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To identify the worldwide genetic structure, gene flow, and diversity of Culex quinquefasciatus, we 
conducted phylogeographic and population genetics analyses utilizing publicly available mtDNA 
sequences. Therefore, the aim of this study was to investigate the genetic structure and diversity of natural 
populations of C. quinquefasciatus worldwide, using available genetic data reflecting its natural distribution. 
Our study focused on the cytochrome c oxidase subunit I (COI) gene, mirroring the species’ distribution 
pattern. We examined COI gene sequences from C. quinquefasciatus populations across Asia (n = 1,698), 
America (n = 334), Africa (n = 30), Oceania (n = 21), and Europe (n = 1), identifying 69 haplotypes. 
Genetic links were observed between Asian populations and those from other continents. Global genetic 
diversity was 0.531, varying from 0.095 in Oceania to 0.648 in South America. Neutrality tests indicated 
demographic expansions at the continental level in the Americas, North America, and Asia, as well as in 
some countries within these regions. In contrast, at both global and continental levels (South America, 
Oceania, and Africa), and in most countries within these continents, neutral populations were observed. 
AMOVA revealed genetic structuring among and within countries, with no genetic isolation observed 
(R2 = 0.03144; p > 0.05). Despite lower genetic diversity, Asian populations facilitated gene flow with other 
continents, suggesting a possible native origin of the species in Asia. The dispersal of this mosquito to new 
regions, coupled with its ability to transmit various arboviruses, underscores its significance as a potential 
public health threat.
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BACKGROUND

The mosquito C. quinquefasciatus (Say 1823), 
commonly known as the southern house mosquito, is 
a widely distributed dipteran inhabiting urban, peri-

urban, and rural environments. Its larval stages thrive in 
stagnant water containing organic debris, often found in 
artificial containers, subterranean systems, septic tanks, 
clogged drains, and abandoned wells (Calhoun et al. 
2007). Primarily active at night, particularly the females, 
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adults of this species feed on the blood of both humans 
and animals. During daylight hours, they seek refuge 
in shadowed corners, shelters, sewers, and vegetation 
(Hickner et al. 2011).

The taxonomic classification of C. quinquefasciatus 
has been a topic of debate. Some studies classify it as 
C. pipiens forma pipiens or C. fatigans, while others 
include it within a species complex alongside C. 
pipiens f. pipiens, C. pipiens f. molestus, C. pallens, 
C. australicus, and C. globocoxitus (Harbach 2012). 
In this study, C. quinquefasciatus is considered as part 
of the C. pipiens complex. Hybridization has been 
observed between populations of C. quinquefasciatus 
and C. pipiens f. pipiens and f. molestus in Southeast 
Asia, North America, Argentina, and Madagascar. 
Although mating between the three taxa is possible 
under controlled conditions, hybrids often have lower 
egg fertility and viability, although notable differences 
between populations persist in South Africa (Aardema 
et al. 2020). Morphologically, females and interspecies 
hybrids are nearly identical, necessitating molecular 
analysis or detailed examination of behavioral 
and physiological traits such as male genitalia for 
differentiation (Smith and Fonseca 2004; Harbach 
2012).

Among the Culex genus, C. quinquefasciatus 
emerges as the most anthropophilic and endophagic 
species (Gouge et al. 2019). It serves as a vector for 
filarial nematodes such as Dirofilaria immitis and 
Wuchereria bancrofti (Thanchomnang et al. 2013), as 
well as protozoa like Plasmodium relictum (Ferreira et 
al. 2022). Moreover, it is implicated in the transmission 
of a myriad of diseases, including Ross River virus 
(RRV) (Harley et al. 2001), Venezuelan equine 
encephalitis (VEE), Eastern equine encephalitis (EEE), 
Japanese encephalitis (JE), St. Louis encephalitis (SLE), 
West Nile virus (WNV), Myxoma virus (MV), avian 
reticuloendotheliosis virus (REV) (Gouge et al. 2019), 
and Rift Valley fever virus (RVFV) (Sang et al. 2010). 
Given its pivotal role, comprehending the patterns of 
genetic structuring and flow within C. quinquefasciatus 
populations is crucial, as it influences pathogen 
transmission, vector capacity, and competence (Van Den 
Eynde et al. 2022).

Molecular markers play a pivotal role in unraveling 
the biology and population dynamics of disease vectors. 
Mitochondrial DNA (mtDNA) stands out for its small 
size, rapid evolutionary rate, and exclusive maternal 
inheritance with minimal genetic recombination. In 
the phylogeographic context, molecular markers have 
been extensively employed at the mtDNA level for C. 
quinquefasciatus in regions like the United States and 
Australia (Behura et al. 2011). Notably, genes such as 
dehydrogenase subunit 4 (ND4), cytochrome b (cytb), 

and cytochrome c oxidase subunit I (COI) have been 
utilized. ND4 data is available from the United States, 
Thailand, and South Africa (Rasgon et al. 2006; Chaulk 
et al. 2016), while cytb data spans regions including 
Benin, China, the Philippines, the United States, 
Réunion, South Africa, and Sri Lanka (Ishtiaq et al. 
2008; Atyame et al. 2011). Similarly, COI information 
is accessible from various countries across Asia, Africa, 
Oceania, the Americas and Europe (Hasan et al. 2009; 
Shaikevich and Zakharov 2010; Huang et al. 2011; 
Quintero and Navarro 2012; Pfeiler et al. 2013; Sharma 
et al. 2013; Low et al. 2014; Ashfaq et al. 2014; Wilke 
et al. 2014; Daravath et al. 2015; Gunay et al. 2015; 
Murugan et al. 2016; Shaikevich et al. 2016; Dumas 
et al. 2016; Talaga et al. 2017; Koosha et al. 2017; 
Anoopkumar et al. 2019; Cane et al. 2020; Lorenz et al. 
2021; Maekawa et al. 2021; Aremu et al. 2022; Panda 
and Barik 2022; Thankachan et al. 2023). However, a 
comprehensive analysis of all available genetic data for 
C. quinquefasciatus is lacking. Thus, this study aimed 
to investigate the global genetic structure, migration 
patterns, and diversity of natural populations of C. 
quinquefasciatus, utilizing existing genetic datasets that 
adhere to the species’ natural distribution pattern.

MATERIALS AND METHODS

Sequence retrieval, download, and analysis

We conducted an exhaustive search in the NCBI 
and BoldSystem databases to acquire data on nuclear 
and mitochondrial genomes, as well as 13 mitochondrial 
genes. The search query employed the species name 
(in parentheses) combined with the boolean operator 
“AND” and the phrases “complete nuclear genome” 
or “complete mitochondrial genome,” enclosed in 
quotation marks, to retrieve genomic information. For 
the retrieval of mitochondrial genes, we used the species 
name in parentheses, followed by the “AND” operator, 
the specific gene name enclosed in quotation marks, and 
the “OR” operator followed by the gene’s abbreviations, 
also enclosed in quotation marks (Table S1) (Waldbieser 
et al. 2003).

From the results obtained, genetic information 
was selected for further analysis based on a distribution 
pattern similar to that of C. quinquefasciatus as 
provided by GBIF (https://www.gbif.org/). Only genetic 
sequences demonstrating a similarity percentage 
above 98% following BLAST analysis (https://blast.
ncbi.nlm.nih.gov/Blast.cgi) were considered (Donkor 
et al. 2014). Given that the species under study is 
part of a species complex, it was necessary to ensure 
that the genetic information used was exclusive to C. 
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quinquefasciatus. To achieve this, two phylogenetic 
clustering analyses were conducted: one employing 
the maximum likelihood (ML) method (Fig. 4) and 
the other utilizing Bayesian inference (BI) (Holder 
and Lewis 2003). Both trees included species from 
pipiens complex, C. pipiens f. pipiens (GenBank access 
number: HQ724616), C. pipiens f. molestus (GenBank 
access number: MN389460), C. pallens (GenBank 
access number: KT851543), C. australicus (GenBank 
access number: NC054314), and C. globocoxitus 
(GenBank access number: KU495003). C. tarsalis 
(GenBank access number: JX259917), and Aedes 
aegypti (GenBank access number: MF194022) were 
used as an outgroup. Exclusive information within 
the internal group, comprising the genetic data under 
analysis, was considered valid and was the information 
used in this study.

Based on the previous results, sequences of C. 
quinquefasciatus were classified according to their 
geographical location, continent, country, type of 
coverage, and altitude (Table S2). Sequences without 
geographical information were excluded from the 
analyses. The classification of coverage types (urban, 
peri-urban, and rural) and altitude (in meters) was 
determined utilizing the geographic coordinates sourced 
from occurrence data retrieved from the GBIF platform, 
as well as sequences from GenBank and BoldSystem. 
This process involved overlaying coverage and altitude 
layers obtained through DIVA-GIS (https://www.diva-
gis.org/) (Guilherme et al. 2024). Subsequently, a map 
was generated using QGIS (https://www.qgis.org/
es/site/) to visualize the distribution of geographical 
information derived from genetic and occurrence data 
(Fig. 1).

The alignment of sequences and construction 
of a haplotype network

We conducted multiple sequence alignment using 
the MEGA software (Katoh et al. 2018). Haplotypes 
(H) were identified based on their frequency, with H1 
assigned to the most common haplotype and subsequent 
numbering for others. To identify potential nuclear 
mitochondrial DNA sequences (NUMTs) among the 
haplotypes, a stop codon search was performed in the 
alignment (Leite 2012) (Table S3). Subsequently, to 
elucidate the genetic relationships between worldwide 
populations of C. quinquefasciatus, we constructed 
a haplotype network using NUMT-free haplotypes 
(Fig. 2). For this purpose, we employed the Population 
Analysis with Reticulate Trees (PopART) with a 
parsimony approach (Clement et al. 2000). Additionally, 
based on the interpretation of the haplotype network, 
which contains the haplotypes, their connections 

through lines with their respective mutational steps, 
and the countries they belong to, we plotted the genetic 
flow on a world map using arrows to represent the 
connections suggested by the network, starting from the 
most frequent haplotype to all other haplotypes. These 
arrows connect countries that share the same haplotypes 
and, in turn, those with similar or different haplotypes 
and/or countries.

Population genetic analysis

Based on the aligned, trimmed, and country-
organized sequences, we conducted a population 
genetic analysis that included calculation of haplotype 
diversity (Hd), nucleotide diversity (π), and neutrality 
tests (Tajima’s D), at both continental and country 
levels within each continent (Table 1). In these country-
level analyses, we considered each country and all 
the associated sequences as a distinct population due 
to geographical differences and potential barriers to 
dispersal that could influence the genetic structure of 
the mosquito under study. Additionally, an analysis 
of molecular variance (AMOVA) was performed at a 
global and continental level to assess the distribution of 
genetic variation among and within defined populations 
(countries). These analyses were carried out using the 
R environment (CoreTeam 2017) with the following 
packages: ape (Didier 2024), adegenet (Jombart 2023), 
pegas (Paradis et al. 2016), poppr (Kamvar et al. 
2014), usethis (Maintainer 2024), devtools (Hadley et 
al. 2022), and mmod (Winter et al. 2013). Population 
genetic structuring was evaluated using the fixation 
index FST. Pairwise FST values between all populations 
were calculated as proposed by Weir and Cockerham 
(1984) implemented in the hierfstat package (Goudet 
et al. 2022) in R. Gene flow (Nm) was estimated from 
the FST values using the formula Nm = 1-FST/2.FST, 
assuming an island model. The FST values obtained were 
represented using boxplots for each country, showing 
the distribution of FST values in comparison with all 
other countries. These plots were generated using the 
ggplot2 package in R. In these analyses, singleton 
populations (countries with only one sample) were 
excluded due to their impact on the precise estimation 
of FST values and to avoid biases in interpreting genetic 
differentiation (Hale et al. 2012). Furthermore, we 
examined the potential relationship between genetic 
(FST) and geographic (Km) distances using the Mantel 
test (Fig. 5). The Mantel test was performed using 
the mantel.randtest function from the ade4 package 
(Dray and Dufour 2007), with 999 permutations to 
assess statistical significance. Geographic distances 
between populations were calculated using the central 
geographic coordinates of each country. Google Earth 
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Fig. 1.  World map for Culex quinquefasciatus presenting information for: A, Distribution of information retrieved from genetic and geographical 
databases. B, Genotypic distribution of information retrieved from genetic databases associated with three coverages (urban, peri-urban, and rural) 
and boxplot representing the results of the Kruskal-Wallis analysis for the variables coverage and altitude. C, Phenotypic distribution of information 
retrieved from the geographical database associated with three coverages (urban, peri-urban, and rural) and boxplot representing the results of the 
Kruskal-Wallis analysis for the variables coverage and altitude.
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Fig. 2.  Global haplotype network (A) and map representing gene flow for the COI gene (B) in C. quinquefasciatus. In the haplotype network, the 
size of the circles is proportional to their frequency, and each colored circle belongs to a respectively numbered haplotype; black circles and numbers 
in parentheses represent mutational steps. In map B, color indicates the location of the sequences used, and arrows represent the genetic relationships 
between natural populations of Culex quinquefasciatus.
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was used to calculate the geographic (Km) distances 
used in the Mantel test.

RESULTS

Figure 1 shows the world map for C. quinquefasciatus 
and the distribution of data from genetic and geographical 
databases (Fig. 1A), including genetic data categorized 

by urban, peri-urban, and rural coverage (Fig. 1B), with 
a boxplot of Kruskal-Wallis analysis for coverage and 
altitude variables, and geographical data categorized 
similarly with the corresponding boxplot (Fig. 1C). 
Figure 1A shows the distribution of genetic (GenBank 
+ BoldSystems) and phenotypic information (GBIF) 
of C. quinquefasciatus, including the COI gene data 
(n = 1,911) used in this study. When statistically 
comparing whether countries with phenotypic data 

Table 1.  Global genetic diversity presenting data on haplotypic diversity (Hd), nucleotide diversity (π), and results of 
the neutrality test (Tajima’s D), calculated for natural populations of the southern house mosquito, by continents and 
countries within each continent

Countries by continent Number of sequences Genetic diversity

Number of haplotypes Hd π Tajima’s D P-value

Global 1,911 69 0.531 0.003 -2.570 0.10

America 167 27 0.383 0.012 -2.239 0.025*

South America 42 10 0.648 0.002 -1.322 0.186
Colombia 36 6 0.533 0.002 -1.476 0.140
Argentina 3 2 0.667 0.003 NaN NaN
Guayana Francesa 2 1 0 0 NaN NaN
Brazil 1 1 NaN NaN NaN NaN

North America 125 17 0.268 0.015 -2.080 0.038*
United Stated 56 11 0.384 0.022 -1.776 0.076
Puerto Rico 53 1 0 0 NaN NaN
Mexico 16 5 0.600 0.034 0.164 0.870

Oceania 21 4 0.095 0.0002 -1.164 0.245
Australia 11 2 0.182 0.0005 -1.129 0.259
New Caledonia 9 1 0 0 NaN NaN
New Zealand 1 1 NaN NaN NaN NaN

Europe 1 1 NaN NaN NaN NaN
Hungary 1 1 NaN NaN NaN NaN

Africa 25 5 0.157 0.001 -1.214 0.225
Malawi 14 2 0.143 0.001 -1.155 0.248
Uganda 9 1 0 0 NaN NaN
Guinea 1 1 NaN NaN NaN NaN
D. R. of the Congo 1 1 NaN NaN NaN NaN

Asia 1,697 68 0.480 0.002 -2.521 0.012*
Pakistan 1,044 25 0.073 0.0001 -2.345 0.019*
China 477 20 0.341 0.002 -2.599 0.009*
Malasia 72 2 0.407 0.001 1.196 0.232
India 34 6 0.410 0.001 -1.576 0.115
Thailand 27 2 0.142 0.001 -0.954 0.340
Turkey 15 3 0.362 0.002 -1.451 0.147
Japan 14 2 0.527 0.001 1.434 0.152
Iran 4 2 0.500 0.003 -0.710 0.478
Myanmar 4 3 0.833 0.003 0.592 0.554
Singapore 3 1 0 0 NaN NaN
United Arab Emirates 2 1 0 0 NaN NaN
Bangladesh 1 1 0 NaN NaN NaN

NaN: Not enough sequences to obtain the results, or no segregating sites in the sample. *: indicate statistical significance.
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also have genetic data, and analyzing the difference 
between both distributions, the Fischer test indicates 
a significant difference (p ≤ 0.05), with an odds ratio 
of 0 (95% CI: 0.0000000–0.1859958), suggesting that 
the presence of genetic data is not associated with the 
presence of the species. However, it is observed that 
several countries where the species has been recorded 
also have genetic information, suggesting that despite 
the statistical difference, our results generally reflect 
a global distribution analysis of C. quinquefasciatus. 
Additionally, it illustrates the distribution of this 
information based on genetic data (Fig. 1B) and 
occurrences (Fig. 1C) categorized by type of coverage. 
Upon separate analysis of the genetic data and 
occurrence data using a Kruskal-Wallis test associated 
with three coverage categories (urban, peri-urban, and 
rural) concerning altitude, a statistically significant 
difference is observed in the genetic data (p < 0.0001; 
Fig. 1B), whereas no such difference is evident in the 
occurrence data (p > 0.9999; Fig. 1C). This suggests 
that the available information for genetic data obtained 
worldwide is not uniform regarding coverage and 
altitude categories, whereas it is for occurrence data.

The species exhibits a global distribution based 
on genetic and occurrence data, across altitudinal 
ranges from 1 to 3,540 m. The genetic data suggest 
that the widest altitudinal distribution is observed in 
the Americas, with records ranging from 3 to 3,540 m 
(North America: 4 to 1,545 m, and South America: 3 
to 3,540 m). In contrast, in Africa, altitudes range from 
22 to 1,209 m, while for Europe, only one record exists 
at 128 m. Regarding occurrence data, worldwide, the 
species is recorded altitudinally within a range of 1 
to 2,912 m (North America: 1 to 2,638 m, and South 
America: 1 to 2,912 m), with the lowest altitude in 
Europe, with records from 168 to 155 m. Distribution 
by coverage reveals that the majority of records, both 
in genetic data and occurrence data, are found in urban 
areas worldwide. Table S2 further elaborates on this 
information by continent and country, delineating 
coverage type and altitude for COI gene genetic data 
and occurrence data sourced from GBIF.

Between September 2022 and January 2023, 
a total of 2,055 genetic sequences were acquired, 
primarily from the GenBank database (93%) and 
BoldSystem (7%). These sequences spanned various 
continents, with distribution as follows: Asia (88.3%), 
America (8.6%, comprising 6.2% in North America and 
2.4% in South America), Africa (1.9%), Oceania (1.1%), 
and Europe (0.1%). The average sequence length was 
698 bp, ranging from 300 to 1,000 bp. Subsequently, 
following alignment and trimming processes, 1,911 
sequences with a consistent length of 388 bp each were 
retained, covering all aforementioned continents.

Asia (88.829%) emerged as the most represented 
continent, with sequences originating from countries 
such as Pakistan (54.6%), China (25%), Malaysia 
(3.8%), India (1.8%), Thailand (1.4%), Turkey (0.8%), 
Japan (0.7%), Iran (0.21%), Myanmar (0.16%), 
Singapore (0.2%), United Arab Emirates (0.10%), 
and Bangladesh (0.05%). North America (6.5%) was 
represented by sequences from the United States 
(2.9%), Puerto Rico (2.8%), and Mexico (0.8%). In 
South America (2.16%), sequences were recorded 
from Colombia (1.9%), Argentina (0.16%), French 
Guiana (0.10%), and Brazil (0.05%). Africa (1.33%) 
was represented by sequences from Malawi (0.73%), 
Uganda (0.5%), Guinea (0.05%), and the Democratic 
Republic of the Congo (0.05%). Oceania (1.15%) was 
represented by sequences from Australia (0.6%), New 
Caledonia (0.5%), and New Zealand (0.05%). Lastly, 
Europe (0.05%) was represented by a single sequence 
from Hungary (0.05%).

Table S3 for the COI gene comprises the sequence 
alignment for each of the 69 identified haplotypes (H), 
along with their amino acid translations. H1 is the most 
prevalent, accounting for 61.54% of the sequences, 
followed by H2 (30.09%), H3 (1.65%), H4 (0.94%), H5 
(0.68%), H6 to H7 (each at 0.31%), H8 (0.21%), H9 to 
H13 (each at 0.16%), H14 to H23 (each at 0.10%), and 
H24 to H69 (each at 0.05%). While H1 was the most 
abundant and found in 15 countries, H2 exhibited the 
broadest geographical distribution, being present in 16 
countries.

Figure 2 illustrates the geographic origin of the 
collected genetic material, depicting the distribution 
of these haplotypes across various continents and 
countries. Both the haplotype network (Fig. 2A) and 
the genetic flow map (Fig. 2B) demonstrate genetic 
connections between Asia and other regions, including 
America, Africa, Europe, and Oceania, highlighting 
these connections across multiple populations of C. 
quinquefasciatus. In Asia, genetic connections are 
observed among populations from Pakistan and various 
countries such as China, Myanmar, Malaysia, Thailand, 
Turkey, India, and Iran. Additionally, China exhibits 
connections with Pakistan, Japan, and Iran. Asia and 
America also display genetic relationships through 
Pakistan, which links with the United States, Mexico, 
Argentina, Brazil, and French Guiana. Furthermore, 
China is linked to America, establishing connections 
with the United States, Puerto Rico, Mexico, and 
Colombia, while Japan has genetic connections with 
Argentina and Colombia. Asia is connected to Africa via 
Pakistan, which links with Uganda and the Democratic 
Republic of the Congo, and Japan shows genetic 
connections with Guinea. Moreover, Asia is associated 
with Europe through Pakistan and China, which connect 
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with Hungary. Lastly, Asia also connects with Oceania, 
particularly through China, which has genetic ties with 
Australia, New Zealand, and New Caledonia. These 
intercontinental genetic connections reflect the diversity 
and dispersal history of C. quinquefasciatus on a global 
scale.

Additionally, in a global context, we conducted 
two additional analyses based on the results obtained 
for the haplotypes. In the first analysis, the objective 
was to evaluate whether there are significant differences 
in the altitude at which different haplotypes are found. 
A non-parametric Kruskal-Wallis test was applied, 
where the dependent variable was altitude and the 
independent variable was the haplotypes (mitochondrial 
lineages H1 to H69). This test was appropriate because 
altitude does not follow a normal distribution, and 
there are multiple groups. The results were visualized 
using boxplots, allowing us to observe the distribution 
of altitudes associated with each haplotype. In the 
second analysis, we aimed to determine whether the 
altitudinal distribution of haplotypes varies according 
to zones (urban, peri-urban, and rural) and if there is an 
interaction between the zone and different haplotypes 
with respect to altitude. A two-way Analysis of Variance 
(ANOVA) was performed, considering zone and haplo-
types as factors and altitude as the dependent variable. 
Before conducting the ANOVA, we assessed the 
assumptions of normality and homoscedasticity. The 
results were presented through a heat map, showing 
variations in mean altitude among different haplotypes 
and zones, facilitating the identification of patterns and 
potential interactions. In both analyses, the altitude data 
were associated with the results presented in table S2, 
considering the distribution of haplotypes. All analyses 
were performed using R (CoreTeam 2017), utilizing 
the stats package for statistical tests, ggplot2 for data 
visualization, and reshape2 for data manipulation.

Figure 3 presents the results of the Kruskal-
Wallis tests (Fig. 3A) and the two-way ANOVA (Fig. 
3B). In both cases, the analyses were significant: 
Kruskal-Wallis (d.f. = 68, p ≤ 0.05) and ANOVA 
(Zone (Z): d.f. = 2, p ≤ 0.05; Haplotype (H): d.f. = 68, 
p ≤ 0.05; Zone x Haplotype Interaction (Z x H): 
d.f. = 14, p ≤ 0.05). Despite these results, the bias in 
the distribution of genetic information is highlighted 
again (Tables 1 and S2). Overall, figure 3A suggests 
that haplotypes are distributed differently across the 
various altitudes where they are reported, and many of 
them, due to the limited amount of data, do not show 
altitudinal variation. It is noteworthy that haplotypes 
1 and 2, although the most frequent, do not exhibit the 
widest range of altitudinal distribution; in contrast, 
haplotype 6 does show a greater altitudinal range. On 
the other hand, figure 3B indicates that the distribution 

of haplotypes based on urban, rural, and peri-urban 
areas concerning altitude differs. In rural areas, a 
greater number of haplotypes is observed, which are 
also more widely distributed altitudinally. In contrast, 
peri-urban and urban areas have fewer haplotypes 
compared to rural areas, although the haplotypes 
present in these zones tend to be concentrated at lower 
altitudes. Interestingly, haplotype 6 is present in both 
rural and urban areas. The phylogenetic tree constructed 
using the maximum likelihood (ML) method indicates 
that all genetic information for the COI gene of C. 
quinquefasciatus is exclusive to this species (Fig. 4). 
However, branch supports were generally ≤ 50 in most 
cases, indicating limited reliability in the clusters within 
the tree for certain nodes. However, it is observed that 
the American populations are different from the Asian 
ones, and the latter may have been derived from the 
American populations. Conversely, the phylogenetic 
tree generated using the Bayesian inference (BI) method 
did not achieve stabilization of the Markov chains after 
1,000 million interactions, and thus it’s results are not 
presented.

Table 1 presents the results for haplotype diversity 
(Hd), nucleotide diversity (π), and the neutrality test for 
different continents and countries. The global Hd was 
0.531, showing significant variation among continents, 
ranging from 0.095 in Oceania to 0.648 in South 
America. At the country level, Hd ranged from 0.0 
(observed in places like French Guiana, Puerto Rico, 
New Caledonia, Uganda, Singapore, and the United 
Arab Emirates) to 0.833 in Myanmar. Regarding π, 
the global value was 0.003, with regional disparities 
ranging from 0.0 (recorded in French Guiana, Puerto 
Rico, New Caledonia, Uganda, Singapore, and the 
United Arab Emirates) to 0.034 in Mexico. Our 
results based on the number of haplotypes distributed 
by continents suggest the highest diversity in Asia, 
followed by America, Africa, and Oceania.  Tajima’s D 
test results suggest that, at both global and continental 
levels (South America, Oceania, and Africa), and in 
most countries within these continents, negative values 
(the majority) and positive values (only a few) were 
observed, though none were statistically significant. In 
contrast, at the continental level, the Americas, North 
America, and Asia presented significant negative values. 
Additionally, in some countries in Asia (Pakistan and 
China), significant negative Tajima’s D values were also 
observed. These findings underscore diverse patterns 
of diversity and natural selection across different 
geographical regions for C. quinquefasciatus.

The results of the analysis of molecular variance 
(AMOVA) indicated significant genetic structuring 
both at the level of countries within the same continent 
(d.f. = 22, ss = 642.23, p < 0.05) and within countries 
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Fig. 3.  Boxplot representing the altitudinal distribution of each observed haplotype (A) and heatmap visualizing the interaction between the factors 
zone and haplotype with respect to altitude (B). Each cell shows the average altitude of a haplotype in a specific zone, with a blue color scale 
indicating the value: lighter colors represent lower altitude values, while darker colors indicate higher altitude values.
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Fig. 4.  Phylogenetic tree of Culex quinquefasciatus populations constructed from 69 COI gene haplotypes using Maximum Likelihood (ML). 
Evolutionary history was inferred using the Jukes Cantor evolutionary model, and the tree was obtained using 1,000 boostrap replicates. Branch 
support is indicated by Bootstrap values: black circles bootstrap values ≥ 50 and white circles bootstrap values < 50. The vertical lines indicate the 
continent Asia and America and the outgroup.
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themselves (d.f. = 1.88, ss = 270.88, p < 0.05). However, 
no genetic structuring was found between continents 
(d.f. = 4; ss = 160.71, p > 0.05). The majority of 
genetic variation was observed among countries within 
continents (64.97%), followed by variation between 
continents (19.50%) and within countries (15.52%). 
These results indicate significant genetic differentiation 
among populations of C. quinquefasciatus at the country 
level within their respective continents. Conversely, 
the Mantel test did not reveal a significant correlation 
between genetic distance (FST) (Fig. 5) and geographic 
distance (km) (R2 = 0.03144; p > 0.05).

DISCUSSION

The gathered information provides a comprehensive 
insight into the diversity and ecological adaptability of 
C. quinquefasciatus, marking the first study to cover 
its wide altitudinal range, from 1 m to 3,540 m. This 
suggests a broad adaptation to diverse habitats despite 
intraspecific competition. However, the concentration of 
occurrence records in urban areas raises the possibility 
of a sampling bias towards urban environments, 
potentially influencing its comparison with rural or peri-
urban areas (Escalante 2003), which could explain its 
designation as a domestic mosquito in the South. This 
phenomenon may be linked to its predominant feeding 
on humans and animals, contrasting with its presence in 
urban areas (Rose et al. 2020).

The presence of the mosquito C. quinquefasciatus 
has been recorded in subtropical and tropical areas, 
leading to debates about its origin. Some authors 

suggest its origin in West Africa (Harbach 2012; Huang 
et al. 2023), while others point to Southeast Asia 
(Fonseca et al. 2006; Bhattacharya and Basu 2016; Negi 
and Verma 2018). Although the genetic information 
analyzed is distributed unevenly, that is, it is skewed, 
our results support the hypothesis of a possible Asian 
origin for C. quinquefasciatus and its global dispersion. 
This result, while consistent with the hypothesis 
of Asia as the species’ origin (Fonseca et al. 2006; 
Bhattacharya and Basu 2016; Negi and Verma 2018), 
requires further study using mitochondrial or nuclear 
genomic information to corroborate our hypothesis. 
Globally, it has been observed that in other invasive 
mosquito species, global trade routes such as maritime 
or air transportation have facilitated their spread 
worldwide (Ibañez-Justicia 2020). Additionally, it has 
been documented that vehicles such as cars, trucks, and 
buses also contribute to its local dispersal, influencing 
the spread of mosquito-borne diseases (Hulme 2021). 
This passive, human-mediated flow could explain its 
presence on all continents, except polar regions, where 
samples have been found in container breeding sites 
such as metal, plastic, and tire containers (Bhattacharya 
and Basu 2016).

In our comprehensive review of the genetic 
information of C. quinquefasciatus, the mitochondrial 
gene COI emerged as the most utilized for intraspecific 
analyses due to its easy extraction, availability in 
public repositories, and maternal evolutionary history 
(Torres-Gutierrez et al. 2016). We identified 69 haplo-
types, predominantly in Asia, suggesting this region 
as its possible native area. However, further studies 
incorporating nuclear or mitochondrial genetic 

Fig. 5.  Box plot of the genetic differentiation coefficient (FST) by countries indicating genetic structuring in a global context for natural populations 
of the southern house mosquito.
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information are necessary to confirm this hypothesis 
(Bhattacharya and Basu 2016; Negi and Verma 2018).

In general, COI gene sequences were detected 
in a large proportion of the localities where C. 
quinquefasciatus has been recorded. However, the 
distribution of these sequences is notably skewed 
towards Asia, with 89% of the data originating from 
that region. Interestingly, South America, which 
contributes only 2.2% of the total data, exhibits greater 
global nucleotide and haplotype diversity than Asia, 
the presumed native region of C. quinquefasciatus. 
This finding is unexpected, as native regions of species 
typically show higher genetic diversity due to long-
term evolutionary processes, while recently colonized 
areas tend to display reduced diversity due to recent 
introduction events, such as a recent founder effect 
(Amsellem et al. 2000; Cartaxo et al. 2011).

We propose two scenarios to explain this unusual 
pattern. The first relates to the uneven distribution of 
sequences across regions. Although Asia has a large 
number of sequences, if these come from genetically 
similar populations or if the sampling was more 
homogeneous—as seems to be the case, given that 
1,044 of the 1,697 sequences come from Pakistan—this 
could result in lower haplotype diversity (Hd) compared 
to South America, which has only 42 sequences. In 
contrast, if the South American samples come from 
genetically diverse populations or different localities, 
this could increase Hd values in South America despite 
the smaller sample size (Nei 1987).

The second scenario may involve the occurrence 
of multiple independent introductions of genetically 
diverse individuals into South America, which could 
have increased genetic diversity through admixture 
with previously established populations in the region 
(Aguirre-Obando et al. 2015; Weaver et al. 2021). We 
propose that, in this context, historical trade routes 
and human migration may have facilitated these 
introductions, bringing mosquitoes from diverse source 
populations and consequently increasing the genetic 
diversity of South American populations (Tatem et al. 
2006; Moreno-García et al. 2023).

Our results, although biased towards certain 
geographical localities, suggest that haplotypes are 
distributed differently according to altitude and the 
zones where they have been recorded. The distribution 
of haplotypes in mosquitoes in altitudinal and 
regional contexts is an area of study that is continually 
evolving. Although we did not find specific studies 
addressing the distribution of haplotypes by zones 
and/or land cover, there are investigations that 
explore genetic diversity in altitudinal contexts. One 
example is a study on Aedes albopictus—a vector of 
diseases such as dengue, Zika, and chikungunya—

conducted in Ecuador, where the genetic diversity of 
mosquito populations was investigated. In this case, 
two haplotypes were identified, distributed across 
different regions of the country: one predominant in 
coastal areas and the Amazon basin, and another in 
the lowlands of the northeast (Carrazco-Montalvo et 
al. 2022). This pattern suggests a possible differential 
adaptation of haplotypes to various ecological and 
climatic conditions. Additionally, studies in the Swiss 
Alps have analyzed how different groups of terrestrial 
arthropods vary in their diversity and abundance along 
altitudinal gradients, relating these variations to factors 
such as available surface area and soil characteristics, 
which influence species composition and distribution 
(Gilgado et al. 2022). These findings highlight the lack 
of detailed analyses on the distribution of haplotypes in 
altitudinal contexts and the importance of identifying 
these patterns to better understand the genetic diversity 
of mosquito populations.

When evaluating patterns of genetic diversity, 
it's crucial to consider the geographic scale of studies. 
For instance, Pfeiler et al. (2013) conducted a study 
at a regional scale, focusing on data from specific 
states within the United States and Mexico. They 
found that C. quinquefasciatus exhibited very low 
haplotypic and nucleotide diversity (Hd = 0.071, 
π = 0.00012) compared to C. tarsalis. While this 
study offers a detailed perspective on genetic diversity 
within populations localized to a specific area, our 
results in North America showed considerably higher 
values (Hd = 0.384, π = 0.022). It’s possible that the 
number of sequences used influenced our results; with 
a larger dataset, our sampling may be more robust and 
comprehensive (Escalante 2003).

Our neutrality test results suggest the presence 
of both significant and non-significant values at the 
global level. In our analysis of the genetic neutrality 
of C. quinquefasciatus at the continental level in the 
Americas, North America, and Asia, as well as in some 
countries within these continents for the COI gene, we 
observed negative Tajima’s D values with statistical 
significance. These findings suggest an excess of rare 
polymorphisms, which is characteristic of a recent 
population expansion or purifying selection. In this 
case, the population has experienced rapid growth or the 
removal of unfavorable variants, leading to a deficit of 
intermediate alleles (Tajima 1989; Ramírez-Soriano et 
al. 2008; Porretta et al. 2012; Maynard et al. 2017).

Recent studies on mosquitoes have shown that 
negative Tajima’s D values may be associated with 
vector control measures. These negative values indicate 
an excess of rare polymorphisms, suggesting a recent 
population expansion or a ‘selective sweep’ due to the 
removal of individuals susceptible to insecticides and 
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the proliferation of resistant genotypes. In studies on 
Culex pipiens pallens in China, negative Tajima’s D 
values indicated a recent population expansion, possibly 
driven by selective pressure from vector control 
interventions, suggesting that populations respond to 
these measures by expanding resistant individuals (Zang 
et al. 2024). These observations highlight that human 
interventions, such as the use of insecticides, not only 
reduce mosquito populations but also impact the genetic 
structure of populations, promoting the selection of 
resistant variants.

Conversely, studies on C. quinquefasciatus have 
revealed populations with non-significant Tajima’s 
D values, indicating evolution under neutrality. For 
instance, a genetic analysis of C. pipiens populations in 
Europe, including C. quinquefasciatus, showed genetic 
diversity without significant selective pressures, with 
Tajima’s D values close to zero, suggesting that these 
populations are evolving according to the neutral model. 
These results suggest that Culex populations in some 
regions are not under intense selective pressure, such 
as that exerted by natural selection or vector control 
interventions, and are largely influenced by genetic drift 
and neutral mutations (Shaikevich and Zakharov 2010; 
Shaikevich et al. 2016). Understanding these patterns 
provides deep insight into the evolutionary processes 
that shape the population dynamics and genetic diversity 
of C. quinquefasciatus (Tajima 1989; Láruson and Reed 
2021).

Understanding the genetic structure of C. 
quinquefasciatus is pivotal for devising effective strate-
gies to control mosquito-borne diseases (Thiemann 
et al. 2012), as it provides insights into the genetic 
similarities and differences among the studied populations. 
In our research, the analysis of molecular variance 
(AMOVA) revealed significant genetic differentiation 
among populations at the country level, corroborating 
previous studies that suggest a complex population 
structure and extensive genetic diversity in C. 
quinquefasciatus (Wilke et al. 2014). However, some 
countries across all continents with genetic information 
for C. quinquefasciatus were represented by a single 
sequence, which led to the exclusion of these data from 
our analyses. FST is a measure of genetic differentiation 
between populations and depends on genetic variation 
within and between them. When a population is 
represented by a single individual, it is not possible to 
adequately estimate intrapopulation genetic variability. 
Studies have shown that small sample sizes can lead to 
biased estimates of FST, as genetic variability is not fully 
represented (Waples 2015). Hale et al. (2012) suggest 
that a minimum sample size of 25 to 30 individuals per 
population is necessary to accurately estimate allele 
frequencies and, consequently, measures of genetic 

differentiation. In the case of singleton populations, 
the absence of intrapopulation genetic variation can 
artificially inflate FST values, giving a false impression 
of greater genetic differentiation (Leberg 2002). 
Therefore, although our analyses were conducted on 
a broad geographic scale, some populations, despite 
having genetic information, did not have enough 
samples to be included in the analyses. We recommend 
increasing the number of genetic studies in these areas 
to improve understanding of the diversity and genetic 
structure of the species. Greater sampling efforts in 
these underrepresented regions could provide a more 
comprehensive view of the global genetic structure of 
C. quinquefasciatus, which is essential for developing 
control strategies for this vector.

CONCLUSIONS

Our study represents a pioneering effort to 
comprehensively assess the genetic diversity of C. 
quinquefasciatus using global data. Through our analyses, 
and despite the bias in genetic distribution, we propose 
the possibility that Asia is the origin of this species. 
While our findings underscore the presence of genetic 
variability on a global scale and across diverse regions, 
reflecting the impact of environmental and geographical 
factors on the species’ genetic structure, we advocate 
for future research employing Bayesian methods 
to delve deeper into migration scenarios between 
continents. Given that the colonization of new regions 
by C. quinquefasciatus facilitates the spread of various 
mosquito-borne diseases—such as filariasis nematodes, 
protozoa, and arboviruses—our understanding of 
genetic structure, flow, and diversity holds significant 
implications for public health. This knowledge can 
inform programs aimed at assessing insecticide 
resistance, conducting molecular epidemiology studies, 
modeling and predicting disease risk, and implementing 
effective vector control measures.
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