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Aedes albopictus, a vector of arboviruses of medical and veterinary importance, has undergone a
remarkable global expansion over the past five decades. This worldwide study analyzes the
phylogeography, invasion routes, and demographic history of this mosquito species, tracing its
spread from its native range in Asia to Oceania, Europe, America, and Africa. To this end, genetic
datasets with distribution patterns aligned with the species’ global spread were identified and
extracted from publicly available databases. Phylogeographic analyses were conducted at a global
level, invasion scenarios were tested, and the demographic history of populations involved in the
spread was reconstructed. The mitochondrial genes COI (n = 3896), ND5 (n = 597), and the
complete mitogenome (n = 79) were analyzed, revealing higher genetic diversity within the native
range and genetic connectivity across all invaded regions, including the Americas, Africa, Europe,
and Asia. All genetic markers indicate that the invasion dynamics followed a panmictic population
structure, characterized by random mating and high gene flow among populations. Demographic
analyses confirm Asia as the ancestral source population and identify multiple introduction events
into Europe, the Americas, and Africa. This invasion pattern, combined with the evidence of

panmixia, suggests that anthropogenic factors—particularly global trade—play a pivotal role in



Zoological Studies 64:27 (2025)

shaping the genetic connectivity and dispersal of 4. albopictus, underscoring the influence of

increasing global commerce on the spread of medically and veterinary-relevant species.
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BACKGROUND

The tiger mosquito, Aedes (Stegomyia) albopictus (Skuse, 1894) (Diptera: Culicidae), is a
vector of dengue, Zika, and chikungunya, and has demonstrated vector competence for an
additional 32 arboviruses (Bonizzoni et al. 2013; Magalhaes et al. 2018; Néaslund et al. 2021). While
males feed primarily on flower nectar, females exhibit a preference for mammalian blood, including
that of humans, although they may also feed on the blood of birds, amphibians, and reptiles to a
lesser extent (Fikrig and Harrington 2021). Each female deposits up to 65 eggs during each
oviposition event in a variety of environments—ranging from wooded areas to semi-urban and
urban settings—employing both natural containers (e.g., tree cavities, bamboo, bromeliads) and
artificial containers (e.g., tires, beverage containers) (Anoopkumar et al. 2017). Under optimal
temperature conditions (25-30°C) and pH levels (5.2-7.6), the life cycle, from egg to adult, is
completed within six to nine days. However, temperatures below 15°C or above 36°C disrupt the
mosquito's life cycle (Waldock et al. 2013).

The tiger mosquito, 4. albopictus, is native to Southeast Asia and has invaded tropical and
subtropical regions across all continents over the past five decades, with the exception of Antarctica
(Bonizzoni et al. 2013; Kraemer et al. 2015; Oliveira et al. 2021). The invasion process has been
well-documented through historical records, which highlight its spread from Asia to other
continents (Aguirre-Obando and Navarro-Silva 2017; Benelli et al. 2020). The first recorded
instance of its presence outside its native range appears to have occurred in Europe, specifically in
Albania (Adhami and Murati 1987). However, these early data do not provide information on the
genetic connections between the native range and invaded regions, nor do they offer insights into
potential invasion routes (Fischer et al. 2015).

Phylogeographic analyses, supported by genotypic data, have emerged as a valuable

approach for understanding the invasion routes of disease vectors (Fontaine et al. 2021; Mallez et
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al. 2018). In the case of the tiger mosquito, several phylogeographic studies have employed
mitochondrial markers at the global level (mitogenome; Battaglia et al. 2016 2022), at the
continental level (COI and ND35 genes (Porretta et al. 2012), and at specific country levels
(mitogenome, COI, and Cytb (Ibaiez-Justicia et al. 2022; Wibowo 2021)). These studies suggest a
certain degree of gene flow between the invaded regions and Asia.

By employing Bayesian computational statistical methods, such as approximate Bayesian
computation (ABC), alternative scenarios of demographic history can be evaluated, allowing the
identification of the most plausible ones (Cornuet et al. 2014). Vega-Rua et al. (2020) evaluated 71
demographic history scenarios for 4. albopictus across 25 populations, identifying Asia—
particularly East Asia (China)—as the native region. The invasion into Europe (Mediterranean
Basin) and Africa (Réunion Island) was followed by a re-invasion into Europe (Italy). Populations
originating from Asia (Japan) were introduced to America (initially the U.S. and subsequently to
Mexico) before spreading to South America (Brazil). Central America was invaded by a
combination of populations from South America (Brazil) and North America (U.S.). Populations of
A. albopictus in Central Africa were traced back to an invasion event originating from South
America (Brazil).

Although multilocus markers provide high resolution for genetic analyses, a single or a few
molecular markers can also offer strong support to test genetic and/or gene flow hypotheses (Beerli
and Palczewski 2010). In the context of population genetics, multilocus markers are ideal; however,
their availability in genetic databases remains limited. In contrast, single-locus or few-locus markers
offer lower genetic resolution but are more readily available in genetic databases. Therefore, the use
of such markers at the population level would allow for the support, analysis, and assessment of
hypotheses regarding migration processes, demographic history, routes of gene flow, and
colonization of various medically important species (Athrey et al. 2012; Peretolchina et al. 2018;
Ditter et al. 2022).

In this context, genetic databases play a crucial role in ensuring the availability and
accessibility of genetic information for specific species. In the case of A. albopictus, a quick search
in the BOLDSystem and GenBank repositories reveals the availability of 4,224 and 297,304 genetic
sequences, respectively. This provides an opportunity to use available genetic data to evaluate
population traits that support hypotheses regarding invasion routes, colonization dynamics, gene
flow, and demographic history—areas that remain largely unexplored. Therefore, our work aims to
address this gap by inferring the phylogeography, invasion routes, and demographic history of A.
albopictus from its native range to other parts of the world, using genetic sequences available in

databases.
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MATERIALS AND METHODS

Search and selection of occurrences and genetic data

A comprehensive search for genetic sequences of 4. albopictus, encompassing both nuclear
and mitochondrial genomes, was conducted in the GenBank and BoldSystems databases. In
GenBank, the search employed the species name, “Aedes albopictus,” combined with the boolean
operator AND and the specific genetic data to be retrieved, whether the complete genome or
mitochondrial genes. Additionally, the boolean operator OR was used, followed by the
abbreviations of the corresponding genes (Table S1). For the nuclear genome, complete genomes
sequences were retrieved instead of individual genes, due to the large number of nuclear genes
contained within the genome. For the mitochondrial genome, a search was conducted for 11 out of
the 13 coding genes (Table S1), as these are commonly used in mosquito phylogeographic studies
(Hasan et al. 2009; Moore et al. 2013; Morgan et al. 2011; Porretta et al. 2012).

For the BoldSystems database, only the species name and its synonyms were used, as this
database primarily provides results for the Cytochrome C—-Oxidase 1 (COI) gene. All searches
included the synonyms associated with A. albopictus: Culex albopictus, Stegomyia albopicta,
Stegomyia samarensis, Stegomyia nigritia and Stegomyia quasinigritia. Genetic data with
georeferencing information exhibiting over 98% similarity with the species, according to BLAST
analysis, was selected. This data was then mapped using QGIS v16.6 (QGIS, 2024). For this
purpose, we used genetic markers from samples geographically distributed according to the species’
natural range. The map was constructed using data collected up to 2014 from Kraemer et al. (2015)
and supplemented with data through 2022 from the Global Biodiversity Information Facility
(GBIF), with duplicate data removed in the final dataset.

The selected genetic data from the respective databases was downloaded, and renamed
according to the country of origin. Alignment and trimming were performed using MAFFT v7
software (Katoh et al. 2018). The sequences were then analyzed to identify the presence or absence
of pseudogenes (NUMTSs), visualizing stop codons in the amino acid translations obtained in
MEGA. From NUMT-free sequences, haplotypes (H) were identified, quantified, and ranked from

highest to lowest frequency.

Phylogeographic analyses
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Haplotype networks were constructed in R software version 3.5.1 using the Pegas package
(Paradis 2010) and the haplonet function, based on the probability of parsimony criterion
(Templeton et al. 1992). The resulting networks were graphically refined in Inkscape
(www.inkscape.org). A single representative was selected for each haplotype, and the optimal model
of nucleotide substitution was identified using the JmodelTest (Posada 2008). Based on this model,
two phylogenetic trees were generated: one using maximum likelihood (ML) methods (RAXML
v2.0.7 or MEGA v11.0.13) and the other using Bayesian inference (BI; BEAST v2.7.4). Aedes
aegypti (GenBank accession number: MF194022) was used as the outgroup, from which the same
gene regions analyzed in 4. albopictus were extracted from the complete mitochondrial genome.
The ML analysis was performed with 10,000 bootstrap replicates, and phylogenetic clusters were
considered supported at bootstrap values > 50. The BI analysis was run with 20 million generations,
with clusters considered reliable at posterior probability values > 0.9. To ensure the robustness of
Bayesian inference, Markov chain mixing and effective sample size (ESS) were evaluated in Tracer
v1.7.2, with parameter values required to reach ESS values > 200 to be deemed robust. The

resulting phylogenetic trees were visualized using Figtree and subsequently edited in Inkscape.

Migration scenarios

In addition, with the retrieved genetic information, assessment of various invasion scenarios
and the demographic history of populations was carried out. Nine global invasion scenarios were
considered (Fig. 1), selected to reflect key historical, commercial, and genetic connectivity factors
influencing global dispersal. These included a panmictic model (panmixia; Fig. 1A), a full
migration model (Fig. 1B), and several variations of stepping-stone models: two based on historical
records (Fig. 1C-D), two reflecting intercontinental maritime trade routes (Fig. 1E-F), and three

derived from the genetic connections revealed by the haplotype network (Fig. 1G-I).
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Fig. 1. Global gene flow scenarios for the Asian tiger mosquito. The red-colored population
represents the native range in Asia, while green circles represent populations in invaded areas. The
scenarios correspond to different migration hypotheses: (A) panmixia; (B) full migration; (C)
stepping-stone model reflecting temporal routes; (D) invasion locations for each country; (E)
primary intercontinental maritime routes; (F) secondary intercontinental maritime routes; and
genetic connections inferred from haplotype networks for COI (G), ND5 (H), and the mitochondrial
genome (I).

The panmictic model represents a hypothesis of high and continuous gene flow among all
sites (Nm > 1), in which all locations behave as a single population exhibiting random mating. In
contrast, the full migration model assumes direct gene flow between all populations, with each
remaining genetically distinct. Stepping-stone models restrict gene flow to spatially adjacent
populations, relying on passive transport along networks—maritime in this case—to facilitate
migration. Two historical stepping-stone models were developed based on the first documented
records of the species in each country. The first follows a directional route based on the
chronological order of appearance, while the second reconstructs the presumed source of invasion
for each locality. To inform these historical models, we updated the global first-record dataset for 4.
albopictus from Aguirre-Obando and Navarro-Silva (2017) through a systematic search in Scopus
and Google Scholar. Search terms included the species name followed by the Boolean connector
OR with its synonyms, and then AND with the keyword “first record” and the country name.
Searches were conducted in both English and Spanish. The first scenario considered primary trade
routes supporting large-scale commercial shipping to major markets, while the second included
secondary routes linking smaller markets. Route information was obtained from Rodrigue (2020).
All models were evaluated using the coalescence-based program Migrate-N v5.0.4 (Beerli and
Palczewski 2010; Beerli et al. 2019) and were run online via the CIPRES Science Gateway

platform.
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To assess migration patterns, two complementary approaches were implemented using
haplotype data, in accordance with prior recommendations emphasizing the importance of
homogenizing genetic datasets across populations and mitigating biases caused by unequal sample
sizes (Kotsakiozi et al. 2011; Neophytou 2013; Frost et al. 2015; Puechmaille 2016).
Disproportionate sampling can artificially inflate migration estimates in overrepresented
populations, thereby skewing interpretations of gene flow patterns.

The first approach used a homogeneous dataset, in which all populations were standardized
to the smallest haplotype count. This was achieved by randomly selecting sequences in R, ensuring
unbiased haplotype representation across populations (Wang, 2016; Magee et al. 2017; Vavassori et
al. 2022). The second approach employed a heterogeneous dataset, retaining the natural distribution
and abundance of haplotypes observed in each population. In both approaches, a single
representative sequence per haplotype was included to ensure analytical consistency and
comparability (Sherpa et al. 2018; Pichler et al. 2019).

Although homogeneous datasets are generally favored in the literature, both datasets were
analyzed to evaluate the consistency of results across methodological frameworks. This approach
aligns with multiscenario validation protocols that emphasize ecological variability and statistical

rigor (Baele et al. 2017; Rasmussen, 2021; Vavassori et al. 2022).

Demographic history analysis

To infer the demographic history of A. albopictus, various invasion scenarios were evaluated
using DIY-ABC v2.0 (2014) (Cornuet et al. 2014). Due to the complexity and the number of
possible evolutionary routes, a stepwise analytical strategy was adopted, focusing on
macrogeographic subgroups, as in previous studies (Manni et al. 2017) and Vega-Rua et al. 2020).
Two main categories of scenarios were constructed: (1) single introduction, following the
chronological order suggested by the first historical records (Fig. 2) and (2), split introduction
considering multiple independent invasions in newly colonized regions. Additionally, models from
previous literature—Admixture, No Admixture, and Admixture vs. No Admixture—were also tested
(Manni et al. 2017; Maynard et al. 2017; Sherpa et al. 2019; Vega-Rua et al. 2020). Scenario
construction incorporated key demographic parameters, including mixing levels, bottleneck effects,
and estimated invasion times (expressed in generations). Generational estimates were based on 12
generations per year for tropical regions and 7 for subtropical ones. When such information was
lacking—especially for native populations—uniform priors [10-100,000] were applied (Cornuet et
al. 2014). Genetic evidence guided the selection of countries included in the analyses. These

countries were initially categorized based on their latitudinal distribution into tropical and
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subtropical/temperate zones (Fig. 3). Generational time was then estimated from the year of the first
recorded invasion up to 2022 (Table S2), assuming 12 generations per year for tropical countries
and 7 generations per year for subtropical and temperate countries, following prior demographic
analyses of 4. albopictus conducted using approximate Bayesian computation (Manni et al. 2017;
Maynard et al. 2017; Sherpa et al. 2019; Vega-Rua et al. 2020). In instances where the invasion
records were unavailable, such as in the native range, uniform priors [10—100.000] were
deliberately applied (Cornuet et al. 2014). Analyses were conducted over 10 million generations,
with all scenarios compared using posterior probability (PP) tests implemented within a logistic
regression framework, incorporating 1% of the dataset and retaining a single intermediate value.
Additionally, a confidence test was performed across all evaluated scenarios using 1% of the dataset
in logistic regression. Upon identifying the most probable scenario, it was re-evaluated under the
assumption that all populations experienced bottleneck events. The best-supported scenario for each
continent was subsequently integrated to construct a global model representing the invasion history

ofA. albopictus.
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Fig. 3. Geographic distribution of occurrences (green dots) and genetic records (black dots) of 4.
albopictus, including its native range (red) and major maritime trade routes (blue lines). Maps are
organized by the frequency of available genetic information, from highest to lowest: COI (A), ND5
(B), and mitochondrial genome (C).

Classical tests of genetic diversity, neutrality tests, and genetic structuring

At the global, continental, and national scales, classical measures of haplotype diversity and
Tajima’s D neutrality test (Tajima 1989; Tajima et al. 1998) were computed using the RStudio
environment with the ‘pegas’ package (Paradis 2010). Additionally, analyses of molecular variance
(AMOVA) were conducted to assess genetic structuring at the continental level, by country, and
among countries. Furthermore, pairwise FST tests were performed to evaluate genetic

differentiation between continents and among countries.

RESULTS

A total of 21,593 occurrence records for A. albopictus were compiled up to 2022, with
37.64% sourced from Kraemer et al. (2015) and 62.36% updated from GBIF. These records
document the species' presence across nearly every continent—except Antarctica—and its
distribution across tropical (34.78%) and subtropical (65.22%) regions. The genetic data, mirroring

the species’ distribution, included mitochondrial DNA (mtDNA) sequences for COI (n = 4,234),
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ND5 (n = 524), and complete mitochondrial genomes (n = 84). In contrast, nuclear genome data (n
= 77) and mitochondrial genes Cytb (n = 17), COIIl (n = 8), ND4 (n="T7), and ND3 (n = 3) did not
meet the selection criteria and were excluded from analyses. Data for other mitochondrial genes
were either unavailable or not retrieved.

After alignment and trimming, the mtDNA COI gene fragment (300 bp; n = 3,896) was
distributed across 71 countries and six continents, with the highest representation in Asia (57.29%;
22 countries), followed by Europe (13.27%; 17 countries), Oceania (12.68%; 6 countries), North
America (6.42%; 4 countries), Africa (3.26%; 7 countries), and South America (2.08%; 3
countries). Genetic data for the mtDNA ND5 gene and the mitochondrial genome were available for
five continents. The mtDNA NDJ gene (236 bp; (n = 597) was distributed across 29 countries and
two islands, with a notable presence in Asia (70.69%, 12 countries), followed by Africa (14.57%, 3
countries), Europe (7.54%, 10 countries), North America (4.19%, 2 countries), and South America
(3.02%, 2 countries). The mitochondrial genome (14,580 bp; n = 79), was recorded in 8 countries,
with the majority of data originating from Europe (41.78%; 2 countries), followed by Asia (29.11%;
3 countries), North America (14.29%; 1 country), South America (6.49%; 1 country), and Africa
(5.10%; 1 country).

Table 1 presents the results for haplotype diversity (Hd), nucleotide diversity (r), and
Tajima’s neutrality tests (D) at the global and continental scales, while table S3 provides these
metrics at the country level. Across global, continental, and national datasets, haplotype diversity
was consistently higher for the COI and ND5 genes (Hd = 0.613—1.000) than for the complete
mitochondrial genome (Hd = 0.000—0.004). Nucleotide diversity for the mitochondrial genome was
generally greater at the continental level (n = 0.865—0.978) than at the country level (n = 0.400—
1.000). In contrast, nucleotide diversity for the COI and ND5 genes was consistently lower than that
observed for the mitochondrial genome, regardless of the geographical scale. Tajima’s D values
varied across continents and countries, with both negative and positive values recorded, consistent

with the test’s assumptions regarding neutrality.
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Table 1. Global and continental -level analyses for the COI, ND5, and mitochondrial genome of the
tiger mosquito. The results include estimates of haplotype diversity (Hd) nucleotide (w) diversity,
and neutrality tests outcomes

Genetic diversity Neutrality test
Geographic scale Hd T Tajima’s D
COol NDS5  Mitogenome Ccol ND5 Mitogenome Ccol ND5 Mitogenome
Global 0.795 0.257 0.98 0.007 0.005 0.002 -2.445%* -2.545* -2.815%
Africa 0.513 0.132 0.667 0.002 0.001 0.001 -1.500 -1.044 2.264*
Asia 0.798 0.243 0.978 0.012 0.006 0.004 -2.291* -2.522% -1.842
Europe 0.363 0.130 0.945 0.001 0.001 0.001 -2.676* -1.871* -1.675
America 0.452 0.578 0.865 0.003 0.003 0.001 -2.435% -1.280 -3.531*
North America 0.216 0.230 N/A 0.002 0.001 N/A -2.683%* -1.886 -2.556%*
South America 0.663 0.307 N/A 0.004 0.001 N/A 1.452 -1,096 N/A
; i N/A
Islands in the Indian 355 /0 N/A 0.001 N/A N/A -1.065 N/A
Ocean (Africa)
Oceania 0.774 N/A N/A 0.006 N/A N/A -0.794 N/A N/A

*Significant values (p < 0.05); N/A values not recorded.

AMOVA analyses revealed population structure at the continental level for the COI gene,
and among countries within continents and between countries for all three mitochondrial markers
(Table 2). The FST fixation index indicated significant genetic structuring at both continental and

inter-country levels for all markers (Fig. 4).
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Table 2. Continental- and country-level results for tiger mosquito populations, along with AMOVA
analyses for the COI, ND5, and mitochondrial genome markers

df. Percentage of variation p-value
Source of variation Ccol ND5  Mitogenome Ccol NDS5 Mitogenome Ccol NDS5 Mitogenome
Between continents 5 3 3 4.82 -18.15 -0.67 0.000%** 0.475 0.301
Within countries 68 28 10 21.34 50.82 28.64 0.000%** 0.000*** 0.001***
within continents
Between countries 3786 565 63 73.85 67.33 72.02 0.017* 0.000* 0.015*
Total 3859 596 76 100.00 100.00 100.00

*Significant values (p < 0.05); ***Significant values (p <0.001).

A total of 255 haplotypes were identified for the mitochondrial DNA (mtDNA) COI gene,
with some haplotypes shared across continents and others unique to specific regions. The proportion
of global haplotypes by continent was as follows: Asia (89.41%), Europe (11.37%), Oceania
(6.27%), Africa (4.31%), and the Americas (3.53%). For the mtDNA ND5 gene, 30 haplotypes were
detected, distributed across four continents: Asia (86.7%), the Americas (20%), Oceania (13.3%)
and Africa (10%). Likewise, for the mitochondrial genome, 48 haplotypes were recovered in four

continents: Asia (35.3%), Europe (25.1%), the Americas (23%), and Africa (4.2%) (Fig. 5).
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Figure 6 displays the phylogenetic trees constructed for the mitochondrial COI and ND5
genes, as well as the complete mitochondrial genome, using both maximum likelihood (ML) and
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Bayesian inference (BI) methods. Black circles denote nodes with bootstrap support > 50 and
posterior probability > 90. The Markov chains in the BI analysis reached stationarity, and the
effective sample size exceeded 200 for all parameters. Although comparable clades were retrieved
across all datasets, differences in tree topology were evident. Clades based on complete
mitochondrial genomes received strong statistical support (bootstrap > 50%; posterior probability >
70%), whereas those derived from partial gene regions failed to reach comparable levels of
confidence. No clear geographic clustering was observed among the samples. Nonetheless, all

mitochondrial clades included distinct haplotypes of Asian origin (highlighted in red in Fig. 6),

underscoring their widespread phylogenetic distribution.

Fig. 6. Clustering trees constructed under maximum likelihood and Bayesian inference approaches
for mitochondrial genes COI (A), ND5 (B), and the mitochondrial genome (C). All analyses were
run with 10,000 Bootstrap repetitions for ML and 20 million generations for BI, using nucleotide
substitution models: GTR+I+G (COI), HYG+G (NDJ5), and GTR+G (mitogenome). Black circles
indicate bootstrap support > 50 and posterior probability > 90. In the Bayesian inference analysis,
the Markov chains were stabilized, and the effective sample size was greater than 200 for all
parameters. Asian haplotypes are shown in red for each clade. Identical colors between clades
denote similar clades, and the dashed arrows between them indicate their topological positioning.

For migration analyses, COI data encompassed six continents, whereas NDJ5 and
mitochondrial genome data were limited to five. To standardize populations numbers across
markers, Oceania was excluded from the COI dataset, enabling a consistent comparative framework
for testing migration hypotheses (Fig. 1). In these analyses, continents were treated as population
units, each comprising all associated countries (Table S3). The homogeneous dataset included three

haplotypes per population for COI and ND3, and two for the mitochondrial genome. In contrast, the
13
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heterogeneous dataset incorporated all observed haplotypes per population. Haplotype distributions
were as follows: COI (Asia: 223; Europe: 29; North America: 7; South America: 3; Africa: 6), ND5
(Asia: 26; Europe: 4; North America: 4; South America: 3; Africa: 3), and mitochondrial genome
(Asia: 22; Europe: 15; North America: 7; South America: 2; Africa: 2). Table 3 summarizes the
results of the migration analysis, including marginal Bézier likelihood (ImL), logarithmic Bayes
factor (LBF), posterior probability (PP), and scenario rankings. Collectively, the genetic evidence

supports a panmictic population structure (Fig. 7).

Table 3. Marginal likelihood values based on Bézier approximation (ImL), logarithmic Bayes factor (LBF), posterior
probability (PP), and scenario rankings for global migration patterns of the tiger mosquito were evaluated across
populations using both heterogeneous and homogeneous datasets. The most plausible scenario for each marker is
highlighted in gray. The best scenario was selected based on the highest posterior probability and the lowest LBF value

Heterogeneous N

ImL LBF PP Ranking
Scenario Ccol ND5 Mitogenome col ND5 Mitogenome COI  NDS5 Mitogenome COI  ND5 Mitogenome
Panmixia -1136.56 -1042.8 -20817.13 0 0 0 1.00 1.00 1.00 1 1 1
Full -1200.44 -1068.45 -21160.5 -127.76 -51.3 -686.74 0.00 0.00 0.00 4 2 2
migration
SS H1 -1205.81 -1071.36 -21292.42 -138.5 -57.12 -950.58 0.00 0.00 0.00 6 3 4
SS H2 -1205.49 -1071.72 -21358.5 -137.86  -57.84 -1082.74 0.00 0.00 0.00 5 4 6
SS M1 -1072.59 -21348.69 -59.58 -1063.12 0.00 0.00 0.00 5 5
SS M2 -1143 -1073.9 -21509.43 -128.80 -62.2 -1384.6 0.00 0.00 0.00 2 7 7
SSGC -1143.1 -1073.45 -21207.86 -130.79 -61.3 -781.46 0.00 0.00 0.00 3 6 3
Homogeneus N
Panmixia -499.85 -470.79 -17875.21 0 0 0 1.00 1.00 1.00 1 1 1
Full -522.7 -491.4 -18000 -45.7 -41.22 -249.58 0.00 0.00 0.00 5 2 6
migration
SS H1 -524.12 -495.74 -18014.65 -48.54 -49.9 -278.88 0.00 0.00 0.00 7 7 7
SS H2 -524.1 -493.37 -17961.83 -48.5 -45.16 -173.24 0.00 0.00 0.00 6 5 2
SS M1 -506.09 -492.84 -17970.89 -124.79 -44.1 -191.36 0.00 0.00 0.00 4 4 3
SS M2 -504.11 -492.62 -17981.55 -851.99  -43.66 -212.68 0.00 0.00 0.00 2.5 3 5
SSGC -504.11 -494.57 -17981.1 -851.99  -47.56 -211.78 0.00 0.00 0.00 2.5 6 4
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Fig. 7. Most probable migration scenarios for the COI, ND35, and mitochondrial genome genes. The
names of the populations included in the analysis are shown. Blue lines represent primary and
secondary intercontinental maritime transport routes, while gray points indicate the locations of
primary and secondary maritime ports.

For demographic history analyses, the number of sequences was standardized based on the

smallest sample size among countries, resulting in datasets comprising 63 countries (n = 189) for
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the COI gene, 19 countries (n = 57) for the NDJ5 gene, and 12 countries (n = 24) for the
mitochondrial genome. A total of 138 demographic history scenarios were evaluated, distributed as
follows: 60 scenarios for the COI gene (37 single introduction scenarios; 23 admixture scenarios),
40 scenarios for the ND35 gene (25 single introduction; 15 admixture), and 38 for the mitochondrial
genome (18 single introduction; 20 admixture).

All three genetic markers indicate that Southeast Asia is the native region of the mosquito,
from which it has dispersed to the Indian Ocean islands (1716 and F3680 generations), Oceania
(1971 and F614), Europe (1977 and F317), North America (1985 and F260), and Africa (1991 and
F383). The suggested ancestral population at the continental level was consistent across markers,
except for South America (Brazil), where the COI gene suggests a single introduction from China,
the NDJ5 gene indicates an origin from Réunion Island, and the mitochondrial genome supports an
admixture event between U.S. and China. Table S5 presents the directional flow for each scenario,
along with their posterior probabilities and the results of the confidence tests.

When the analyses were conducted at the continental scale, Asia was identified as the source
region for all other continents. However, country-level analyses revealed that the initially invaded
country within each continent harbored ancestral populations originating from different regions
within Asia (Table S2 and Fig. 2). For Madagascar (Indian Ocean), mitochondrial haplotypes
indicate an introduction from Southeast Asia, with the COI gene pointing to Indonesia and the ND5
gene suggesting Thailand as the source population. In Albania (Europe), the mitochondrial genome
and COI gene both suggest an ancestral origin in China, whereas the NDJ5 gene points to Thailand.
The introduction into Cameroon (Africa) is attributed to an ancestral population from Thailand
according to the COI and ND5 genes, while the mitochondrial genome supports a mixed origin
involving Japan and China. Finally, the introduction to the U.S. (North America) was consistent
across all three markers, each identifying China as the source of the ancestral population. All three
mitochondrial markers also indicate that mosquito populations in Europe, the Americas, and Africa

underwent genetic bottlenecks ranging from 11 to 47 generations (see Fig. 8).
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Fig. 8. Global demographic history scenarios for the Asian tiger mosquito inferred from the
mtDNA COI gene (A), ND5 gene (B), and mitochondrial genome (C). The scenario with the highest
posterior probability is shown on the left, and its geographical representation is shown on the right.
Red lines indicate the directionality of populations within the native range, while green arrows
indicate the directionality of populations in invaded areas.

DISCUSSION

To the best of our knowledge, this study represents the first comprehensive synthesis of 4.
albopictus genetic data retrieved from public databases. We examined the species’ population
genetics, invasion dynamics, and demographic history across multiple geographic scales—global,
continental, and national. Our results reveal that haplotype number, nucleotide diversity, and
haplotypic diversity are highest in Asia, the species' native region, aligning with previous studies
(Birungi and Munstermann 2002; Shin et al. 2023).

In general, species tend to exhibit greater genetic diversity in their native regions compared
to introduced areas (Carter et al. 2010; Nadel et al. 2010; Boissin et al. 2012; Gotzek et al. 2015;
Comeault et al. 2020). Invasive species often experience reductions in genetic diversity in non-

native regions due to founder effects and demographic bottlenecks during colonization. These
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processes lead to increased homozygosity of deleterious alleles, reduced heterozygosity-driven
fitness advantages, and ultimately lower overall fitness. However, invasive species appear to
overcome these constraints through high migration rates from their native ranges (Estoup 2016), a
phenomenon also observed in other mosquito species (Becker et al. 2012; Estoup 2016).

Interestingly, the ND35 gene revealed an unusually high haplotype diversity (Hd) in the
Americas, despite this region not being part of the species’ native distribution. One possible
explanation is the high level of maritime connectivity between Asia and the Americas, given that 10
of the world’s 25 busiest seaports are located along these intercontinental trade routes. This high
level of connectivity may indicate substantial gene flow facilitated by anthropogenic transport,
particularly between Asia and the Americas (Carlton 1987; Hudson et al. 2022). Passive
transportation mediated by human activities has played a crucial role in the long-distance spread of
medically important mosquito species, especially through the movement of containers such as used
tires—a well-documented pathway for A. albopictus (Elbers et al. 2015; Ibafez-Justicia et al. 2020).
Frequent intercontinental connections, combined with the high genetic diversity of Asian
populations, may lead to invaded populations retaining substantial genetic variability, a
phenomenon known as polymorphism retention (Suesdek 2019).

Neutrality test results at global, continental, and national scales for the three mitochondrial
markers revealed a mix of significant positive and negative values, indicating departures from
neutrality (Porretta et al. 2012). Analyses of genetic diversity at continental and country scales
yielded both negative and positive values in neutrality tests, including Tajima’s D, reflecting diverse
demographic and evolutionary dynamics among populations. Negative values may indicate positive
selection, where advantageous variants increase in frequency, or signal ancient population
expansion events associated with colonization or migration, followed by periods of stabilization or
decline. Additionally, they may reflect population structure with geographical subdivisions or
restrictions to gene flow between subpopulations. On the other hand, positive values may indicate a
possible recent demographic expansion in the population or the action of purifying selection,
removing harmful variants. Understanding these patterns provides valuable insights into the
evolutionary processes shaping population dynamics and genetic diversity in 4. albopictus (Tajima
1989; Laruson and Reed 2021).

In general, most populations at the continental and inter-country levels exhibited both
negative and positive values in the neutrality test. Specifically, the COI gene showed that 73.2% of
populations conformed to neutrality, a pattern similar to the 71.4% observed in populations
analyzed with the ND35 gene and the 50% observed in populations assessed using mitochondrial

genome markers. These results are consistent with previous analyses based on COI mtDNA, which
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also reported neutrality in most globally distributed populations (Zhong et al. 2013; Ruiling et al.
2018).

Across all three markers, over half of the evaluated populations yielded negative neutrality
values, suggesting recent demographic expansion likely linked to bottlenecks. One potential cause
could be the implementation of vector control measures using insecticides to manage
epidemiological outbreaks of arbovirus transmission, reducing mosquito populations. However,
once the insecticide is no longer applied, the remaining populations can rapidly expand (Ruiling et
al. 2018).

AMOVA results at the continental level only indicated genetic structuring for the COI gene,
whereas all three markers detected structure at the country level both within and across continents.
The lack of genetic structuring observed for the ND5 gene and the mitochondrial genome at the
continental scale, compared to the COI gene, could be explained by two factors. First, it may reflect
a high rate of migration and gene flow between continents (Latreille et al. 2019). Second, it could
be associated with the lower number of sequences per locality available for these markers compared
to COI (Weir and Cockerham 1984).

In contrast, the country-level genetic structure detected across all markers likely results from
restricted gene flow at finer geographic scales (Urbanelli et al. 2000; Vazeille et al. 2001). These
patterns are consistent with the hypothesis that limited dispersal capacity and geographic distance
promote genetic differentiation (Zhong et al. 2013; Lucati et al. 2022). The presence of 4.
albopictus in both tropical and subtropical regions, along with genetic differences among
populations, underscores a degree of population differentiation. Nevertheless, despite this genetic
structuring, gene flow has also been detected among geographically distinct populations (Wilder-
Smith and Gubler 2008).

Cluster analyses based on datasets comprising less than 50% of the available sequence data
for the COI and ND5 genes failed to recover a clear phylogenetic signal, resulting in branches with
low statistical support and unresolved topological relationships. In contrast, clades derived from
complete mitochondrial genome sequences were statistically well-supported. Although no clear
geographic clustering was observed, the presence of diverse Asian haplotypes within the clades may
suggest an invasion process originating from the native region toward different continents. This
pattern is consistent with that observed in other global-scale studies using COI (Ruiling et al. 2018),
ND5 (Navarro et al. 2013), and complete mitochondrial genomes (Battaglia et al. 2022).

Previous phylogeographic studies of A. albopictus based on mitochondrial markers have
reported varying levels of haplotype diversity. Ruiling et al. (2018) identified 76 COI haplotypes
across 23 countries, while Navarro et al. (2013) recovered /6 ND5 haplotypes from 14 geographic

locations. A more recent mitogenome-wide analysis by Battaglia et al. (2022) detected 47
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haplotypes across 76 samples. In contrast, our study, which employed a global dataset compiled
from publicly available genetic databases, revealed a substantially higher number of haplotypes:
255 for COI and 30 for ND5. This striking difference likely reflects the broader geographic and
temporal scope of the publicly available data compared to earlier, more localized or smaller-scale
studies.

Haplotype networks obtained for COI, ND35, and the mitochondrial genome suggest
connectivity between the native region and all invaded areas. However, we did not observe
geographic connection patterns among the invade areas. Despite this, connections between the
Americas and Africa were consistently detected with all three markers. Other studies conducted
with the same mitochondrial information from COI, ND5, and the mitochondrial genome have
recovered a similar pattern, where the native area always shares genetic connections with invaded
areas (Navarro et al. 2013; Ruiling et al. 2018; Battaglia et al. 2022). In 4. albopictus, this pattern
may be explained by the intercontinental dispersal of eggs or immature stages via passive maritime
transport, primarily associated with the trade of used tires from Asia and, to a lesser extent, with the
export of lucky bamboo—a well-documented phenomenon (Elbers et al. 2015; Ibafiez-Justicia et al.
2020; Swan et al. 2022).

Currently, nuclear genetic markers for A. albopictus—including genomic data, SNP
collections, and microsatellites —have enabled the reconstruction of phylogeographic patterns,
colonization routes, and demographic inferences at local and regional scales (Vavassori, 2022;
Pichler, 2019) and global scales (Cosme, 2024; Kotsakiozi, 2017; Goulbet, 2016). These findings
have also been corroborated by mitochondrial gene and genome analyses (Battaglia et al. 2022). In
our case, migration analyses using the three mitochondrial markers suggest that global mosquito
populations conform to the panmixia hypothesis. This scenario implies that all populations behave
as one, with high genetic exchange through random mating across all locations. Despite evaluating
two scenarios that included major and minor maritime trade routes, these did not turn out to be the
most plausible. We propose that this global panmixia is driven by human-assisted passive dispersal
via maritime cargo transport, a pattern also documented in other invasive species such as 4. aegypti
(Gongalves et al. 2012; Damal et al. 2013; Monsalve et al. 2021).

At the continental scale, cars have been identified as potential vectors for the dispersal of
adult mosquitoes over smaller geographic ranges, such as within continents or between neighboring
countries (Eritja et al. 2017). While the panmixia hypothesis has not been confirmed globally for
other mosquito species, it has already been proposed at smaller geographic scales for other invasive
species of the Aedes genus. For example, Monsalve et al. (2021) evaluated five migration
hypotheses for A. aegypti in Colombia, including a total migration model, a panmixia model, and

three stepping-stone models, using the mitochondrial genes COI and ND4, as well as eight
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microsatellites. In that study, it was found that the species’ populations followed a panmixia
hypothesis as a result of human-assisted transport, where geographical barriers did not limit gene
flow between populations.

Our results are consistent with hypotheses previously evaluated for other mosquito species
at smaller geographic scales, such as 4. aegypti (Damal et al. 2013; Monsalve et al. 2021).
However, we suggest that gene flow scenarios be evaluated on a global scale by incorporating
additional genetic markers, such as SSRs and/or SNPs. As nuclear markers, these exhibit biparental
inheritance, undergo recombination, and reflect more recent evolutionary events. In contrast,
mitochondrial markers are strictly maternally inherited, lack recombination, and represent deeper
evolutionary histories. Given these fundamental differences between nuclear and mitochondrial
markers, evaluating the scenarios inferred in this study using nuclear genetic data could either
support our current findings or provide alternative perspectives on the invasion dynamics of this
species. The panmixia scenario suggests that all populations behave as a single unit, indicating a
lack of genetic differentiation among them. Moreover, it implies high gene flow between
populations at the global scale, although the number of migrants has not yet been quantified at this
level. Therefore, we recommend evaluating this scenario using both nuclear and mitochondrial data.
ABC results based on the three genetic markers suggest that Asia is the ancestral region from which
A. albopictus was introduced into Europe, the Americas, and Africa. Yet, there is a discrepancy
regarding how those populations from Asia spread among the invaded continents. Other studies
have analyzed the demographic history of the tiger mosquito globally using microsatellites (Vega-
Rua et al. 2020), at the continental level using SNPs in Europe (Sherpa et al. 2019) and using CO!
in Oceania (Maynard et al. 2017). In all cases, Asia is consistently identified as the source region
from which other parts of the world— including Europe and Oceania—were invaded.

Introduction events to the Indian Ocean islands (Africa) are supported by genetic evidence
from the COI and ND5 genes. However, the genetic information available for this population differs
between the markers used. The COI gene, which included sequences from a greater number of
localities within the population, suggests an introduction to Réunion Island, whereas the NDJ5 gene
contained sequences from only a single locality (Madagascar). This introduction event from Asia to
the Indian Ocean islands has been supported by previous analyses using different markers (Paupy et
al. 2001; Manni et al. 2017; Vega et al. 2020). In all cases, it is proposed that the Indian Ocean
islands were the first area invaded by the mosquito, with this population resulting from an
introduction event in the 18th century, possibly mediated by immigrants from Asia (Paupy et al.
2001).

Regarding the introduction event to Oceania, it is only supported by the COI gene, as there

is no genetic information available for the other markers in that locality. Previous analyses using 13
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SSRs and COI suggest that the populations that invaded Oceania are lineages from Asia,
specifically from Indonesia (Cooper et al. 1994). It has been proposed that the introduction to this
continent was mediated by maritime trade from Asia to Oceania through the Torres Strait (Beebe et
al. 2013; Maynard et al. 2017).

The three markers propose an introduction of the mosquito to Europe in the late 1970s,
which is consistent with its first record in Albania in 1979 (Adhami and Murati 1987). The
introduction of the mosquito into Europe has been evaluated through different scenarios using ABC
and employing different molecular markers (Manni et al. 2017; Sherpa et al. 2019; Vega-Rua et al.
2020). All these studies suggest that A. albopictus invaded Europe—initially through Albania in the
late 1970s—and concur that trade routes facilitated the introduction of multiple individuals into
various countries across the continent from Asia (Manni et al. 2017; Sherpa et al. 2019; Vega-Rua et
al. 2020).

Regarding the introduction of the mosquito into North America, it was initially reported in
1985. For this scenario, there is evidence from mitogenomes (Battaglia et al. 2016), SNPs (Sherpa
et al. 2019), and SSRs (Vega-Rua et al. 2020) suggesting an invasion from Asia. Mitogenome
results indicate a direct introduction from Japan, which could be explained by the presence of two
primary maritime routes connecting China and Japan to the west coast of the USA. These maritime
routes, along with international trade and the importation of used tires, facilitated multiple
introductions of mosquito eggs and immature stages into North America (Hawley et al. 1987).
Furthermore, secondary maritime routes also contribute—albeit to a lesser extent—to the spread of
immature mosquitoes from Asia to North America, particularly through a secondary route linking
Japan to the west coast of the United States (Rodrigue 2020).

The three mitochondrial markers suggest differing patterns regarding the invasion routes of
A. albopictus into South America. The COI gene suggests a single invasion process from Asia, the
ND35 gene indicates a single introduction from the Indian Ocean islands, and the mitochondrial
genome proposes multiple introductions from Asia and North America. To explain this
incongruence, we propose a possible explanation: both partial mitochondrial genes and the
complete mitochondrial genome support evidence of multiple introduction events into South
America, as previously reported in the literature (Vega-Rua et al. 2020). These introductions could
be explained by distinct maritime trade routes linking various regions of the world to South
America.

The three markers suggest that African populations were directly introduced from Asia and
were established in the 1990s. These results could be explained by secondary maritime trade routes
connecting Southeast Asia and South Africa, as they constitute one of the most transited routes

globally (Troch et al. 2021 These trade routes may have facilitated the introduction of 4. albopictus

21



Zoological Studies 64:27 (2025)

into Africa from Asia, as proposed by several authors since 1991, including reports from South
Africa (Cornel and Hunt 1991), Mali (Diallo et al. 2010), and the Central African Republic (Miiller
et al. 2016). Nonetheless, our results are incongruent with what was found in previous analyses
using SSRs, as they suggest a founder event from populations in South America (Brazil) to Africa
(Congo) (Vega-Rua et al. 2020). We propose two possible explanations for this inconsistency: (i)
the number of sampling locations differed between the two studies, which may have led to the
recovery of distinct invasion scenarios; and (ii) nuclear genetic markers such as SSRs and
mitochondrial markers may reflect different demographic histories. In either case, we recommend

expanding the use of nuclear markers to better explain both scenarios.

CONCLUSIONS

This study provides a valuable contribution to our understanding of the global genetic
diversity, population structure, gene flow, invasion dynamics, and demographic history of the tiger
mosquito. It highlights the high genetic diversity observed in Asia, supporting established global
phylogeographic patterns and colonization routes. The findings indicate that meaningful insights
into the colonization processes and demographic history of medically important invasive species
can be obtained from a limited number of mitochondrial genetic markers, despite their lower
resolution compared to multi-locus nuclear markers with higher levels of polymorphism. Our
results support the hypothesis of high genetic diversity in 4. albopictus within its native region of
Asia. At the continental scale, there is no clear population structuring, suggesting extensive gene
flow between populations, likely driven by global maritime connectivity. Genetic links were
detected between the native range and all invaded regions across continents. Results from all
mitochondrial markers are consistent with a panmictic population structure, characterized by
random mating and high gene flow among populations. This pattern is likely promoted by human-
assisted dispersal, which helps maintain genetic diversity on a global scale. These findings highlight
the critical role of human transportation in both the spread and genetic homogenization of this
invasive species. Increased attention from vector control programs is needed in regions heavily
involved in international trade, particularly those associated with the movement of goods capable of
harboring immature mosquito stages. Bayesian analyses support Southeast Asia as the ancestral
region, from which the species first invaded the Indian Ocean islands (Africa) as early as the 18th
century, and other continents over the past 50 years. This study underscores how the expansion of
global commerce facilitates biological invasions—such as that of the tiger mosquito—through

passive, human-mediated intercontinental transport.
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