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size in each population.

Background: Culex nigripalpus has a wide geographical distribution and is found in North and South America.
Females are considered primary vectors for several arboviruses, including Saint Louis encephalitis virus, Venezuelan
equine encephalitis virus and Eastern equine encephalitis virus, as well as a potential vector of West Nile virus. In
view of the epidemiological importance of this mosquito and its high abundance, this study sought to investigate
wing variation in Cx. nigripalpus populations from urban parks in the city of Séo Paulo, Brazil.

Methods: Female mosquitoes were collected in seven urban parks in the city of Sdo Paulo between 2011 and 2013.
Eighteen landmark coordinates from the right wing of each female mosquito were digitized, and the dissimilarities
between populations were assessed by canonical variate analysis and cross-validated reclassification and by constructing
a Neighbor-Joining (NJ) tree based on Mahalanobis distances. The centroid size was calculated to determine mean wing

Results: Canonical variate analysis based on fixed landmarks of the wing revealed a pattern of segregation between
urban and sylvatic Cx. nigripalpus, a similar result to that revealed by the NJ tree topology, in which the population from
Shangrild Park segregated into a distinct branch separate from the other more urban populations.

Conclusion: Environmental heterogeneity may be affecting the wing shape variation of Cx. nigripalpus populations.

Keywords: Population structure, Wing shape variation, Urban parks, Urbanization

Background

Culex (Culex) nigripalpus (Theobald) is a species native
to Brazil that has a tropical and subtropical distribution
in North and South America. Females can lay eggs in
artificial containers, thrive in urban environments and
females have been reported to blood-feed on birds and
humans as well as other mammals [1-8]. This feeding
behavior makes the species more of a public health con-
cern as females can vector several arboviruses, such as
Saint Louis encephalitis virus (SLEV), Venezuelan equine
encephalitis virus (VEEV), Eastern equine encephalitis
virus (EEEV) and West Nile virus (WNV) [9-14].

The increase in anthropogenic impact and pressure on
natural environments increases the risk of contact be-
tween humans and pathogens and may accelerate the
spread of arthropod-borne pathogens, resulting in an
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increase in morbidity and mortality due to the diseases
they cause, which have been identified as one of the five
major emerging problems in public health [15, 16]. As
many pathogens of human diseases are transmitted by
mosquitoes, controlling the spread of pathogens is a
major challenge [17, 18]. The growth of the human
population and continuing land occupation have been
dramatically modifying the landscape and changing the
climate conditions, favoring the spread of vector mos-
quitoes capable of surviving in urbanized environments
as well as an increase in their density [18-21].

In an attempt to minimize the negative effects of
urbanization on the human population, urban parks
have been created in large cities around the world to
preserve the remaining natural habitats and create ref-
uges for native and exotic species of fauna and flora.
These parks act as “green islands” surrounded by the
urban matrix [17, 22-26].
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Genotypic markers are frequently used to investigate
the microevolution of mosquitoes [27-31]. However,
wing geometric morphometrics are not only useful for
assessing microevolution events but can also provide
valuable information on phenotypic variability and
population structure [32—34].

We hypothesize that heterogeneous environmental
areas may be correlated with the variation in shape and
size of wings of Culex nigripalpus in populations in the
city of Sao Paulo, Brazil. The objective of the present
study was, therefore, to use wing geometric morphomet-
rics to analyze wing variation patterns in Cx. nigripalpus
females in urban parks.

Methods

Mosquito collections

Culex nigripalpus females were collected once a month
for one year in seven urban parks in the city of Sao
Paulo (except for Anhanguera Park, where collections
lasted two years) using CDC light traps baited with dry
ice (Table 1) [35]. All parks surveyed in this study have
similar characteristics, they have been created as the city
grew and there was an increase in the urban area of the
city of Sdo Paulo; also, they consist of secondary forest,
except the Shangrild Park, which is located in an adja-
cent area to a remnant of Atlantic Forest extending
60 km from Sdo Paulo to the coast [36]. Mosquitoes
were identified using taxonomic keys by Consoli & Lour-
engo de Oliveira [5].

Wing preparation and data collection

The right wing of each female was removed from the
thorax and mounted between slide and coverslip (0.08—
0.12 mm) using Canada balsam (Sigma-Aldrich, St.
Louis, MO, USA). The wings were then viewed using a
Leica M205C stereoscope under 35x magnification. In
each image, the coordinates of 18 landmarks represented
by the intersections of wing veins were digitized using
TpsDig software 1.4 [37] (Fig. 1).
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Morphometric approach

To assess mean wing size for each population, the iso-
metric estimator known as centroid size (CS) [38] was
calculated using MorphoJ 1.02 [39]. The results for CS
were compared by non-parametric ANOVA and post-
hoc Tukey’s test in PAST 1.89 (Table 1) [40].

The allometric effect of wing size on wing shape was esti-
mated using multiple regression analysis of the Procrustes
coordinates on CS. The statistical significance of the allo-
metric effect was determined by non-parametric permuta-
tion testing with 10,000 randomizations in Morpho] 1.02.

Discriminant analysis was used to explore the degree
of wing shape dissimilarity between females in the mor-
phospace produced by canonical variate analysis (CVA)
using MorphoJ 1.02 and to calculate the Mahalanobis
distances between samples. The latter were used to con-
struct a NJ tree to further examine the similarities
among populations with PAST 1.89. Culex quinquefas-
ciatus (Say) (n = 30) was used as the outgroup.

The dissimilarity in wing shape between populations
was estimated by cross-validated reclassification tests in
Morpho] 1.02. To test for possible isolation by distance,
the correlation between Procrustes distances and geo-
graphical distances (linear kilometers) was calculated
using the Mantel test in PAST 1.89.

Results

Centroid size ranged from 3.25 to 4.85 mm; the SHA
population had the lowest average (3.84 mm) and the
SDS the highest (4.13 mm). The IBR population had the
highest intra-population variation (3.25 to 4.78 mm)
(Fig. 2). The statistical significance of the variation in
mean CS was found between the following populations:
SDS and IBR, SDS and PIQ, SHA and ANG, SHA and
BMX, and SHA and SDS (ANOVA: Fse = 94.54,
P < 0.01) (Additional file 1: Table S1).

Allometry accounted for 1.45% (P = 0.0027) of wing size
influencing variations in wing shape and, although consid-
ered negligible, was removed from the subsequent
analysis. The Mantel test showed a weak correlation

Table 1 Sampling information for Culex nigripalpus populations collected in seven urban parks in the city of S&o Paulo, Brazil

Park Coordinates Collection year Sample size
Anhanguera (ANG) 23°29'33.36"S, 46°45'43.50"W 2011-2013 60
Burle Marx (BMX) 23°37'55.92"S, 46°43"17.25"W 2012-2013 30
Ibirapuera (IBR) 23°35'14.40"S, 46°39'27.48"W 2011-2012 23
Piqueri (PIQ) 23°31'39.98"S, 46°34'24.98"W 2012-2013 34
Previdéncia (PRV) 23°34'40.99"S, 46°43'37.92"W 2012-2013 32
Santo Dias (SDS) 23°45'29.35"S, 46°46'23.18"W 2011-2012 33
Shangrild (SHA) 23°4529.35"S, 46°39'44.28"W 2011-2012 33
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Fig. 1 Wing of female Culex nigripalpus. a The 18 landmarks. b Wireframe representation of the 18 landmarks

between Procrustes values and geographical distance
(r = 031979, r* = 0.10226), but this was not statistically
significant (P = 0.1586).

While CVA revealed a certain level of segregation
between IBR, SHA and SDS, there was major overlapping
between BMX, PRV, SDS, ANG, IBR and PIQ. SHA segre-
gated into two major subpopulations, one with wing shapes
similar to those of the other populations and another with
wing shape patterns unlike those of any of the other popu-
lations (Fig. 3).

The SHA population was segregated in two major clus-
ters, (i) one cluster sharing similar wing shapes with the
other studied populations, labeled urban; and (ii) a second
cluster composed of unique wing shape patterns, exclu-
sively found in this subpopulation, labeled sylvatic. These
labels were defined according to the characteristics of the
Shangrild Park, as a protected part of native Atlantic
Forest, spreading for more than 60 km to the coast.

A cross-validated reclassification test in which the speci-
mens were labeled urban or sylvatic yielded 96% accuracy

-
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Fig. 2 Boxplot showing mean centroid sizes of Culex nigripalpus wings. Differences between the following populations were statistically significant
(P < 0.05): SDS vs IBR, SDS vs PIQ, SHA vs ANG, SHA vs BMX, and SHA vs SDS. Abbreviations: ANG, Anhanguera; BMX, Burle Marx; IBR, Ibirapuera; PIQ,

SHA
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Fig. 3 Morphological space of the first two canonical variates for Culex nigripalpus based on 18 wing landmarks, considering all populations (a);
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for the urban wing shape and 100% accuracy for the syl-
vatic wing shape, indicating that wing shape variation was
significantly different between these two groups.

The CVA using the urban and sylvatic specimens re-
vealed a similar pattern among the populations, but when
SHA was analyzed individually, the specimens segregated
into two groups, one urban (SHA-URBAN) and the other
sylvatic (SHA-SYLVATIC). The sylvatic group of speci-
mens was subsequently compared with the remaining
populations, resulting in a clear pattern of segregation be-
tween the urban and sylvatic specimens for all the popula-
tions (Fig. 4). This highlights the existence of two distinct
patterns of wing shapes in the populations studied.

In the NJ tree, the SHA and SDS populations segregated
into branches supported by high bootstrap values (100
and 95, respectively) (Fig. 5). Discriminant analysis
revealed that the differences in wing shape between fe-
males of the populations were statistically significant
(P < 0.05) except for the difference between the PIQ and
IBR populations (P = 0.3839) (Additional file 2: Table S2).

The cross-validated reclassification tests for the SDS
and IBR populations yielded a reclassification score of
80%, indicating a difference in wing shape patterns be-
tween females of these two populations. In contrast, the
ANG and IBR populations had a reclassification score of
34%, indicating homogeneous wing shape patterns be-
tween females of these populations. The SHA population
had the highest reclassification scores of all the popula-
tions studied, ranging from 70.5% when compared with
PIQ to 88.3% when compared with ANG, indicating that
females of this population have wing shape patterns that
were not found in females of the other populations, in-
creasing its reclassification scores and corroborating the
CVA analysis (Table 2).

Discussion

Our results indicate that the wing shape of Culex nigripal-
pus females is moderately heterogeneous in the popula-
tions studied. Of the seven populations analyzed, six had
similar wing shapes, which can be explained by the fact
that these populations were collected in areas with high
levels of urbanization and anthropogenic impact, and were
therefore under high selective pressures [41], resulting in
lower wing shape variation. This phenomenon has been
reported in previous studies of species of Aedes and
Anopheles [34, 42, 43].

The SHA specimens, however, were collected in a
remnant of Atlantic Forest that borders on the Billings
reservoir in the city and on a very large conservation
area in the Atlantic Forest. These specimens had two
distinct wing shape patterns, one similar to that of the
urbanized populations and another that was not found
in any of the six other populations. This variation may
be explained by the fact that the specimens were col-
lected in a park containing a remnant of native Atlantic
Forest, as well as the influence of urban areas near its
entrance, providing two distinct habitats for Cx.
nigripalpus. Environmental heterogeneity can affect the
phenotypic patterns of organisms, driving their pheno-
type to local conditions.

Wing shape variability is an important trait indicator
of how insects cope with environmental variations,
which ultimately may affect their genomes being
perceived as genetic variation at the phenotypic level. A
possible explanation for the wing shape variation
observed in SHA not being observed in any other popu-
lation is that the vegetation of those parks was mostly
complete reforestation [24]. Although it is not possible
to infer that the wing shape pattern is due to specific
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Fig. 4 Wing shape diagram of the first canonical variable from the comparison of urban and sylvatic specimens. Blue: wing shape patterns
common to sylvatic specimens found exclusively in the SHA population; red: wing shape patterns for each population. X axis: first canonical
variable; Y axis: frequency. Abbreviations: ANG, Anhanguera; BMX, Burle Mar; IBR, Ibirapuera; PIQ, Piqueri; SDS, Santo Dias; SHA, Shangrila
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selective pressures from the urban environment, the
presence of a unique wing shape pattern found exclu-
sively in a preserved environment may indicate a correl-
ation between these variables. Similar wing shape
variation was found for butterflies in China [44].

The urban areas are characterized as highly fragmen-
ted environments with different use and occupations,
under which conditions, biological communities tend to
undergo radical changes in their composition and diver-
sity [45—47]. This phenomenon was previously seen in
studies of vector-mosquitoes in the city of Sdo Paulo,
Brazil, in which urbanization was driving their popula-
tion dynamics, promoting a population demographic
expansion of a few species of mosquitoes that are
adapted to urban areas, such as Ae. aegypti (Linnaeus),
Ae. fluviatilis (Lutz), Cx. quinquefasciatus and Cx. nigri-
palpus, which are widely found throughout the urban
environment [17, 31, 36, 48, 49].

The structuring of the SHA population may be related
to the intraspecific variation of distinctive morphometric

characters that resulted from environmental conditions
from which a given population is sampled. Urbanization
is known for promoting both genetic and biotic
homogenization [46], consistent with the patterns seen
in Cx. migripalpus; similar results have been found for
Ae. aegypti [28]. Moreover, the segregation of the SHA
population into a single branch with a bootstrap value of
100 may indicate a possible retention of ancestral wing
shape polymorphism, since Cx. nigripalpus is native to
Brazil [22, 49], and Shangrild Park is located in an
urban-sylvatic transition zone, forming an ecological
corridor between the Atlantic Forest and Billings
Reservoir [24]. In addition, the cross-validated reclassifi-
cation test indicated that females of this population have
wing shape patterns different from those of the other
populations studied here, corroborating the hypothesis
of an exclusive wing shape pattern in the sylvatic group
of specimens.

The adaptation of vector mosquitoes to urban habitats
is an important selection driver that may lead to
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Fig. 5 Neighbor-Joining tree for Culex nigripalpus based on
Mahalanobis distances with 1000 bootstrap replicates. Abbreviations:
ANG, Anhanguera; BMX, Burle Marx; IBR, Ibirapuera; PIQ, Piqueri; SDS,
Santo Dias; SHA, Shangrild
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Table 2 Cross-validated reclassification scores (%) based on
wing shape similarities for Culex nigripalpus populations
collected in seven urban parks in the city of Sdo Paulo, Brazil

ANG BMX IBR PIQ PRV SDS SHA
ANG - 56.6 34.7 558 68.7 60.6 75.7
BMX 75 - 782 55.8 78.1 545 69.6
IBR 716 766 - 521 60.8 65.2 69.5
PIQ 65.0 60.0 50.0 - 588 61.7 735
PRV 733 60.0 70.0 65.5 - 65.6 781
SDS 756 533 81.8 66.6 63.6 - 818
SHA 88.3 80.0 787 70.5 757 72.7 -
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population structuring and the appearance of subpopula-
tions. With ever-increasing urbanization, mosquitoes
need to adapt to new conditions imposed by the envir-
onment, such as restricted genetic variability during the
early domestication process, host-dependent dispersal,
isolation and genetic drift, a favorable scenario for the
emergence of subpopulations [50-54]. Furthermore,
wing shape in mosquitoes is known to be a heritable
trait and thus can be an indicator of evolutionary change
[55]. The fact that the ANG, BMX, IBR, PIQ, PREV and
SDS populations had homogeneous wing shape patterns
is consistent with a genetic homogenization scenario, in
which a population undergoes a demographic expansion
driven by the urban environment, losing its structure in
the process, as seen in a previous study of Ae. fluviatilis
collected in similar urban parks in the city of Sdo Paulo,
Brazil [31].

The moderate wing polymorphism in the study
populations detected by the CVA, NJ tree and reclas-
sification test, and the fact that isolation by distance
was not identified, indicate that urban environment
has a greater influence on population structure than
geographical distance in the populations studied.
Similar results were found in previous studies for
other mosquito species, including Ae. aegypti and Ae.
fluviatilis [29, 31].

Population density, availability of food sources and
temperature are known to modify wing size in insects
[52]. The differences in centroid sizes found in our ana-
lysis probably result from the conditions in the locations
where the mosquitoes originated. The SHA and SDS
were the only populations that exhibited different wing
sizes. Our hypothesis is that mosquitoes in the former
have a high ecological valence whereas mosquitoes in
the latter are found in more anthropic areas, where their
larvae can develop in artificial containers. Wing vari-
ation due to habitat conditions of the immature stages
has also been found in Triatoma sordida (Stil) and Ae.
aegypti [56, 57].

Conclusion

Mosquito species that can survive in urban environ-
ments tend to have an advantage over sylvatic species
because of their ability to utilize different habitats for
development of the immature stages and because of the
easier access to hosts for blood-feeding in such environ-
ments, leading to an increase in the abundance and ter-
ritorial expansion of these species [46, 58]. Therefore,
the structuring pattern observed in Cx. nigripalpus pop-
ulations, which segregated into two distinct groups (syl-
vatic and urban), as well as the overall low variability of
wing shape resulting from high selective pressures, indi-
cate that differences of environmental heterogeneity may
have influenced wing shape in the populations studied.



de Carvalho et al. Parasites & Vectors (2017) 10:423

Additional files

Additional file 1: Table S1. ANOVA test for the significance of median
Centroid Size differences between Cx. nigripalpus populations collected in
seven urban parks in the city of Sao Paulo, Brazil. Tukey's post-hoc
pairwise comparisons (ANOVA: F(s s, = 94.54, P < 0.01). (DOCX 15 kb)

Additional file 2: Table S2. Values of Mahalanobis distances between
Cx. nigripalpus populations collected in seven urban parks in the city of
Sé&o Paulo, Brazil. (DOCX 14 kb)

Abbreviations

ANG: Anhanguera; ANOVA: Analysis of variance; BMX: Burle Marx;

CDC: Centers for Disease Control; CS: Centroid size; CVA: Canonical variate
analysis; EEEV: Eastern equine encephalitis virus; IBR: Ibirapuera; NJ: Neighbor-
joining; PIQ: Piqueri; PRV: Previdéncia; SDS: Santo Dias; SHA: Shangril3;

SLEV: Saint Louis encephalitis virus; VEEV: Venezuelan equine encephalitis
virus; WNV: West Nile virus

Acknowledgements

The authors would like to thank the Fundagdo de Amparo a Pesquisa do
Estado de Séo Paulo (FAPESP) for the financial support (grant 2013/15313-4).
GCC is the recipient of a PhD fellowship from FAPESP (2013/18965-2). We are
indebted to Walter Ceretti-Junior, Paulo Roberto Urbinatti and Anténio Ralph
Medeiros-Sousa, who kindly helped us with field collections, and Aristides
Fernandes and Marcia Bicudo de Paula, who identified the specimens.

Funding

This study was supported by the State of Sédo Paulo Research Foundation
(FAPESP), grant 2013/15313-4. GCC is the recipient of a PhD fellowship,
grant 2013/18965-2. FAPESP had no role in the design of the study and
collection, analysis, and interpretation of data and in writing the manuscript.

Availability of data and materials
All data generated or analyzed during this study are included in this
published article and its Additional files.

Authors’ contributions

ABBW and MTM designed the study. GCC carried out the experiments and
data analysis. GCC, DPV, MTM and ABBW drafted the manuscript and
critically revised it. All authors read and approved the final manuscript.

Ethics approval and consent to participate

The study was approved by the Ethical Committee of the University of Sao
Paulo (Project 000304), and collection permits were provided by the
Department of the Environment and Green Areas.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
'Faculdade de Satide Publica, Universidade de Sao Paulo, Sao Paulo, Brazil.
?Instituto de Medicina Tropical, Universidade de Sao Paulo, Sdo Paulo, Brazil.

Received: 4 April 2017 Accepted: 28 August 2017
Published online: 18 September 2017

References

1. Nayar JK The Biology of Culex nigripalpus Theobald (Diptera: Culicidae) Part
2. Adult characteristics at emergence and adult survival without
nourishment. J Med Entomol. 1968;5:203-10.

2. Harbach R, Kitching I. Phylogeny and classification of the Culicidae (Diptera).
Syst Entomol. 1998,23:327-70.

20.

22.

23.

24,

25.

26.

Page 7 of 8

Forattini OP, Kakitani |, Massad E, Marucci D. Studies on mosquitoes
(Diptera: Culicidae) and anthropic environment: survey of adult behavior of
Culex nigripalpus and other species of Culex (Culex) in South-Eastern Brazil.
Rev Saude Publica. 1995;,29:271-8.

Guimaraes AF, Gentile C, Lopes CM, De Mello RP, Mello RP. de. Ecology of
mosquitoes (Diptera: Culicidae) in areas of Serra do Mar State Park, State of
Sé&o Paulo, Brazil. Il - Daily biting rhythms and lunar cycle influence. Mem
Inst Oswaldo Cruz. 2000;95:753-60.

Consoli RAGB, Oliveira RL. Principais mosquitos de importdncia sanitéria no
Brasil. Cadernos de Satde Publica. 1st ed. Rio de Janeiro: FIOCRUZ; 1994
Guimaraes AE, Arlé M, Machado RNM. Mosquitos no Parque Nacional da
Serra dos Orgéos, Estado do Rio de Janeiro, Brasil. IV - Preferéncia alimentar.
Mem Inst Oswaldo Cruz. 1987,82:277-85.

Laporta GZ, Crivelaro TB, Vicentin EC, Amaro P, Branquinho MS, Sallum MAM.
Culex nigripalpus Theobald (Diptera, Culicidae) feeding habit at the Parque
Ecolodgico do Tieté, Sdo Paulo, Brazil. Rev Bras Entomol. 2008,52:663-8.

de Carvalho GC, dos Santos MR, Miti Izumisawa C, Souza Teixeira R, Natal L,
Marrelli MT. Blood meal sources of mosquitoes captured in municipal parks
in Sdo Paulo, Brazil. J Vector Ecol. 2014;39:146-52.

Day JF, Curtis GA. Annual emergence patterns of Culex nigripalpus females
before, during and after a widespread St. Louis encephalitis epidemic in
south Florida. J Am Mosg Control Assoc. 1993;9:249-55.

Richards SL, Anderson SL, Lord CC, Tabachnick WJ. Effects of virus dose and
extrinsic incubation temperature on vector competence of Culex nigripalpus
(Diptera: Culicidae) for St. Louis encephalitis virus. J Med Entomol.
2012;49:1502-6.

Day JF, Stark LM. Frequency of Saint Louis encephalitis virus in humans
from Florida, USA: 1990-1999. J Med Entomol. 2000;37:626-33.

Sardelis MR, Turell MJ, Dohm DJ, O'Guinn ML. Vector competence of
selected North American Culex and Coquillettidia mosquitoes for West Nile
virus. Emerg Infect Dis. 2001;7:1018-22.

Godsey MS, King RJ, Burkhalter K, Delorey M, Colton L, Charnetzky D, et al.
Ecology of potential West Nile virus vectors in Southeastern Louisiana:
Enzootic transmission in the relative absence of Culex quinquefasciatus. Am
J Trop Med Hyg. 2013;88:986-96.

Varnado W, Goddard J. Abundance and diversity of mosquito species
collected from a rural area of central Mississippi: Implications for West Nile
virus transmission in Mississippi. J Am Mosqg Control Assoc. 2015;31:182-6.
Quintero J, Brochero H, Manrique-Saide P, Barrera-Pérez M, Basso C, Romero
S, et al. Ecological, biological and social dimensions of dengue vector
breeding in five urban settings of Latin America: a multi-country study. BMC
Infect Dis. 2014;14:38.

Myers SS, Patz JA. Emerging threats to human health from global
environmental change. Annu Rev Environ Resour. 2009;34:223-52.
Medeiros-Sousa AR, Ceretti-Junior W, Urbinatti PR, Natal D, de Carvalho GC,
de Paula MB, et al. Biodiversidade de mosquitos (Diptera: Culicidae) nos
parques da cidade de Sao Paulo. Biota Neotrop. 2013;13:317-21.

Gubler DJ. Dengue, urbanization and globalization: The unholy trinity of the
21st Century. Trop Med Health. 2011,39:53-S11.

Descloux E, Mangeas M, Menkes CE, Lengaigne M, Leroy A, Tehei T, et al.
Climate-based models for understanding and forecasting dengue
epidemics. PLoS Negl Trop Dis. 2012,6:21470.

Sarfraz MS, Tripathi NK, Faruque FS, Bajwa Ul, Kitamoto A, Souris M.
Mapping urban and peri-urban breeding habitats of Aedes mosquitoes
using a fuzzy analytical hierarchical process based on climatic and physical
parameters. Geospat Health. 2014;8:5685-97.

Sang S, Gu S, Bi P, Yang W, Yang Z, Xu L, et al. Predicting unprecedented
dengue outbreak using imported cases and climatic factors in Guangzhou,
2014. PLoS Negl Trop Dis. 2015,9:20003808.

Ceretti-Junior W, Medeiros-Sousa AR, Wilke ABB, Strobel RC, Dias Orico L,
Souza Teixeira R, et al. Mosquito faunal survey in a Central Park of the city
of Sdo Paulo, Brazil. J Am Mosq Control Assoc. 2015;31:172-6.

Lian PK, Sodhi NS. Importance of reserves, fragments, and parks for butterfly
conservation in a tropical urban landscape. Ecol Appl. 2004;14:1695-708.
Secretaria do Verde e Meio Ambiente: Guia dos Parques Municipais de Sdo
Paulo. SYMA; Sdo Paulo: 2012.

Wagner VE, Newson HD. Mosquito biting activity in Michigan state parks.
Mosq News. 1975;35:217-22.

Bernués-Banares A, Jiménez- Peydro R. Diversity of mosquitoes (Diptera
Culicidae) in protected natural parks from Valencian Autonomous Region
(eastern Spain). Biodivers J. 2013;4:335-42.


dx.doi.org/10.1186/s13071-017-2348-5
dx.doi.org/10.1186/s13071-017-2348-5

de Carvalho et al. Parasites & Vectors (2017) 10:423

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Wilke ABB, Vidal P, Suesdek L, Marrelli M. Population genetics of neotropical
Culex quinquefasciatus (Diptera: Culicidae). Parasit Vectors. 2014;7:468-72.
Vidal PO, Suesdek L. Comparison of wing geometry data and genetic data
for assessing the population structure of Aedes aegypti. Infect Genet Evol.
2012;12:591-6.

Olanratmanee P, Kittayapong P, Chansang C, Hoffmann A, 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:e1913.

Campos M, Spenassatto C, Da Graga Macoris ML, Paduan KS, Pinto J,
PEM R. Seasonal population dynamics and the genetic structure of the
mosquito vector Aedes aegypti in Sao Paulo, Brazil. Ecol Evol. 2012;2:
2794-802.

Multini LC, Wilke ABB, Suesdek L, Marrelli MT. Population genetic structure
of Aedes fluviatilis (Diptera: Culicidae). PLoS One. 2016;11:e0162328.
Dujardin JP. Modern morphometrics of medically important insects. Genet
Evol Infect Dis. 2011:473-501. Michel Tibayrenc. France: Elsevier.

Wilke ABB, De Oliveira Christe R, Multini LC, Vidal PO, Wilk-Da-silva R, De
Carvalho GC, et al. Morphometric wing characters as a tool for mosquito
identification. PLoS One. 2016;11:20161643.

Christe RO, Wilke AB, Vidal PO, Marrelli MT. Wing sexual dimorphism in
Aedes fluviatilis (Diptera: Culicidae). Infect Genet Evol. 2016;45:434-6.

de Gomes AC, Rabello EX, Natal D. Uma nova camara coletora para
armadilha CDC-miniatura. Rev Saude Pudblica. 1985;19:190-1.
Medeiros-Sousa AR, Ceretti W, Urbinatti PR, de Carvalho GC, de Paula MB,
Fernandes A, et al. Mosquito fauna in municipal parks of Sdo Paulo City,
Brazil: a preliminary survey. J Am Mosq Control Assoc. 2013;29:275-9.

Rohlf FJ. TpsDig, digitize landmarks and outlines, version 2.05. Stony Brook:
Dep Ecol Evol, State Univ New York; 2008.

Farji-Brener AG, Chinchilla F, Umafa MN, Ocasio-Torres ME, Chauta-Mellizo
A, Acosta-Rojas D, et al. Branching angles reflect a trade-off between
reducing trail maintenance costs or travel distances in leaf-cutting ants.
Ecology. 2015,96:510-7.

Klingenberg CP. MorphoJ: an integrated software package for geometric
morphometrics. Mol Ecol Resour. 2011;11:353-7.

Hammer @, Harper DATT, Ryan PD. PAST. paleontological statistics software
package for education and data analysis. Palaeontol Electron. 2001;4:9.
Grostein MD. Metrépole e expansdo urbana: a persisténcia de procesos
insustentaveis. Sao Paulo Perspect. 2001;15:13-9.

Carvajal TM, Hernandez LFT, Ho HT, Cuenca MG, Orantia MC, Estrada CR, et
al. Spatial analysis of wing geometry in dengue vector mosquito, Aedes
aegypti (L) (Diptera: Culicidae), populations in Metropolitan Manila,
Philippines. J Vector Borne Dis. 2016;53:127-35.

Goémez G, Marquez E, Gutiérrez L, Conn J, Correa M. Geometric
morphometric analysis of Colombian Anopheles albimanus (Diptera:
Culicidae) reveals significant effect of environmental factor of wing traits
and presence of a metapopulation. Acta Trop. 2014;135:75-85.

Bai Y, Ma LB, Xu SQ, Wang GH. A geometric morphometric study of the
wing shapes of Pieris rapae (Lepidoptera: Pieridae) from the Qinling
Mountains and adjacent regions: An environmental and distance-based
consideration. Florida Entomol. 2015;98:162-9.

Rebele F. Urban ecology and special features of urban ecosystems. Ecol Glo
Biogeogr Lett. 2013;4:173-87.

McKinney ML. Urbanization as a major cause of biotic homogenization. Biol
Conserv. 2006;127:247-60.

Faeth SH, Bang C, Saari S. Urban biodiversity: patterns and mechanisms.
Ann NY Acad Sci. 2011;1223:69-81.

de Paula MB, Fernandes A, Medeiros-Sousa AR, Ceretti-Junior W, Christe R,
Stroebel RC, et al. Mosquito (Diptera: Culicidae) fauna in parks in greater
Séo Paulo, Brazil. Biota Neotrop. 2015;15:1-9.

Medeiros-Sousa AR, Ceretti-Junior W, de Carvalho GC, Nardi MS, Araujo AB,
Vendrami DP, et al. Diversity and abundance of mosquitoes (Diptera:
Culicidae) in an urban park: Larval habitats and temporal variation. Acta
Trop. 2015;150:200-9.

Campbell-Lendrum D, Dujardin JP, Martinez E, Feliciangeli MD, Perez JE,
Silans LN, et al. Domestic and peridomestic transmission of American
cutaneous leishmaniasis: changing epidemiological patterns present new
control opportunities. Mem Inst Oswaldo Cruz 2001;96:159-162.

Trpis M, Hausermann W. Genetics of house-entering behaviour in East
African population of Aedes aegypti (L.) (Diptera: Culicidae) and its relevance
to speciation. Bull Entomol Res. 1978,68:521-32.

52.

53.

54.

55.

56.

57.

58.

Page 8 of 8

Dujardin JP. Morphometrics applied to medical entomology. Infect Genet
Evol. 2008,8:875-90.

Schofield C, Diotaiuti L, Dujardin J. The process of domestication in
Triatominae. Mem Inst Oswaldo Cruz. 1999;94:375-8.

Pocquet N, Milesi P, Makoundou P, Unal S, Zumbo B, Atyame C, et al.
Multiple insecticide resistances in the disease vector Culex p.
quinquefasciatus from Western Indian Ocean. PLoS One. 2013;8:€77855.
Henry A, Thongsripong P, Fonseca-gonzalez |, Jaramillo-ocampo N, Dujardin
J. Wing shape of dengue vectors from around the world. Infect Genet Evo.
2010;10:207-14.

Vendrami DP, Obara MT, Gurgel-Gongalves R, Ceretti-Junior W, Marrelli MT.
Wing geometry of Triatoma sordida (Hemiptera: Reduviidae) populations
from Brazil. Infect Genet Evol. 2016;49:17-20.

Louise C, Vidal PO, Suesdek L. Microevolution of Aedes aegypti. PLoS One.
2015;10.0137851.

Li Y, Kamara F, Zhou G, Puthiyakunnon S, Li C, Liu Y, et al. Urbanization
increases Aedes albopictus larval habitats and accelerates mosquito
development and survivorship. PLoS Negl Trop Dis. 2014;8:23301.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolVled Central




	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Mosquito collections
	Wing preparation and data collection
	Morphometric approach

	Results
	Discussion
	Conclusion
	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

