hood relationships between individuals and establish statistical significance for imputed rela-
tionships using the Likelihood Ratio Test with 10000 simulations. For these analyses, samples
from Area 1 were analyzed for each season separately whereas specimens from distant sam-
pling sites (LUG and MG) were excluded.

Spatial genetic structure and temporal stability

To investigate spatial population genetic structure we first performed a hierarchical Analysis
of Molecular Variance (AMOVA) for all areas using Genalex with 9999 permutations. Pairwise
genetic distances (Fsr) between areas and between sampling sites were calculated using the R
package ade4 with 10000 permutations. Temporal stability of spatial genetic structure was only
assessed for the 2017 and 2018 samples obtained in Area 1, with sampling sites nested within
seasons.

Spatial genetic structure was evaluated for samples collected in Buenos Aires and for each
area separately, using two methods. First, we employed Discriminant Analysis of Principal
Components (DAPC) as implemented in the R package Adegenet [53]. The number of clusters
was determined using the k-means function find.clusters and the value of K minimizing Bayes-
ian Information Criterion was selected (S1 Appendix). DAPC function was run retaining the
number of principal components previously calculated with a cross-validation analysis to
avoid overfitting. Finally, spatial genetic structure was also investigated using the Bayesian
clustering method as implemented in STRUCTURE v2.3.4 [54]. We used an admixture model
with correlated allele frequencies among populations and previous information on sampling
points. The number of burn-ins was 50.000 followed by 500.000 MCMC steps. Estimations
were performed from K = 1 to K = N, where N represents the number of sampling sites for
each area, and 10 iterations for each value. The most likely number of clusters was estimated
using the deltak method proposed by Evanno [55] implemented in Structure Harvester [56].
When the Evanno algorithm yielded K = 2 as the optimal value, we employed Structure Selec-
tor [57] in order to examine the possibility that other values of K were in fact the optimal
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number of clusters (S1 Appendix). STRUCTURE results were processed using Clumpak [58]
and plotted with DISTRUCT [59]. Prior to these analyses, we excluded all but one individual
from each full-sibling group to avoid including inbred individuals.

Isolation-by-distance was assessed for all samples from Buenos Aires (after pruning the
dataset of closely related individuals) by means of Mantel correlation analyses between matri-
ces of genetic and geographic distances with 9999 permutations followed by the Monte-Carlo
test, as implemented in Adegenet. In Area 3, IBD analyses were performed for males and
females separately to determine whether IBD patterns were sex-specific. We could not perform
separate analyses for the other areas because sex distribution in the samples was highly uneven.
Spatial autocorrelation analyses were performed using Genalex with 9999 permutations for
Area 2 and Area 3 using 100 m intervals to determine the distance at which mosquito speci-
mens were more related. This analysis was not conducted for Area 1 samples because sampling
points in this area were more spaced than in the other two.

Countrywide genetic structure

To determine countrywide genetic structure and to infer the evolutionary history of Ae. aegypti
colonization in Argentina, we conducted a DAPC analysis including the dataset from Buenos
Aires (N = 99), samples collected from two sites in Northeastern Argentina (Colonia Aurora
-CA- and Eldorado -ED-, N = 30) and a previously published Rad-seq dataset from six loca-
tions in Northwestern Argentina (Oran -OR-, Tartagal -TA-, Benjamin Paz -BP-, Tafi Viejo
-TV-, Rio Hondo -RH- and La Banda -LB-, N = 59) [12]. Pairwise Fgy values between popula-
tions were calculated with hierfstat package and used to construct a Neighbor-joining
unrooted tree as implemented in R package ape [60].

Results

Mean observed heterozygosity was significantly lower than expected in all areas (Table 1), as
also suggested by FIS estimates. The percentage of polymorphic SNPs was higher in Area2, fol-
lowed by Area 1 (§2017) and Area 3, respectively. LUG and MG presented lower values,
although in these cases low sample sizes may affect the outcome of the analysis.

Kinship analyses using Loiselle’s coefficients and maximum likelihood relatedness yielded
similar results. In Area 1, 27 pairs of full siblings were found in the same sites (Fig 2A), 14
pairs in S2017 and 13 pairs in S2018. Interestingly, five pairs of full-sibs located almost 1500 m
apart were also detected among the S2017 specimens (Fig 2A). These pairs comprised all sam-
ples from site 3 and one sample from site 2 and were grouped into a separated cluster in popu-
lation structure analyses for this area (Fig 2A). In Area 2, ten pairs of full-siblings and 5 pairs

Table 1. Basic statistics of population genetic diversity for Ae. aegypti in different areas of Buenos Aires city.

Location N % polymorphic SNPs N, N. H, H, uHe FIS
Area 1 (S2017) 18 92.70 1904 1481 0.209 0.288 0.298 0.197
LUG 6 61.77 1617 1385 0.212 0.225 0.250 -0.075"
MG 5 66.77 1666 1417 0.220 0.244 0.277 -0.043"
Area 2 35 99.05 1990 1503 0.211 0.303 0.308 0.289
Area 3 19 90.38 1904 1476 0.209 0.284 0.293 0.245

N: sample size, % pol SNPs: percentage of polymorphic SNPs, N,: number of alleles, N.: number of effective alleles, H,: expected heterozygosity, H,: observed

heterozygosity, uH,: unbiased expected heterozygosity, FIS inbreeding/fixation index. FIS estimates were calculated after excluding all but one specimen from highly

related groups.

* Less than 5 samples included for calculations

https://doi.org/10.1371/journal.pntd.0010549.t001
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Fig 2. Loiselle’s kinship coefficients across geographic distances (m) for individual pairs in Area 1 (A), Area 2 (B) and Area 3 (C). For Area 1, individuals
were previously separated according to the collection season.
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Table 2. Analysis of Molecular Variance (AMOVA) of Ae. aegypti samples from Buenos Aires and from each area within the city.

AMOVA summary
Source of variation
ALL AREAS

Among areas

Among individuals within areas
Error

Total

AREA 1

Among seasons

Among sampling sites

Among individuals within sites
Error

Total

AREA 2

Among sites

Among individuals within sites
Error

Total

AREA 3

Among sites

Among individuals within sites
Error

Total

of half-siblings were found in the same sites (Fig 2B) whereas in Area 3, eighteen pairs of full-

siblings and two pairs of half-siblings were detected in the same sites (Fig 2C). Loiselle’s kin-

ship coefficients and Maximum likelihood relatedness were significantly correlated (Pearson,

p<0.0001) and all relationships were statistically validated with the likelihood ratio test

(p<001).

The AMOVA revealed significant spatial population structure among areas (accounting for

5% of total variation, p<0.001). When the analysis was performed for each area separately, we

found significant spatial structure that was temporally stable between seasons (p = 0.480) in
Area 1. In this area, 13% of total variation was explained by differences among sites within
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SS

8687.79
88972.15
21967.00
119626.93
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15087.57
23740.41
9449.00
50489.60

9059.40
9664.79
4868.50
23592.69

9536.67
31317.04
9415.00
50268.71

MS

2171.95
1155.48
267.890

2212.63
1885.95
949.62
269.97

2264.85
743.45
270.47

1589.45
1118.47
269.00

Est. Var.

34.80
443.796
267.89
746.49

4.88

138.58
339.82
269.97
753.26

219.08
236.49
270.47
726.04

48.29

424.73
269.00
742.03

For Area 1, AMOVA was performed with sampling sites nested within season. The * symbol marks significant differences.

https://doi.org/10.1371/journal.pntd.0010549.t002
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Table 3. Pairwise Fgr values for Ae. aegypti collected in Buenos Aires.

Sampling site Area 1l LUG MG Area 2 Area 3

Area 1 (S2017) 0.100 0.047 0.023 0.050

LUG 0.100 0.120 0.080 0.115

MG 0.047 0.120 0.034 0.064

Area 2 0.023 0.080 0.034 0.033
Area 3 0.05 0.115 0.064 0.033

All Fgr values were significant according to probability P (rand > = data) based on 9999 permutations (p<0.05).LUG = Lugano, MG = Monte Grande.

https://doi.org/10.1371/journal.pntd.0010549.t003

seasons, whereas no variation was detected across seasons. The AMOVA also evidenced signif-
icant spatial population structure in Area 2 and Area 3 where variation among sampling sites
accounted for 7% (p<0.001) and 30% (p<<0.001) of total variation, respectively (Table 2). Pair-
wise Fgr comparisons between areas showed that mosquitoes from LUG displayed highest dif-
ferentiation with respect to all other locations (Table 3).

The analysis of spatial genetic structure using DAPC considering all samples from Buenos
Aires yielded K = 1 as the optimal value, as indicated by the lowest value of BIC used in the
find.clusters function. When DAPC was applied to analyze differentiation among sites within
each area, we found different patrons of spatial structure. Samples from Area 1 comprised one
genetic cluster, evidencing no sign of genetic structure in this area. Ae. aegypti individuals col-
lected in Area 2 appeared distributed into 2 separate clusters: one comprising 2 specimens
from sites 5 and 7, respectively and another one including all remaining samples (Fig 3A). For
Area 3, samples from each site presented a high degree of inbreeding, even those obtained
from different ovitraps within the same site or sampled one week apart from the same sensor.
In order to perform DAPC and STRUCTURE analyses for this area, we excluded all but one
individual from full-siblings groups collected in the same ovitrap except for a pair of full-sib-
lings from site 4 that were recovered in successive weeks. We also kept a pair of half-siblings
from this same site. Because sample sizes were smaller in this area, we grouped individuals
from nearby sites in 4 sampling sites for these analyses. DAPC for this area yielded 6 clusters,
mostly corresponding to different sampling sites (Fig 3B),

Analysis with STRUCTURE using the deltaK method for all samples from Buenos Aires
detected four clusters, though they presented admixture and included samples from different
locations (cluster 1 = three samples from MG, cluster 2 = two samples Area 1 Site 3 (2017)

+ one sample from Area 1 Site2, cluster 3 = one sample from Area 1 Site 3 (2018) + one sample
from Area 1 Site 1, cluster 4 = all remaining samples) (S1 Fig). Further analyses per area
detected two clusters (K = 2) after removing highly related individuals in Area 1.However,
Structure selector algorithm yielded similar results as Adegenet (K = 1) (Fig 4A). Migrant
detection using Geneclass2 for specimens in Area 1 showed that two individuals from MG
(located 30 km away) were first generation migrants (p<0.01) originated from site 2 in the
city. In Area 2, STRUCTURE found two clusters (K = 2) both by Evanno and Structure selec-
tor algorithms, one including a sample from site 5 and another one from site 7 (Fig 4B).
STRUCTURE also revealed genetic structure in Area 3. Two clusters were detected using
Evanno method, with two specimens from site 2 separated from the rest. When we used Struc-
ture selector, 3 clusters were detected. In this case, the same cluster that included two out of
four samples from site 2, a cluster including the unique sample from site 4 and another one
encompassing the remaining samples (Fig 4C). However, these results indicative of moderate
structure should be taken with caution because of the low sample size obtained after exclusion
of all but one individual from each full-sibling group.
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Fig 3. Comparative DAPC analysis for Ae. aegypti samples from Area 2 (A) and Area 3 (B) in Buenos Aires city. On the left, scatter plot with individuals
(curve area/dots) assigned to the detected clusters using the k means function find.clusters. On the right, individual membership probability to each cluster
(vertical lines) using compoplot in Adegenet. Clustering analyses for samples from Area 1 yielded only one cluster and therefore were not included in DAPC
analyses.

https://doi.org/10.1371/journal.pntd.0010549.g003

Isolation-by-distance was not significant for Ae. aegypti from all three areas of Buenos Aires
city (r = 0.04, p = 0.304) (S2 Fig). When Mantel tests was performed within each area, only
samples from Area 2 showed a significant IBD pattern (Mantel, r = 0.209, p = 0.046). When
the analysis was performed separately for each sex, we found a slightly more significant pattern
in females than males (r = 0.292 p = 0.01 for females and r = 0.211 p = 0.017 for males) (S3
Fig). Fine-scale autocorrelation analysis performed for Areas 2 and 3 showed that higher relat-
edness values for pairs of individuals could be found at distances below 100 meters in both
areas (S4 Fig). Estimates of effective population size were higher in Area 2 with respect to Area
1 although 95% confidence intervals for Area 1 and Area 2 partially overlapped (Table 4).

Country-wide genetic structure of Ae. aegypti in Argentina performed with DAPC in Ade-
genet showed that Ae. aegypti populations were clearly differentiated at a regional level (Fig 5).
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Fig 4. STRUCTURE analysis for Ae. aegypti samples from Area 1 (A), Area 2 (B) and Area 3 (C) in Buenos Aires
City. Individual membership probability to each cluster is depicted with vertical lines with different colours representing

each cluster.

https://doi.org/10.1371/journal.pntd.0010549.g004

This analysis revealed three clusters: one encompassing samples from the two localities of
NEA (CA and ED); the second including specimens from Buenos Aires and 4 individuals from
the nearest NWA localities (LB and RH) and the third cluster encompassing the remaining

Table 4. Estimation of effective population size for all areas using linkage disequilibrium method.

Location

Linkage disequilibrium Ne Estimate

Approx. 95% Confidence Interval

Area 1 (S2017)
Area 2

56.6
210.5

28.7-171.5
79.5 ~Infinite

*Samples from Area 3 were not included in this analysis due to low sample size and high inbreeding.

https://doi.org/10.1371/journal.pntd.0010549.t004
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Fig 5. DAPC analysis for Ae. aegypti samples from different locations in Northwestern, Northeastern and Central Argentina. On the left, scatter plot with
individuals (dots) assigned to the three detected clusters using the k means function find.clusters. On the right, individual membership probability to each
cluster (vertical lines).

https://doi.org/10.1371/journal.pntd.0010549.9g005

samples from NWA (OR, TA, RH, TV, BP) (Fig 5). These patterns are coincident with Fgr val-
ues (Table 5) and the relationships depicted in the Neighbor-joining tree based on genetic dis-
tances among populations (Fig 6). In effect, samples collected in Buenos Aires occupy an
intermediate position between NEA and NWA, the NWA sites LB and RH appear closer to
Buenos Aires and CA appears as the most divergent population.

Discussion

Our study indicates that spatial genetic structure and population dynamics in Ae. aegypti are
conditioned by urbanization levels and resource availability (breeding sites, human hosts and
nectar). Populations living in less urbanized city areas with more vegetation cover tend to be
more structured than those from highly urbanized areas. Clustering analysis at the city level
evidenced the presence of weak genetic structure in Ae. aegypti from Buenos Aires. These
results are in accordance with previous studies reporting nil/low spatial structure in other cities
and regions [17,22,23]. It is interesting to point out that, in the case of Buenos Aires, this
genetic pattern was achieved in a relatively short period of time (~27 years) when compared
with other locations, and in a temperate climate that determines the interruption of the vec-
tor’s life cycle during the cold season.

Further genetic analysis at a smaller scale allowed us to detect subtle spatial patterns in
areas with variable degrees of urbanization. Our results revealed an absence of genetic

Table 5. Pairwise Fgr values for Ae. aegypti collected in Buenos Aires and in Northeastern and Northwestern Argentina localities.

Location CA ED BA LB-RH TV-BP OR TA

CA 0.124 0.127 0.134 0.152 0.194 0.196
ED 0.124 0.057 0.066 0.084 0.117 0.116
BA 0.127 0.057 0.047 0.064 0.102 0.104
LB-RH 0.134 0.066 0.047 0.036 0.075 0.084
TV-BP 0.152 0.084 0.064 0.036 0.047 0.060
OR 0.194 0.117 0.102 0.075 0.047 0.050
TA 0.196 0.116 0.104 0.084 0.060 0.050

All Fgr values were significant according to probability P(rand > = data) based on 9999 permutations (p<0.05). CA = Colonia Aurora, ED = Eldorado, BA = Buenos
Aires, LB-RH = La Banda-Rio Hondo, TV-BP = Tafi Viejo-Benjamin Paz, OR = Oran, TA = Tartagal.

https://doi.org/10.1371/journal.pntd.0010549.t005

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010549  July 6, 2022

13/21


https://doi.org/10.1371/journal.pntd.0010549.g005
https://doi.org/10.1371/journal.pntd.0010549.t005
https://doi.org/10.1371/journal.pntd.0010549

PLOS NEGLECTED TROPICAL DISEASES Urban landscape and population structure in Aedes aegypti

NWA
BUE LB-RH

BA

TV-BP

TA

NEA

CA

Fig 6. Unrooted Neighbor-joining tree for Ae. aegypti specimens collected in different regions of Argentina. The tree was constructed using a genetic
distances matrix (Nei’s Fgr as implemented in R package ape).

https://doi.org/10.1371/journal.pntd.0010549.g006

structure in Area 1. Interestingly, specimens collected in the city’s outskirts (30 km apart) clus-
tered together with samples from dowtown Buenos Aires, suggesting a role of human-medi-
ated passive transport in shaping population structure and promoting gene flow between
distant populations. In addition, our results show that urban barriers such as two-ways streets
do not seem to restrict gene flow in highly urbanized Area 1.

Buenos Aires city is located in a temperate area where Ae. aegypti populations usually pass
the winter season in the egg stage [61] with adults starting to emerge around late September.
Genetic structure did not appear to be associated with seasonal variation at least in the single
comparison between two successive mosquito generations. Our results on this matter were
coincident with previous reports in subtropical or other temperate areas where genetic struc-
ture was reported to be stable between wet and dry seasons [16,23,62,63]. However, these
results should be interpreted with caution since more extensive temporal sampling sin several
points are necessary to confirm if such stability is a generalized feature within the city. The
lack of significant variation between samples collected at the end of the season (early autumn)
and at the beginning of the next season (early spring) suggests that no effective control mea-
sures were taken against Ae. aegypti during the winter, at least within a reduced urban environ-
ment. Although it is the main metropolis in Argentina and has had a stable population of Ae.
aegypti for the last 27 years, Buenos Aires does not have sustainable control programs against
the dengue vector. Winter arrest could provide a valuable opportunity to tackle breeding sites
when no adults are emerging. The worryingly increase in dengue prevalence during the last
epidemics (2016, 2020), suggests that immediate actions against the vector are needed.

Our analyses yielded two clusters in Area 2 where the main group included the vast major-
ity of specimens from all sampling sites in this area. Interestingly, samples collected in the
neighbourhood adjacent to Chacarita cemetery clustered together with samples from the
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cemeteries. The neighbourhood adjacent to the cemeteries presented high prevalence of den-
gue fever during the 2016 epidemic, highlighting the potential role of cemeteries as vector res-
ervoirs and source of arboviral transmission. Overall, there are few features that may serve as
barriers for mosquito flight in cemeteries since buildings are separated and internal streets are
rather narrow and present low circulation. Our results also suggest that the wall separating
both cemeteries functions as a partial barrier for Ae. aegypti active dispersal, given that the sep-
arated clusters were detected on both sides of the wall.

Finally, Area 3 showed the highest number of clusters. However, this result should be inter-
preted with caution due to the low sampling size resulting after the removal of closely related
individuals. In most cases, family clusters were associated with a unique collection site, point-
ing to a close dependence between mosquitoes and human dwellings within the area. Area 3
presents a high percentage of vegetation coverage and buildings arranged in isolated patches,
which creates a discontinuous distribution of potential breeding sites and human host avail-
ability for Ae. aegypti. Passive transport of immature stages between sites does not seem to play
an important role in shaping population structure in this area, probably because permanent
human presence is mostly restricted to sites 1 and 6. Elevated inbreeding in this area hindered
the possibility of obtaining samples from non-related individuals. Although we placed several
ovitraps between building patches, we were not able to obtain eggs from these locations. Sib-
lings were recovered not only from the same ovitraps but also from separated containers
within the same site or even in ovitraps placed in the same place in successive weeks. Even
though in this case genetic clusters are conditioned by low sampling sizes, we believe that our
approach allowed us to unveil the role of urban landscapes in shaping population dynamics in
Ae. aegypti. It also points out the need to perform kinship analysis prior to genetic analysis,
even when other preventive measures to avoid oversampling of highly related individuals were
a priori considered (eg. selecting a low number of specimens from each ovitrap/container).

Even though Area 3 is isolated from the rest of the city, circulation of people is restricted to
daytime hours and permanent human residents are scarce, Ae. aegypti has been present in this
area for at least the last 27 years. Active dispersal from other parts of the city to this area is
highly unlikely since Ciudad Universitaria is surrounded by the Rio de la Plata to the east and
by two highways with heavy traffic that connect the north and southern bounds of the city to
the west. Previous studies in other cities have shown that highways can constitute effective bar-
riers for Ae. aegypti active dispersal [24]. However, passive transport of adults or containers
with eggs and/or immature stages represent the most probable way of introduction of mosqui-
toes into this area. In fact, during the previous months of this study, different construction
sites begun to operate in the premises. These sites may have represented an introduction
source of mosquitoes carrying novel genetic variants and, probably, contributed to maintain
the existing population. Indeed, there is evidence that construction sites represent favourable
habitats for mosquitoes adapted to live in human altered environments such as Ae. aegypti or
Culex quinquefasciatus [64].

Isolation-by-distance was not significant in Buenos Aires, though mosquitoes from Area 2
displayed a significant IBD pattern, confirming the crucial role of active dispersal in shaping
genetic structure in this poorly urbanized area. Previous reports have shown that size and den-
sity of oviposition sites influence the dispersal of Ae. aegypti [65,66]; in fact, availability of con-
tainers was shown to be inversely correlated with female dispersal ability. However, this
relationship may be mediated by environmental and microclimate features [66]. In Area 3,
buildings and therefore artificial containers are scarce and patchily distributed, a fact that may
prevent female dispersal. Differences in vegetation cover and land use can account for the dif-
ferent IBD patterns between Areas 1 and 2. In the highly urbanized Area 1, we did not detect a
significant IBD pattern despite the likely continuous availability of potential breeding sites.
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Previous studies reported an increase in the number of potential oviposition sites for the vector
in recent years in several neighbourhoods of Buenos Aires city [34,67,68] in the context of an
ongoing colonization process in the area [69]. In addition, IBD analyses performed separately
for each sex in Area 2 showed that males disperse more than females, confirming previous
findings in catch-release experiments [70]. Accurate estimation of female dispersal remains a
key feature for vector control programs, particularly those involving oviposition sites removal
and focal insecticide spraying.

Kinship analysis detected full and half siblings in the same ovitraps in all areas. Also, a pair
of full-siblings was found in Area 1 in sites located over 1500 meters apart, which sets an upper
bound of dispersal ability, though passive transport cannot be ruled out. Effective population
size was higher in Area 2than in Area 1. The higher Ne value could be caused by the excep-
tional conditions that cemeteries offer Ae. aegypti, with a continuous distribution of flower
containers next to graves that provide suitable oviposition sites, as has been shown in previous
studies in the same areas [26,41].

Our results provide relevant information for the improvement of current control measures
and also for the implementation of novel control strategies such as the release of Wolbachia-
infected mosquitoes. The absence of extensive genetic clustering of populations from urban-
ized areas could favour Wolbachia invasion. At the same time, less urbanized areas within the
city with more structured populations might require an increased rate of releases to favour the
spread of Wolbachia-infected mosquitoes.

The countrywide survey of Ae. aegypti showed clear regional clustering. Samples from Bue-
nos Aires, located in the southern limit of the vector’s distribution, were differentiated from
samples collected in NEA and NWA. It is interesting to point out that some specimens col-
lected in intermediate NWA localities clustered with samples from Buenos Aires, suggesting
that passive transport from the Northwest along the Panamerican route that connects Buenos
Aires and NWA, is an important source of novel genetic variants into the city. Likewise, the
neighbour-joining analysis based on genetic distances (Fst) also showed that samples from
Buenos Aires are closely related to samples from these intermediate Northwestern locations
but also with samples collected in the Northeastern locality of Eldorado (ED). Previous studies
suggested that Ae. aegypti from Buenos Aires might be more closely related to Northeastern
populations [42]. Our results confirm this hypothesis, but also provide evidence that southern
populations in Buenos Aires are more connected to the Northwest than previously assumed.
Buenos Aires city represents the centre of Argentina’s productive matrix, all main land routes
originate or pass through Buenos Aires since it concentrates most of the country’s commercial
and productive activity. Therefore, intense traffic from and to NWA and NEA occurs on a
daily basis and creates ideal conditions for a constant exchange of eggs and immature stages.
This could place Ae. aegypti populations from Buenos Aires as a source of novel genetic vari-
ants originated from the admixture of NEA, NWA and local vector populations.

In this work, we provide a first insight into spatial genetic structure of Ae. aegypti in temper-
ate Buenos Aires. Our results show that both urbanization levels as well as the distribution of
potential breeding sites and meal sources represent crucial features that condition mosquito
dispersal and determine population genetic structure. Vector control programs should con-
sider urban landscape heterogeneity in order to develop comprehensive and successful preven-
tion strategies against Ae. aegypti.

Supporting information

S1 Fig. STRUCTURE analysis for Ae. aegypti samples from Buenos Aires city. Individual
membership probability to each cluster is depicted with vertical lines with different colours
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representing each cluster.
(TIF)

S2 Fig. Isolation-by-distance plots for Ae. aegypti specimens from Buenos Aires. On the
left, the dot represents the original value of the correlation between the matrices of Edwards’
genetic distances and Euclidean geographic distances whereas the histogram depicts permuted
values (with 9999 replicates). On the right, the graph shows the relationship between genetic
and geographic distances.

(TIF)

S3 Fig. Isolation-by-distance plots for Ae. aegypti male (A) and female (B) specimens from
Area 2. On the left, the dot represents the original value of the correlation between the matri-
ces of Edwards’ genetic distances and Euclidean geographic distances whereas the histogram
depicts permuted values (with 9999 replicates). On the right, the graph shows the relationship
between genetic and geographic distances for females (r = 0.164, p = 0.016) and males
(r=10.292, p = 0.004).

(TIF)

S4 Fig. Spatial autocorrelation analysis for Ae. aegypti specimens from Area 2 (A) and
Area 3 (B) separated <800 m apart. Upper and lower confidence interval for autocorrelation
coefficient (r) were calculated using 9999 permutations. Distance classes for which significant
positive spatial autocorrelation [p(r-rand> r-data)< 0.05] are marked with the * symbol.
(TIF)

S1 Appendix. STRUCTURE (DeltaK algorithm and Structure Selector results) and Ade-
genet (BIC vs. Cluster numbers) analyses used to perform cluster assignation.
(DOCX)

S1 Table. Spatial coordinates for all samples from Buenos Aires used in this study.
(TXT)

Acknowledgments

We would like to thank Rocio Vazquez for providing some of the samples included in this
study. We highly appreciate the assistance of Damian Furman with part of the bioinformatic
analyses.

Author Contributions

Conceptualization: Lucia Maffey.

Data curation: Lucia Maffey.

Formal analysis: Lucia Maffey, Viviana Confalonieri.

Funding acquisition: Esteban Hasson, Nicolas Schweigmann.
Investigation: Lucia Maffey, Viviana Confalonieri, Esteban Hasson.
Methodology: Lucia Maffey.

Supervision: Esteban Hasson, Nicolas Schweigmann.

Writing - original draft: Lucia Maffey.

Writing - review & editing: Lucia Maffey, Viviana Confalonieri, Esteban Hasson, Nicolas
Schweigmann.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010549  July 6, 2022 17/21


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010549.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010549.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010549.s004
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010549.s005
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010549.s006
https://doi.org/10.1371/journal.pntd.0010549

PLOS NEGLECTED TROPICAL DISEASES Urban landscape and population structure in Aedes aegypti

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Girard M, Nelson CB, Picot V, Gubler DJ. Arboviruses: A global public health threat. Vaccine [Internet].
2020; 38(24):3989-94. Available from: https://doi.org/10.1016/j.vaccine.2020.04.011 PMID: 32336601

Powell JR, Tabachnick WJ. History of domestication and spread of Aedes aegypti—a review. Mem Inst
Oswaldo Cruz. 2013; 108(August):11-7. https://doi.org/10.1590/0074-0276130395 PMID: 24473798

Powell JR. Perspective piece mosquito-borne human viral diseases: Why aedes aegypti? Am J Trop
Med Hyg. 2018; 98(6):1563-5.

Kraemer MUG, Jr RCR, Brady OJ, Messina JP, Gilbert M, Pigott DM, et al. Past and future spread of
the arbovirus vectors. Nat Microbiol [Internet]. 2019; 4(May). Available from: http://dx.doi.org/10.1038/
s41564-019-0376-y

Brady OJ, Hay SI. The global expansion of dengue: How aedes aegypti mosquitoes enabled the first
pandemic arbovirus. Annu Rev Entomol. 2020; 65:191-208. https://doi.org/10.1146/annurev-ento-
011019-024918 PMID: 31594415

Powell JR. Mosquitoes on the move. Science (80-). 2016; 354(6315):971-2. https://doi.org/10.1126/
science.aal1717 PMID: 27884993

Hemme RR, Thomas CL, Chadee DD, Severson DW. Influence of urban landscapes on population
dynamics in a short-distance migrant mosquito: Evidence for the dengue vector Aedes aegypti. PLoS
Negl Trop Dis. 2010; 4(3):1-9.

Evans MV, Hintz CW, Jones L, Shiau J, Solano N, Drake JM, et al. Microclimate and Larval Habitat
Density Predict Adult Aedes albopictus Abundance in Urban Areas. Am J Trop Med Hyg. 2019; 101
(2):362—70. https://doi.org/10.4269/ajtmh.19-0220 PMID: 31190685

Wimberly MC, Davis JK, Evans M V., Hess A, Newberry PM, Solano-Asamoah N, et al. Land cover
affects microclimate and temperature suitability for arbovirus transmission in an urban landscape. PLoS
Negl Trop Dis [Internet]. 2020; 14(9):1-23. Available from: http://dx.doi.org/10.1371/journal.pntd.
0008614

Little E, Biehler D, Leisnham PT, Jordan R, Wilson S, Ladeau SL. Socio-Ecological Mechanisms Sup-
porting High Densities of Aedes albopictus (Diptera: Culicidae) in Baltimore, MD. J Med Entomol. 2017;
54(5):1183-92. https://doi.org/10.1093/jme/tjx103 PMID: 28605549

Ladeau SL, Leisnham PT, Biehler D, Bodner D. Higher Mosquito Production in Low-Income Neighbor-
hoods of Baltimore and Washington, DC: Understanding Ecological Drivers and Mosquito-Borne Dis-
ease Risk in Temperate Cities. 2013;1505-26.

Maffey L, Garzén M, Confalonieri V, Chanampa M, Hasson E, Schweigmann N. Genome-wide screen-
ing of Aedes aegypti populations from Northwestern Argentina: active and passive dispersal shape
genetic structure.  Med Entomol. 2020;tjaa125. https://doi.org/10.1093/jme/tjaa125 PMID: 32692366

Pless E, Gloria-Soria A, Evans BR, Kramer V, Bolling BG, Tabachnick WJ, et al. Multiple introductions
of the dengue vector, Aedes aegypti, into California. PLoS Negl Trop Dis. 2017; 11(8):1—17. https://doi.
org/10.1371/journal.pntd.0005718 PMID: 28796789

Carvajal TM, Ogishi K, Yaegeshi S, Hernandez LFT, Viacrusis KM, Ho HT, et al. Fine-scale population
genetic structure of dengue mosquito vector, aedes aegypti, in metropolitan Manila, Philippines. PLoS
Negl Trop Dis [Internet]. 2020; 14(5):1-16. Available from: https://doi.org/10.1371/journal.pntd.
0008279 PMID: 32365059

Ayala AM, Vera NS, Chiappero MB, Almiron WR, Gardenal CN. Urban Populations of Aedes aegypti
(Diptera: Culicidae) from Central Argentina: Dispersal Patterns Assessed by Bayesian and Multivariate
Methods. J Med Entomol. 2020; 57(4):1069-76. https://doi.org/10.1093/jme/tjaa017 PMID: 32053724

Sayson SL, Gloria-Soria A, Powell JR, Edillo FE. Seasonal Genetic Changes of Aedes aegypti (Diptera:
Culicidae) Populations in Selected Sites of Cebu City, Philippines. J Med Entomol. 2015; 52(4):638—46.
https://doi.org/10.1093/jme/tjv056 PMID: 26335470

Mendonga BAA, de Sousa ACB, de Souza AP, Scarpassa VM. Temporal genetic structure of major
dengue vector Aedes aegypti from Manaus, Amazonas, Brazil. Acta Trop. 2014; 134(1):80-8. https://
doi.org/10.1016/j.actatropica.2014.02.014 PMID: 24631342

Wilke BB, Wilk-da-silva R, Marrelli MT. Microgeographic population structuring of Aedes aegypti (Dip-
tera: Culicidae). 2017;1-11.

Olanratmanee P, Kittayapong P, Chansang C, Hoffmann AA, Weeks AR, Endersby NM. Population
Genetic Structure of Aedes (Stegomyia) aegypti (L.) at a Micro-Spatial Scale in Thailand: Implications
for a Dengue Suppression Strategy. PLoS Negl Trop Dis. 2013; 7(1).

Xia S, Cosme L V., Lutomiah J, Sang R, Ngangue MF, Rahola N, et al. Genetic structure of the mos-
quito Aedes aegypti in local forest and domestic habitats in Gabon and Kenya. Parasites and Vectors
[Internet]. 2020; 13(1):1-13. Available from: https://doi.org/10.1186/s13071-020-04278-w

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010549  July 6, 2022 18/21


https://doi.org/10.1016/j.vaccine.2020.04.011
http://www.ncbi.nlm.nih.gov/pubmed/32336601
https://doi.org/10.1590/0074-0276130395
http://www.ncbi.nlm.nih.gov/pubmed/24473798
http://dx.doi.org/10.1038/s41564-019-0376-y
http://dx.doi.org/10.1038/s41564-019-0376-y
https://doi.org/10.1146/annurev-ento-011019-024918
https://doi.org/10.1146/annurev-ento-011019-024918
http://www.ncbi.nlm.nih.gov/pubmed/31594415
https://doi.org/10.1126/science.aal1717
https://doi.org/10.1126/science.aal1717
http://www.ncbi.nlm.nih.gov/pubmed/27884993
https://doi.org/10.4269/ajtmh.19-0220
http://www.ncbi.nlm.nih.gov/pubmed/31190685
http://dx.doi.org/10.1371/journal.pntd.0008614
http://dx.doi.org/10.1371/journal.pntd.0008614
https://doi.org/10.1093/jme/tjx103
http://www.ncbi.nlm.nih.gov/pubmed/28605549
https://doi.org/10.1093/jme/tjaa125
http://www.ncbi.nlm.nih.gov/pubmed/32692366
https://doi.org/10.1371/journal.pntd.0005718
https://doi.org/10.1371/journal.pntd.0005718
http://www.ncbi.nlm.nih.gov/pubmed/28796789
https://doi.org/10.1371/journal.pntd.0008279
https://doi.org/10.1371/journal.pntd.0008279
http://www.ncbi.nlm.nih.gov/pubmed/32365059
https://doi.org/10.1093/jme/tjaa017
http://www.ncbi.nlm.nih.gov/pubmed/32053724
https://doi.org/10.1093/jme/tjv056
http://www.ncbi.nlm.nih.gov/pubmed/26335470
https://doi.org/10.1016/j.actatropica.2014.02.014
https://doi.org/10.1016/j.actatropica.2014.02.014
http://www.ncbi.nlm.nih.gov/pubmed/24631342
https://doi.org/10.1186/s13071-020-04278-w
https://doi.org/10.1371/journal.pntd.0010549

PLOS NEGLECTED TROPICAL DISEASES Urban landscape and population structure in Aedes aegypti

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Huber K, Le Loan L, Hoang TH, Ravel S, Rodhain F, Failloux AB. Genetic differentiation of the dengue
vector, Aedes aegypti (Ho Chi Minh City, Vietnam) using microsatellite markers. Mol Ecol. 2002; 11
(9):1629-35. https://doi.org/10.1046/j.1365-294x.2002.01555.x PMID: 12207714

Rasi¢ G, Schama R, Powell R, Maciel-de Freitas R, Endersby-Harshman NM, Filipovi¢ |, et al. Contrast-
ing genetic structure between mitochondrial and nuclear markers in the dengue fever mosquito from
Rio de Janeiro: Implications for vector control. Evol Appl. 2015; 8(9):901-15. https://doi.org/10.1111/
eva.12301 PMID: 26495042

Campos M, Spenassatto C, Da Graca Macoris M de L, Paduan K dos S, Pinto J, Ribolla PEM. Seasonal
population dynamics and the genetic structure of the mosquito vector aedes aegypti in sdo paulo, brazil.
Ecol Evol. 2012; 2(11):2794-802. https://doi.org/10.1002/ece3.392 PMID: 23170214

Schmidt TL, Filipovi¢ I, Hoffmann AA, Rasi¢ G. Fine-scale landscape genomics helps explain the slow
spatial spread of Wolbachia through the Aedes aegypti population in Cairns, Australia. Heredity
(Edinb). 2018; 120(5):386-95. https://doi.org/10.1038/s41437-017-0039-9 PMID: 29358725

Rahman RU, Cosme LV, Costa MM, Carrara L, Lima BP, Jesus A, et al. Insecticide resistance and
genetic structure of Aedes aegypti populations from Rio de Janeiro. PLoS Negl Trop Dis. 2021; 15(2):
€0008492. https://doi.org/10.1371/journal.pntd.0008492 PMID: 33591988

Vezzani D, Veldzquez SM, Soto S, Schweigmann NJ. Environmental Characteristics of the Cemeteries
of Buenos Aires City (Argentina) and Infestation Levels of Aedes aegypti (Diptera: Culicidae). Mem Inst
Oswaldo Cruz. 2001; 96(4):467—71. https://doi.org/10.1590/s0074-02762001000400005 PMID:
11391417

Zanotti G, De Majo MS, Alem |, Schweigmann N, Campos RE, Fischer S. New records of Aedes aegypti
at the southern limit of its distribution in Buenos Aires province, Argentina. J Vector Ecol. 2015; 40
(2):408-11. https://doi.org/10.1111/jvec.12181 PMID: 26611978

Curto S, Boffi R, Carbajo AE, Plastina R, Schweigmann N. Reinfestacion del territorio argentino por
Aedes aegypti. Distribucion geografica (1994—1999). In: Salomon OD, editor. Actualizaciones en Artro-
podologia Sanitaria Argentina. Fundaciéon Mundo Sano; 2002. p. 127-37.

Junin B, Grandinetti H, Marconi J, Carcavallo R. Vigilancia de Aedes aegypti (L) en la ciudad de Buenos
Aires (Argentina). Entomol Vect. 1995; 2:71-5.

Schweigmann N, Orellano P, Kuruc J, Vera M, Méndez A. Presencia generalizada de Aedes aegypti
(L.) (Diptera: Culicidae) en la Ciudad de Buenos Aires. In: 1V Congreso Argentino de Entomologia, Mar
del Plata, Argentina. 1996. p. 297.

Fischer S, De Majo MS, Di Battista CM, Montini P, Loetti V, Campos RE. Adaptation to temperate cli-
mates: Evidence of photoperiod-induced embryonic dormancy in Aedes aegypti in South America. J
Insect Physiol [Internet]. 2019; 117. Available from: https://doi.org/10.1016/j.jinsphys.2019.05.005
PMID: 31125550

Majo S De, Montini P, Fischer S. Population and Community Ecology Egg Hatching and Survival of
Immature Stages of Aedes aegypti (Diptera: Culicidae) Under Natural Temperature Conditions During
the Cold Season in Buenos Aires, Argentina. J Med Entomol. 2016; 0(0):1-8.

Vezzani D, Velazquez SM, Schweigmann N. Seasonal pattern of abundance of Aedes aegypti (Diptera:
Culicidae) in Buenos Aires City, Argentina. Mem Inst Oswaldo Cruz. 2004; 99(4):351-6. https://doi.org/
10.1590/s0074-02762004000400002 PMID: 15322622

Schweigmann N, Orellano P, Kuruc J, Vera M, Vezzani D, Méndez A. Distribucion y abundancia de
Aedes aegypti (Diptera: Culicidae) en la ciudad de Buenos Aires. In: Actualizaciones en Artropodologia
Sanitaria Argentina. Publicacié. 2002. p. 155-60.

Rahman RU, Veiga Cosme L, Melo Costa M, Carrara L, Bento Pereira Lima J, Martins AJ. Insecticide
resistance and genetic structure of Aedes aegypti populations from Rio de Janeiro. PLoS Negl Trop
Dis. 2021; 15(2):e0008492. https://doi.org/10.1371/journal.pntd.0008492 PMID: 33591988

Linss JGB, Brito LP, Azambuja Garcia G, Araki AS, Vieira Bruno R, Bento Pereira Lima J, et al. Distribu-
tion and dissemination of the Val1016lle and Phe1534Cys Kdr mutations in Aedes aegypti Brazilian nat-
ural populations. Parasit Vectors. 2014; 7(25):1—11. https://doi.org/10.1186/1756-3305-7-25 PMID:
24428880

Rasic G, Endersby NM, Williams C, Hoffmann AA. Using Wolbachia-based release for suppression of
Aedes mosquitoes: Insights from genetic data and population simulations. Ecol Appl. 2014; 24
(5):1226-34. https://doi.org/10.1890/13-1305.1 PMID: 25154109

Albrieu Llinas G, Gardenal CN. Phylogeography of Aedes Aegypti in Argentina: Long-Distance Coloni-
zation and Rapid Restoration of Fragmented Relicts After a Continental Control Campaign. Vector
Borne Zoonotic Dis. 2012; 12(3):254—61. https://doi.org/10.1089/vbz.2011.0696 PMID: 22022812

Fernandez Romero F. Espacios verdes ¢ para qué y para quiénes? Tertitorialidades en disputa en el
Area Metropolitana de Buenos Aires (1944—2016). Estud Socioterritoriales. 2019; 25(e018):0-16.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010549  July 6, 2022 19/21


https://doi.org/10.1046/j.1365-294x.2002.01555.x
http://www.ncbi.nlm.nih.gov/pubmed/12207714
https://doi.org/10.1111/eva.12301
https://doi.org/10.1111/eva.12301
http://www.ncbi.nlm.nih.gov/pubmed/26495042
https://doi.org/10.1002/ece3.392
http://www.ncbi.nlm.nih.gov/pubmed/23170214
https://doi.org/10.1038/s41437-017-0039-9
http://www.ncbi.nlm.nih.gov/pubmed/29358725
https://doi.org/10.1371/journal.pntd.0008492
http://www.ncbi.nlm.nih.gov/pubmed/33591988
https://doi.org/10.1590/s0074-02762001000400005
http://www.ncbi.nlm.nih.gov/pubmed/11391417
https://doi.org/10.1111/jvec.12181
http://www.ncbi.nlm.nih.gov/pubmed/26611978
https://doi.org/10.1016/j.jinsphys.2019.05.005
http://www.ncbi.nlm.nih.gov/pubmed/31125550
https://doi.org/10.1590/s0074-02762004000400002
https://doi.org/10.1590/s0074-02762004000400002
http://www.ncbi.nlm.nih.gov/pubmed/15322622
https://doi.org/10.1371/journal.pntd.0008492
http://www.ncbi.nlm.nih.gov/pubmed/33591988
https://doi.org/10.1186/1756-3305-7-25
http://www.ncbi.nlm.nih.gov/pubmed/24428880
https://doi.org/10.1890/13-1305.1
http://www.ncbi.nlm.nih.gov/pubmed/25154109
https://doi.org/10.1089/vbz.2011.0696
http://www.ncbi.nlm.nih.gov/pubmed/22022812
https://doi.org/10.1371/journal.pntd.0010549

PLOS NEGLECTED TROPICAL DISEASES Urban landscape and population structure in Aedes aegypti

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Vezzani D, Velazquez SM, Schweigmann N. Control of Aedes aegypti with temephos in a Buenos Aires
cemetery, Argentina Controle de Aedes aegypti com temefds em cemitério de Buenos Aires, Argentina.
Rev Saude Publica. 2004; 38(5):738—-40. https://doi.org/10.1590/s0034-89102004000500020 PMID:
15499449

Vezzani D, Schweigmann N. Suitability of containers from different sources as breeding sites of Aedes
aegypti (L.) in a cemetery of Buenos Aires City, Argentina. Mem Inst Oswaldo Cruz. 2002; 97(6):789—
92. https://doi.org/10.1590/s0074-02762002000600006 PMID: 12386697

Rondan Duefias JC, Llinas GA, Panzetta-Dutari GM, Gardenal CN. Two Different Routes of Coloniza-
tion of Aedes aegypti in Argentina From Neighboring Countries. J Med Entomol. 2009; 46(6):1344—54.
https://doi.org/10.1603/033.046.0613 PMID: 19960679

Peterson BK, Weber JN, Kay EH, Fisher HS, Hoekstra HE. Double digest RADseq: an inexpensive
method for de novo SNP discovery and genotyping in model and non-model species. PLoS One [Inter-
net]. 2012; 7(5):e37135. Available from: http://www.ncbi.nlm.nih.gov/pubmed/22675423%0Ahttp://
www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC3365034 https://doi.org/10.1371/journal.
pone.0037135 PMID: 22675423

Matthews BJ, Dudchenko O, Kingan SB, Koren S, Antoshechkin I, Crawford JE, et al. Improved refer-
ence genome of Aedes aegypti informs arbovirus vector control. Nature. 2018; 563(7732):501-7.
https://doi.org/10.1038/s41586-018-0692-z PMID: 30429615

Atchison CJ, Stowe J, Andrews N, Collins S, Allen DJ, Nawaz S, et al. Rapid declines in age group-spe-
cific rotavirus infection and acute gastroenteritis among vaccinated and unvaccinated individuals within
1 year of rotavirus vaccine introduction in England and Wales. J Infect Dis. 2016; 213(2):243-9. https://
doi.org/10.1093/infdis/jiv398 PMID: 26232438

Catchen J, Hohenlohe PA, Bassham S, Amores A, Cresko WA. Stacks: an analysis tool set for popula-
tion genomics. Mol Ecol [Internet]. 2013; 22(11):3124—40. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/23701397%0Ahttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC3936987
https://doi.org/10.1111/mec.12354 PMID: 23701397

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D, et al. PLINK: A tool set for
whole-genome association and population-based linkage analyses. Am J Hum Genet. 2007; 81
(8):5659-75. https://doi.org/10.1086/519795 PMID: 17701901

Kotsakiozi P, Evans BR, Ayala D, Paupy C, Kamgang B, Mayanja M, et al. Population structure of a vec-
tor of human diseases: Aedes aegypti in its ancestral range, Africa. Ecol Evol. 2018; 8:7835—48. https://
doi.org/10.1002/ece3.4278 PMID: 30250667

Peakall R, Smouse PE. GenALEx 6.5: Genetic analysis in Excel. Population genetic software for teach-
ing and research-an update. Bioinformatics. 2012; 28(19):2537-9. https://doi.org/10.1093/
bioinformatics/bts460 PMID: 22820204

Do C, Waples RS, Peel D, Macbeth GM, Tillett BJ, Ovenden JR. NeEstimator v2: Re-implementation of
software for the estimation of contemporary effective population size (Ne) from genetic data. Mol Ecol
Resour. 2014; 14(1):209-14. https://doi.org/10.1111/1755-0998.12157 PMID: 23992227

Hardy O, Vekemans X. SPAGeDi: a versatile computer program to analyse spatial genetic structure at
the individual or population levels. Mol Ecol Notes. 2002; 2:618-20.

Kalinowski ST, Wagner AP, Taper ML. ML-RELATE: A computer program for maximum likelihood esti-
mation of relatedness and relationship. Mol Ecol Notes. 2006; 6(2):576-9.

Jombart T, Ahmed I. adegenet 1.3—1: New tools for the analysis of genome-wide SNP data. Bioinfor-
matics. 2011; 27(21):3070—1. https://doi.org/10.1093/bioinformatics/btr521 PMID: 21926124

Pritchard J, Stephens M, Donnelly P. Inference of Population Structure Using Multilocus Genotype
Data. Genetics. 2000; 155:945-959. https://doi.org/10.1093/genetics/155.2.945 PMID: 10835412

Evanno G, Regnaut S, Goudet J. Detecting the number of clusters of individuals using the software
STRUCTURE: a simulation study. Mol Ecol [Internet]. 2005; 14(8):2611-20. Available from: http://www.
ncbi.nim.nih.gov/pubmed/15969739 https://doi.org/10.1111/j.1365-294X.2005.02553.x PMID:
15969739

Earl DA, vonHoldt BM. STRUCTURE HARVESTER: A website and program for visualizing STRUC-
TURE output and implementing the Evanno method. Conserv Genet Resour. 2012; 4(2):359-61.

Li Y-L, Liu J-X. S TRUCTURE S ELECTOR: A web-based software to select and visualize the optimal
number of clusters using multiple methods. Mol Ecol Resour. 2018; 18(September 2017):176-7.

Kopelman N, Mayzel J, Jakobsson M, Rosenberg N, Mayrose I. CLUMPAK: a program for identifying
clustering modes and packaging population structure inferences across K. Mol Ecol Resour. 2015; 15
(5):1179-91. https://doi.org/10.1111/1755-0998.12387 PMID: 25684545

Rosenberg NA. DISTRUCT: A program for the graphical display of population structure. Mol Ecol
Notes. 2004; 4(1):137-8.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010549  July 6, 2022 20/21


https://doi.org/10.1590/s0034-89102004000500020
http://www.ncbi.nlm.nih.gov/pubmed/15499449
https://doi.org/10.1590/s0074-02762002000600006
http://www.ncbi.nlm.nih.gov/pubmed/12386697
https://doi.org/10.1603/033.046.0613
http://www.ncbi.nlm.nih.gov/pubmed/19960679
http://www.ncbi.nlm.nih.gov/pubmed/22675423%0Ahttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC3365034
http://www.ncbi.nlm.nih.gov/pubmed/22675423%0Ahttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC3365034
https://doi.org/10.1371/journal.pone.0037135
https://doi.org/10.1371/journal.pone.0037135
http://www.ncbi.nlm.nih.gov/pubmed/22675423
https://doi.org/10.1038/s41586-018-0692-z
http://www.ncbi.nlm.nih.gov/pubmed/30429615
https://doi.org/10.1093/infdis/jiv398
https://doi.org/10.1093/infdis/jiv398
http://www.ncbi.nlm.nih.gov/pubmed/26232438
http://www.ncbi.nlm.nih.gov/pubmed/23701397%0Ahttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC3936987
http://www.ncbi.nlm.nih.gov/pubmed/23701397%0Ahttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC3936987
https://doi.org/10.1111/mec.12354
http://www.ncbi.nlm.nih.gov/pubmed/23701397
https://doi.org/10.1086/519795
http://www.ncbi.nlm.nih.gov/pubmed/17701901
https://doi.org/10.1002/ece3.4278
https://doi.org/10.1002/ece3.4278
http://www.ncbi.nlm.nih.gov/pubmed/30250667
https://doi.org/10.1093/bioinformatics/bts460
https://doi.org/10.1093/bioinformatics/bts460
http://www.ncbi.nlm.nih.gov/pubmed/22820204
https://doi.org/10.1111/1755-0998.12157
http://www.ncbi.nlm.nih.gov/pubmed/23992227
https://doi.org/10.1093/bioinformatics/btr521
http://www.ncbi.nlm.nih.gov/pubmed/21926124
https://doi.org/10.1093/genetics/155.2.945
http://www.ncbi.nlm.nih.gov/pubmed/10835412
http://www.ncbi.nlm.nih.gov/pubmed/15969739
http://www.ncbi.nlm.nih.gov/pubmed/15969739
https://doi.org/10.1111/j.1365-294X.2005.02553.x
http://www.ncbi.nlm.nih.gov/pubmed/15969739
https://doi.org/10.1111/1755-0998.12387
http://www.ncbi.nlm.nih.gov/pubmed/25684545
https://doi.org/10.1371/journal.pntd.0010549

PLOS NEGLECTED TROPICAL DISEASES Urban landscape and population structure in Aedes aegypti

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Paradis E, Schliep K. Ape 5.0: An environment for modern phylogenetics and evolutionary analyses in
R. Bioinformatics. 2019; 35(3):526-8. https://doi.org/10.1093/bioinformatics/bty633 PMID: 30016406

Montini P, Majo MS De, Fischer S. Delayed mortality effects of cold fronts during the winter season on
Aedes aegypti in a temperate region. J Therm Biol [Internet]. 2021; 95(October 2020):102808. Available
from: https://doi.org/10.1016/j.jtherbio.2020.102808

Endersby NM, Hoffmann AA, White VL, Ritchie SA, Johnson PH, Weeks AR. Changes in the genetic
structure of Aedes aegypti (Diptera: Culicidae) populations in Queensland, Australia, across two sea-
sons: Implications for potential mosquito releases. J Med Entomol. 2011; 48(5):999-1007. https://doi.
org/10.1603/me 10264 PMID: 21936318

Rasi¢ G, Endersby-Harshman N, Tantowijoyo W, Goundar A, White V, Yang Q, et al. Aedes aegypti
has spatially structured and seasonally stable populations in Yogyakarta, Indonesia. Parasites and Vec-
tors. 2015; 8(1):1-12. https://doi.org/10.1186/s13071-015-1230-6 PMID: 26627473

Wilke ABB, Vasquez C, Petrie W, Caban-martinez AJ, Beier JC. Construction sites in Miami-Dade
County, Florida are highly favorable environments for vector mosquitoes. PLoS One [Internet]. 2018; 13
(12):e0209625. Available from: https://doi.org/10.1371/journal.pone.0209625 PMID: 30571764

Edman JD, Scott TW, Costero A, Morrison AC, Harrington LC, Clark GG. Aedes aegypti (Diptera: Culi-
cidae) Movement Influenced by Availability of Oviposition Sites. J Med Entomol. 1998; 35(4):578-83.
https://doi.org/10.1093/jmedent/35.4.578 PMID: 9701948

Brown HE, Cox J, Comrie AC, Barrera R. Habitat and density of oviposition opportunity influences
Aedes aegypti (Diptera: Culicidae) flight distance. J Med Entomol. 2017; 54(5):1385-9. https://doi.org/
10.1093/jme/tjx083 PMID: 28419273

Schweigmann N, Rizzotti A, Castiglia G, Gribaudo F, Marcos E, Burroni N, et al. Informacion, conoci-
miento y percepcion sobre el riesgo de contraer el dengue en Argentina: dos experiencias de interven-
cién para generar estrategias locales de control. Cad Saude Publica [Internet]. 2009; 25(supl.1):S137—
48. Available from: http://www.scielosp.org/scielo.php?script=sci_arttext&pid=S0102-
311X2009001300013

Ceriani Nakamurakare, E. Macchiaverna N, Ojeda C, Sarracin MP, Guntin E, Contreras M, Maqueda
C, et al. Recipientes criaderos de Aedes aegypti y Culex pipiens en CABA y GBA. In: 2° Encuentro
Nacional sobre Enfermedades Olvidadas y XIV Simposio Internacional sobre Control Epidemioldgico
de Enfermedades Transmitidas por Vectores. Ciudad de Buenos Aires; 2011.

Fischer S, De Majo MS, Quiroga L, Paez M, Schweigmann N. Long-Term spatio-Temporal dynamics of
the mosquito Aedes aegypti in temperate Argentina. Bull Entomol Res. 2016; 107(2):225-33. https:/
doi.org/10.1017/S0007485316000869 PMID: 27876100

Juarez JG, Garcia-luna S, Chaves LF, Carbajal E, Valdez E, Avila C, et al. Dispersal of female and
male Aedes aegypti from discarded container habitats using a stable isotope mark-capture study design
in South Texas. Sci Rep [Internet]. 2020;1-12. Available from: https://doi.org/10.1038/s41598-020-
63670-9

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010549  July 6, 2022 21/21


https://doi.org/10.1093/bioinformatics/bty633
http://www.ncbi.nlm.nih.gov/pubmed/30016406
https://doi.org/10.1016/j.jtherbio.2020.102808
https://doi.org/10.1603/me10264
https://doi.org/10.1603/me10264
http://www.ncbi.nlm.nih.gov/pubmed/21936318
https://doi.org/10.1186/s13071-015-1230-6
http://www.ncbi.nlm.nih.gov/pubmed/26627473
https://doi.org/10.1371/journal.pone.0209625
http://www.ncbi.nlm.nih.gov/pubmed/30571764
https://doi.org/10.1093/jmedent/35.4.578
http://www.ncbi.nlm.nih.gov/pubmed/9701948
https://doi.org/10.1093/jme/tjx083
https://doi.org/10.1093/jme/tjx083
http://www.ncbi.nlm.nih.gov/pubmed/28419273
http://www.scielosp.org/scielo.php?script=sci_arttext&pid=S0102-311X2009001300013
http://www.scielosp.org/scielo.php?script=sci_arttext&pid=S0102-311X2009001300013
https://doi.org/10.1017/S0007485316000869
https://doi.org/10.1017/S0007485316000869
http://www.ncbi.nlm.nih.gov/pubmed/27876100
https://doi.org/10.1038/s41598-020-63670-9
https://doi.org/10.1038/s41598-020-63670-9
https://doi.org/10.1371/journal.pntd.0010549

