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Abstract

The Asian tiger mosquito, Aedes albopictus, is currently the most widespread invasive mosquito species
in the world. It poses a significant threat to human health, as it is a vector for several arboviruses. We
used a SNP chip to genotype 748 Ae. albopictus mosquitoes from 41 localities across Europe, 28
localities in the native range in Asia, and four in the Americas. Using multiple algorithms, we examined
population genetic structure and differentiation within Europe and across our global dataset to gain
insight into the origin of the invasive European populations. We also compared results from our SNP data
to those obtained using genotypes from 11 microsatellite loci (N=637 mosquitoes from 25 European
localities) to explore how sampling effort and the type of genetic marker used may influence conclusions
about Ae. albopictus population structure. While some analyses detected more than 20 clusters
worldwide, we found mosquitoes could be grouped into seven distinct genetic clusters, with most
European populations originating in East Asia (Japan or China). Interestingly, some populations in Eastern
Europe did not share genetic ancestry with any populations from the native range or Americas,
indicating that these populations originated from areas not sampled in this study. The SNP and
microsatellite datasets found similar patterns of genetic differentiation in Europe, but the microsatellite
dataset could not detect the more subtle genetic structure revealed using SNPs. Overall, data from the
SNP chip offered a higher resolution for detecting the genetic structure and the potential origins of
invasions.

Keywords: population structure, population genomics, invasive species, SNP chip, microsatellites, tiger
mosquito, disease vector, Aedes albopictus



Introduction

Over the last 50 years, the Asian tiger mosquito, Aedes albopictus (Skuse 1984), has spread rapidly to
become an invasive species in tropical and temperate areas worldwide, invading every continent except
Antarctica (1, 2). Its range expansion has been aided by human activities and its ability to breed in
artificial containers and to feed on diverse hosts (3, 4). It was first observed in Europe in the late 1970s
(5), and is now widespread there, with populations extending as far north as Germany (6).

The spread of Ae. albopictus across Europe and other areas is concerning because this aggressive
human-biting mosquito is a competent vector of many arboviruses, and a proven vector of dengue,
chikungunya, and Zika viruses (7, 8). The vast extent of this species range expansion means it holds the
potential to instigate major epidemics of vector-borne diseases, including in areas previously free of such
tropical diseases. Locally initiated cases of arbovirus disease in Europe have been linked to invasive
Aedes mosquitoes since 2007 (9), with additional locally acquired cases of chikungunya, dengue (10),
and Zika (11) occurring thereafter. With increasing range expansion and climatic changes, the occurrence
of pathogen transmission by Ae. albopictus in Europe is only expected to grow (12).

There is also concern that as Ae. albopictus spreads, it may acquire new adaptations that will
allow it to increase its population sizes and infect more people. Introduced species may acquire
adaptations as their range increases, particularly if they colonize novel geographic areas or ecologies (13,
14). Indeed, there are indications that Ae. albopictus has already shifted its niche and adapted to local
environments (15—17). There is mounting evidence that it can become homodynamic (i.e., breeds year-
round) and thus over-winter at the adult-stage in areas of its invasive range, which could allow
pathogens carried by it to become endemic in temperate regions (12, 18-20). Additionally, vector
competence for arboviruses, such as chikungunya (21) and dengue (22), can rapidly evolve (23), and Ae.
albopictus may also be under strong selective pressure to evolve insecticide resistance as management
strategies to control arbovirus outbreaks in new areas intensify (24). Understanding the current
population structure and past demographic history of Ae. albopictus has critical applications for
assessing the potential risk this vector mosquito poses for human health and can offer insights into how
to control these invasive populations (25-28) by enhancing efforts to determine the genetic bases of
vector competence and insecticide resistance and predict invasion success in more temperate climates.

Past research has utilized a variety of genetic markers to understand the genetic diversity of Ae.
albopictus in both its native and invasive ranges. Allozymes (31), mitochondrial DNA sequences (mtDNA)
(32-40), Random Amplified Polymorphic DNA (RAPD) (41), microsatellites (33, 40, 42—44), ribosomal
DNA (rDNA) (38, 39, 45-48), and more recently, double-digest RADseq (ddRADseq) (29, 49-51) have
provided insights into population structure and phylogeography in Europe, to a degree. However, each
method has various drawbacks and limitations, and the lack of a consistent set of markers across studies
complicates comparisons, resulting in sometimes conflicting findings.

For example, some studies indicate that genetic diversity is much higher in the native (i.e.
Southeast Asia) than in the invasive range, suggesting a loss of genetic diversity has occurred during the
invasion process (52). However, other studies found evidence that multiple, independent introductions
have resulted in relatively high levels of intra-population variability and genetic diversity in the invasive
range (42). While some markers suggest a general lack of structure in Europe, others indicate genetically
distinct populations: previously, Greece and Albania were found to be genetically distinct from other
parts of Europe (42, 49, 51, 53), and two spatially isolated genetic lineages were identified in southern
Russia (37, 54). Some of the apparent discrepancies in the observed degree of population structure,
compared to gene flow and admixture, may be due to genuine differences among regions in the history
of introductions and patterns of gene flow. For instance, older established invasive populations may
trace their ancestry directly to populations from the native range or other early-established invasive
populations. At the same time, areas that were more recently invaded may be characterized by



admixture of multiple populations that already existed in Europe. Some data support this hypothesis:
populations from Italy, which is believed to have received relatively early introduction(s) from the United
States and/or Japan (31, 42), were found to be genetically distinct (42, 50, 55), while ones from the
Iberian Peninsula were found to have low levels of genetic structure, likely stemming from human-
mediated geneflow and multiple, on-going introductions (36, 48). However, the lack of consistent
markers and methods across the studies and sampling locations makes it challenging to interpretate
apparent differences among studies: it is often unclear whether the differences observed are genuine or
merely a consequence of using different methods/marker with varying sensitivity levels.

To address outstanding questions and resolve some of the knowledge gaps from previous studies
regarding the origin and spread of this invasive mosquito, we characterized the genetic structure of Ae.
albopictus across Europe and the native range. We had three main objectives. Our first objective was to
clarify the ancestry of Ae. albopictus populations across the invasive range in Europe and determine
which population(s) in the native range are the most likely sources of invasion(s). Our second objective
was to characterize the fine-scale genetic structure within Europe. Our third objective was to compare
the patterns of genetic structure across Europe determined using single nucleotide polymorphisms
(SNPs) to patterns determined using microsatellite markers.

To achieve these objectives, we determined the distribution of genome-wide polymorphisms in
this species using the Aealbo SNP chip (56), a species specific genotyping tool that targets 175,296 SNPs
and was previously demonstrated to successfully determine structure in populations across the native
range (56). In contrast to previous studies, the SNP chip provides us with a more extensive set of
informative genetic markers across the entire genome, allowing us to detect fine-scale structure that
may not be evident when using less sensitive genetic markers. For the first time, we applied this SNP chip
to characterize the genetic structure of Ae. albopictus in their invasive range. Specifically, we
characterized the genetic structure for 688 wild-caught mosquitoes from 74 locations (41 in Europe, 28
in the native range, and four in the Americas). We used this data set to assess patterns and levels of
genomic differentiation and diversity in European populations and between European and the native
range. We included four American populations to capture secondary invasions into Europe that may
have come from these continents (rather than directly from areas in the native range). We first evaluated
global patterns of differentiation and invasion in Europe. Then we focused on selected European regions
(Italy, Greece and Albania, the area around southern Russia, and the Iberian Peninsula) for which
previous studies indicate somewhat conflicting conclusions regarding the history of invasion and spread
and for which we have a good geographic representation. To gain further insight into the spread of Ae.
albopictus into Europe over time, we also examined the extent of variation among temporally spaced
populations from Italy, comparing mosquitoes collected in 1995 and 18-25 years later, in 2013-2020. In
addition to using SNP data, we screened 637 mosquitoes from 25 locations in 15 European countries for
genetic variation at 11 microsatellite loci and compared these results to the exact same 25 locations in
our European SNP dataset. This provided the opportunity to explore how the type of genetic marker may
influence conclusions about the population structure of Ae. albopictus across Europe, especially
considering that all samples from the microsatellite dataset were from locations represented in the SNP
dataset.

Materials and Methods
SNP dataset

Sample Collection and Acquisition



Mosquitoes used for SNP genotyping were collected between 1995 and 2021 and shipped to Yale
University for processing. When available, we attempted to genotype 12 individuals from each sampling
locality. In total, we genotyped 748 mosquitoes from 32 different countries (Figure 1): 440 individuals
collected from the invasive range in Europe (41 localities in 17 countries), 260 individuals collected from
the native range in Asia (28 localities in 13 countries), and 48 individuals from four locations in the
Americas (two in the United States and two in Brazil) to assess whether introductions to Europe may
have come from previously established invasions in North or South America rather than directly from the
native range (Table S2).

DNA extraction and species identification

DNA was extracted from Ae. albopictus adults or larvae using the DNeasy Blood and Tissue kit (Qiagen,
Valencia, CA), using modifications to the manufacturer’s instructions that have been previously
described for the purification of total DNA from insects (56). For larvae and other samples that could not
be identified to species using morphology (N=75), we checked species assignments by sequencing a
1,537 bp fragment of the mitochondrial cytochrome oxidase subunit 1 COl gene and comparing it to the
species known sequences (File S3). The protocols for PCR amplification and sequencing have been
detailed previously (56). Only samples confirmed to be Ae. albopictus were sent for genotyping.

SNP chip genotyping

All SNP samples were genotyped using the Aealbo microarray (Affymetrix, Santa Clara, CA) in the
Functional Genomics Core at the University of North Carolina at Chapel Hill. We obtained genotype calls
using Axiom Analysis Suite Software v.5.1.1, running the “Best Practices Workflow” and the off-target
variants (OTV) caller algorithm to identify miscalled clusters. Thresholds and other details used for
quality control during data processing in Axiom Analysis Suite have been described previously (56).

We performed two distinct genotype calls: first, using the full dataset of samples from European
locations and global data (from the native range and the Americas), which we refer to as the "Global"
dataset, and second, exclusively on the samples from European locations, which we refer to as the
"Europe" dataset. These genotype data were exported in VCF file format, and utilized for subsequent
quality control filtering. The raw data used to obtain genotype calls are available at Zenodo.

Microsatellite dataset

For microsatellite analyses, 637 mosquitoes were collected between 2011 and 2020 from 25 locations in
15 European countries (Figure 1B). The number of individuals genotyped from each population ranged
from 5 to 60 (mean = 26.5 mosquitoes; Table S3). Additional details on sample collection are provided in
File S23.

All samples were genotyped at 11 microsatellite loci using previously published primers and
protocols (42), with minor modifications. Specifically, PCR products were multiplexed in groups of two or
three according to fluorescent dye (FAM, NED, HEX) and size interval and subjected to fragment analysis
on an ABI 3130xI DNA analyzer (Applied Biosystems) at the Yale DNA Analysis Facility at Science Hill. At
least three positive controls were used to account for inter-run variations in fragment size. Alleles were
scored from electropherograms using the software GENEMARKER (SoftGenetics) (57). Additional details
of the microsatellite loci and extraction and amplification methods are outlined in File S3.

Statistical Analysis



SNP data Quality Control

After genotyping, we used stringent quality control measures to filter the samples and SNPs used in
downstream analyses using Plink v 1.9 or v 2.0. Specifically, we removed all SNPs that did not uniquely
map to autosomes or failed segregation tests based on laboratory crosses (as detailed in (56)). We also
removed 1) loci with more than 10% missingness, 2) loci with a minor allele frequency smaller than 10%
(or 1% for use in population structure analyses), 3) loci that failed Hardy-Weinberg tests with a threshold
of 0.00001 for each population, 4) individuals with more than 20% missing loci, 5) individuals whose
expected heterozygosity values deviated more than +4 standard deviations from the mean of all
samples, which might indicate low DNA quality, contamination, or high inbreeding, and 6) related
individuals using a KING kinship coefficient of >0.354 to identify monozygotic twins and duplicate
samples. Additional details of the quality control steps are described in Files S6-57.

Linkage Disequilibrium

Linkage disequilibrium (LD), the correlation of frequencies of genes at different loci, can be increased in
populations during bottleneck events and thus vary among populations depending on their history (58).
We used PopLDDecay to calculate the half distance of maximum r? (LD half-life) for the SNP dataset.
Since a correlation between sample size and LD estimates has previously been observed for Ae.
albopictus populations in the native range (56), we compared the half distance of the maximum r? value
only for populations in Europe and the native range with at least ten individuals. For populations with
more than ten individuals, we randomly selected ten individuals to retain and dropped the excess
individual(s) from analyses to standardize the sample size. We then compared patterns of LD decay
among the sampling locations and broader geographical regions (e.g. Europe versus the native range) by
plotting the LD decay for each area for each of the three chromosomes with the ggstatsplot package in R
(59). Additional details of linkage disequilibrium analyses are in File S8.

SNP Sets

We were interested in retaining relatively rare alleles that may allow us to better distinguish between
sampling locations. Therefore, we created a set of SNPs (with LD half-life pruning at r’<0.01) that only
removed SNPs with a minor allele frequency (MAF) of less than 1%. This dataset contained 22,642
variants for the Global dataset and 20,968 variants for the Europe dataset (Figure S2).

For all population structure and differentiation analyses (described below), we report results for
this SNP Set, which we called SNP Set 3 (filtered for LD half-life r’<0.01 and MAF >0.01). We also provide
results from other sets of SNPs with different LD half-life and MAF filtering criteria for select analyses in
the supplementary files and figures for comparative purposes (see File S3).

Population structure and differentiation

To assess the relationship between European mosquito samples and those in the native range we
included samples from 13 countries in eastern, southern, and southeastern Asia. These samples were
previously analyzed by a study that examined accuracy of the Aealbo SNP chip and the population
structure of Ae. albopictus mosquitoes in the native range (56). Since previous research found evidence
that some introductions of Ae. albopictus to Europe may have originated in the Americas (46, 51), we
included two locations from the United States and two from Brazil, which had not previously been
analyzed. We performed structure analyses on the two SNP data sets: 1) the European, native range, and
American samples combined (“Global” dataset, N=688), and 2) the European samples alone (“Europe”
dataset, N=410).



We used three different clustering algorithms, Admixture (60), fastStructure (61), and LEA (62),
on the Global and Europe datasets to cross-check consistency across methodologies and ensure our
findings were robust. To facilitate comparison with the microsatellite dataset, we repeated the LEA
structure analysis for a subset of 242 mosquitoes from the locations that were shared (i.e. overlapping)
with the microsatellite dataset. Parameters used to run each algorithm are listed in Table S6, and step-
by-step procedures for these analyses are presented in Files S9-S10.

To further evaluate population structure and visualize genetic distances among samples from
different locations, we used principal component analysis (PCA), which was implemented using the R
package LEA (62). We also used the R package adegenet to perform Discriminate Analysis of Principle
Components (DAPC) (63, 64). For DAPC analyses we used the cross-validation function to choose the
number of principal components (PCs) to retain. For both PCA and DAPC, we carried out analyses on
both the Global and Europe datasets, as well as different subsets of European populations. We also
repeated these analyses for the subset of 242 mosquitoes from the 24 locations overlapping with the
microsatellite dataset. Step-by-step procedures for these analyses are presented in Files S12-514.

To quantify genetic differentiation among sampling locations, we used the R package StAMPP
(65) to estimate the pairwise genetic differentiation (Fst), estimating Fst values across each locus
according to Weir & Cockerham (66), taking into account population size and using 100 bootstraps to
estimate p-values and confidence intervals. For all Fstanalyses we used only locations with at least four
individuals (Files S19-S20). We also examined potential patterns of isolation by distance among European
populations, using a Mantel test to assess the correlation between genetic and geographic distances
using the mantel.randtest function in the R package ade4 (67). We also repeated all Fst and isolation by
distance analyses for the subset from the 24 locations with four or more individuals that overlapped with
the microsatellite dataset to facilitate comparisons between marker types.

Microsatellites

We used several approaches to characterize population structure and determine the number of
genetically distinct populations represented by our microsatellite data set. First, we analyzed individuals
using the Bayesian clustering method of the software STRUCTURE v 2.3.4 (68-71). We carried out two
versions of the analyses: the first used only genetic information to cluster our data, and the second used
sampling locations as prior information to assist clustering (LOCPRIOR method). This second method is
appropriate for data sets with few markers, few individuals, or where the signal of structure is
relatively weak. We employed this second model to ensure that we could detect subtle population
structures that may be too weak for standard structure models to detect using our 11 loci. We used
an admixture model for both analyses and set parameters to 1,000,000 MCMC runs, with a burn-in of
100,000 and 10 replicates of each possible number of clusters (K) from 2 to 25. To assess the STRUCTURE
results, we used the Evanno method (72) implemented in CLUMPAK (73). Then we plotted the
proportions of ancestry for each individual, grouped by sampling location, in R. Additional details of
STRUCTURE analyses can be found in File S3.

We complemented clustering analyses with multivariate approaches, including Principal
Component Analysis (PCA) and Discriminant Analysis of Principal Components (DAPC). PCA was
implemented in the package LEA (62), and DAPC in the package adegenet (63, 64) in R, using the cross-
validation function to choose the number of principal components (PCs) to retain. We also repeated
analyses using various subsets of European populations to better visualize the clusters among samples in
specific regions of Europe (File S11).

We evaluated the level of genetic differentiation among European sampling locations by
estimating Fst values using the Weir and Cockerham method (66), as implemented in the R package
hierfstat (74). Using the mantel function in the R package vegan (75), we also used the Mantel test to



assess the correlation between genetic and geographic distances (76). As with the SNP datasets, we only
utilized populations with at least four individuals.

Results

Genotyping and Quality Control

Of the 768 samples in the Global dataset submitted for genotyping, 712 mosquitoes passed all quality
control criteria in the Axiom Analysis Suite Software’s “Best Practices Workflow” and 113,823 variants
were recommended after running the Off Target Variant (OTV) caller. Of the 454 samples in the Europe
dataset submitted for genotyping, 423 passed all quality control criteria, and 117,981 SNPs were
recommended after the OTV caller. Additional details of the quality control methods and workflow used
in Axiom Analysis Suite are outlined in Files S4-S5.

The SNP sets exported were subjected to additional quality control measures (see Files S6-57).
Filtering with Plink to remove the 2,047 SNPs that failed the segregation test, variants missing in more
than 10% of samples, and variants with a minor allele frequency <10% resulted in a SNP set of 87,183
variants for the Global dataset and 85,306 variants for the Europe dataset (Figure S1). For both datasets,
all variants passed the Hardy-Weinberg Equilibrium test. Additional details of the SNP sets are shown in
Tables S4-S5.

No individuals were missing >20% of variants. Four samples in the 712 genotyped individuals in
the Global dataset were duplicates and were thus removed (two from KAG and two from BEN, Table S2).
Of the 708 remaining samples, we removed nine with heterozygosity that deviated more than 4SD from
the mean and eleven with high relatedness (> 0.354), leaving 688 individuals in the final Global dataset
for subsequent analyses. Of the 423 European individuals genotyped, we removed five samples for
having heterozygosity >4 SD from the mean and nine for having high relatedness (> 0.354), leaving 410
individuals in the Europe dataset. A summary of the number of individuals retained in each dataset is
presented in Table S4.

Linkage Disequilibrium

We compared the half distance of the maximum r? value for populations with at least ten individuals (N=
41 populations in 24 countries; File S8). The LD half-life estimates varied among locations within the
European and native ranges, and the degree of LD also differed across the three chromosomes (Figures
S3-54). The LD half-distance tended to be the smallest and showed the least variability among
populations for chromosome 1, while chromosome 2 had the most significant variability and the highest
LD half-distance estimates (Figure S3). Longer LD half-distance estimates on chromosome 2 indicate that
linkage persists over greater distances, possibly indicating a lower recombination rate or selection
patterns on this chromosome.

There was not a consistent correlation between patterns of LD decay and geographic region. The
mean half distance of the maximum r? value was somewhat higher for European compared to Asian
populations for chromosomes 1 and 3. In contrast, Asian populations’ mean values were slightly higher
than European ones for chromosome 2. However, none of these differences were statistically significant
(Figure S4).

Genetic ancestry

Global dataset



The three clustering algorithms indicated a K value between 20 and 23 as the best number of
ancestral clusters for the Global dataset (Table S7). Figure 2A shows a representative diagram of the
clustering result for K=20. There was evidence of at least some admixture in most European sampling
locations and many native range and American populations. Nonetheless, there was still clear evidence
of population structure (Figure 2, Figure S5).

Three clusters observed in the K=20 plot were present in both Europe and the native range.
Specifically, the orange cluster, which was the most prominent in many southern and western European
locations, was also observed in China (Hunan and Hainan) and, to a lesser extent, in Vietnam. The bright
yellow cluster in the Iberian Peninsula, France, Armenia (and mixed in small amounts in other European
locations) was also observed in the United States and in Japan (Utsonomyia). Finally, Greece showed
evidence of admixture with the cyan cluster found in the south and southeast Asian locations and parts
of China, particularly Yunnan.

Several European clusters were either absent or poorly represented in the native range. For
example, the three Italian locations with historic samples collected in the 1990s each formed a cluster,
with the teal cluster present in Desenzano (from 1995) also observed as admixture in other European
regions, but not in the native range. The light green cluster that constituted most of the ancestry in
another Italian location (Brescia, collected in 1995) was found admixed among individuals in both the
United States and Recife, Brazil, but was completely absent from Asia. A bright green cluster observed
primarily in Croatia, Albania, and Greece was also absent from the native range. Notably, the purple
clusters were confined to the most eastern European locations, suggesting mosquitoes in this region are
entirely distinct not only from populations sampled in the native range but also from other parts of
Europe. The same was true for the blue and red clusters observed only in Spain and Aliaga, Turkey
(Figure 2A). Ancestry matrices derived from other algorithms showed similar patterns (Figure S5).

The PCA of the global dataset indicates that mosquitoes from South and most of Southeast Asia
cluster together, separately from other samples, except for some individuals from China. Samples from
South America also form a cluster, although this cluster is less distant from the remaining samples than
those formed by South and Southeast Asia. In contrast, East Asian samples spread along PC 1
substantially overlap with Southern and Western European samples. Samples from North America also
overlap with this cluster, particularly with mosquitoes from Southern Europe and Japan. Mosquitoes in
Eastern Europe form two distinct clusters, with some populations overlapping with East Asia and
Southern Europe, and the four farthest east locations (Russia, Georgia, Armenia, and Ukraine) forming
their cluster at the bottom of PC2. However, when PC3 is plotted against PC1, these four eastern
locations overlap with parts of Southern Europe and East Asia (Figure 3B).

DAPC, which uses discriminant functions to accentuate the genetic differences between groups,
identified six clusters in the SNP Global dataset. One central cluster consisted of most samples from
southern and western Europe, locations in eastern Europe west of the Black Sea, and most of East Asia.
As with the PCA, South and Southeast Asia form their own cluster, which overlaps with some East Asian
samples. The four samples from Serbia also cluster somewhat apart from other populations. The three
groups of mosquitoes most distinguished from the central cluster are samples from 1-the most eastern
locations in Europe, 2-Albania, Croatia, Greece, and 3-Brazil (Figure S7). Plotting additional PCs (i.e., PC3
and 4) derived from the DAPC analyses shows similar patterns of clustering but also indicates that
Indonesian samples are separate from the rest of the southeast Asian cluster (Figure S7.B; File S14).

PCA and DAPC analyses from all three SNP Sets for the Global dataset were very similar.
Scatterplots of additional principal components and other SNP Sets are presented in Files S13-S14 and
Figures S6 and S7. Additional plots highlighting PCA results for specific regions are also presented in
Figure S8.

Since we were interested in investigating links between mosquitoes sampled in Europe and
populations in the native range, we also plotted the ancestry matrices for K=6 and K=7 to visualize how



locations in the European invasive range may group with Asian locations. We chose to examine
structures with six and seven clusters because our PCA and DAPC analyses (see Figures S6, S7, S8)
indicated that samples from the most eastern locations in Europe, and possibly also samples from
Croatia, Albania, and Greece, may each represent a distinct cluster not defined in the five clusters found
in the native range populations in our dataset (56).

When the structure analyses for the Global dataset are plotted for K=6 and K=7, we observe that
most Europe clusters are also present in the native range. However, some are represented only by small
amounts of admixture (Figure 2C, Figures S9 and S11B). The three historic Italian locations share a
cluster with northern Japanese locations (yellow). This yellow cluster is also observed admixed in
western and southern Europe and the Americas, particularly the United States. Greece, Brazil, and Palm
Beach, USA show admixture with the primary cluster observed in most south and southeast Asian
locations (blue). Taiwan, Okinawa and parts of China (Hunan and Hainan) primarily comprise the orange
cluster, which is also observed broadly across modern samples in eastern and southern Europe and a few
locations in eastern Europe (e.g. Alushta, Ukraine). However, Hunan and Hainan, China also contain
admixture with the green cluster found in samples from Croatia, Albania, and Greece. The red cluster,
represented in Indonesia and some samples in Nepal, is present only in Asia and does not appear
substantially in Europe or the Americas. The purple cluster is mainly represented in the most eastern
European samples and is observed elsewhere only in small proportions of admixture in some eastern
Asia locations (Figures 2C and 3, Figure S9). When a seventh cluster was identified (cyan), it was
represented primarily in San Roque, Spain and Aliaga, Turkey (Figures 2C, S9.B), which corresponds to
the dark red cluster identified in the K=20 structure plot (Figure 2A). Table S7 and Figure S9 present
additional details of the structure analyses for different SNP Sets for comparison (also see Figures S16-
S18).

European datasets

When European locations were analyzed on their own, the composition of clusters was very
similar to the clusters found in the global dataset. For the European dataset, our three algorithms
indicated a K value between 13 and 15 as the number of ancestral clusters for all but one set of analyses
(data from SNP Set 3 run with fastStructure indicated K=18; Table S7, Figure S10). Figure 3A shows a
typical clustering result for K-14. While most sampling locations showed some admixture, there was
again clear evidence of structure among European populations.

One cluster (orange) had a relatively broad distribution, found throughout many locations in
western and southern Europe and some parts of eastern Europe west of the Black Sea (e.g., Bulgaria,
Romania). The three Italian populations sampled in the 1990s each formed unique clusters. Clusters
from these historic Italian samples, especially the one in Desenzano (teal), were also found admixed in
several modern populations in Italy (e.g. Sicily) and elsewhere in Europe (e.g. Portugal, Romania,
Slovenia). Mosquitoes from Croatia and Albania (bright green) and Greece (dark green) formed two
distinct clusters. However, in some algorithms’ analyses, Greek samples were grouped with the Croatia-
Albania cluster (Figure S10). Serbia formed a cluster (brown), which was not found in any other locations
(Figure 3A).

The four countries east of the Black Sea, Ukraine, Russia, Georgia, and Armenia (hereafter
referred to as the farthest east), were characterized by a mixture of two to three clusters (purple shades)
not found in any other part of Europe (Figure 3A, Figures S10-S11). Turkish samples, including those from
eastern Turkey (Hopa), had no admixture with these purple clusters, despite being very geographically
close to the four farthest east European countries. Instead, the Turkish samples were primarily grouped
with mosquitoes sampled in Spain. The Iberian Peninsula comprised five main clusters, though the
Portuguese samples showed admixture with several other clusters (primarily those found in Desenzano).
Spanish samples showed comparatively little admixture; individuals in all five Spanish sampling locations



were comprised primarily of a single cluster. The cluster in Barcelona (pink) was shared with Turkish
samples and showed admixture with some modern Italian populations. The most southern Spanish
location, San Roque, consisted of two distinct sets of individuals, each forming a unique cluster: blue and
red. Some individuals shared the blue cluster in Magaluf, Spain, and the red cluster was shared by about
half the individuals sampled in Aliaga, Turkey. The final cluster found in Spain (yellow) was detected in
three locations: Catarroja, Badajoz, and Magaluf. This yellow cluster was also observed in admixture in
the two French locations, some Italian locations, Slovenia, Romania, and the farthest east, particularly
Armenia (Figure 3A). For comparison, additional details of the structure analyses for different SNP Sets
are presented in Table S7 and Figures S10-S11 (see Figures $16-518).

The PCA of the European dataset alone allows for visualization of finer scale structure amongst
European populations. Specifically, it showed that a subset of Italian samples (i.e., those from the three
locations sampled in 1995) form a cluster separate from other Italian or European populations (at the
top of PC2 in Figures 3, S12). Plotting PC3 against PC1 indicates that Albania, Croatia, and Greece also
cluster together, apart from other countries. Locations in Eastern Europe were spread along PC1, apart
from Western and Southern Europe. As in the global dataset, mosquitoes from the four countries
farthest to the east (Armenia, Georgia, Russia, and Ukraine) showed no overlap with other regions of
Europe, even when additional PCs (i.e., PC2, PC3) were examined (Figures 3, S12). The DAPC showed
similar clustering patterns, but also indicates that Serbian samples are somewhat distinct from the rest
of Europe (Figure S13).

Overall, PCA and DAPC analyses from all three European SNP Sets were very similar. Scatterplots
and pie charts of other SNP Sets are presented in Files S12-S14 and Figures S10-S12. Additional plots
highlighting PCA results for specific European regions are also presented in Figure S8.

Genetic differentiation

When we estimated genetic differentiation (Fst) for all localities with at least four individuals
(N=69 for European and native range; N=40 for Europe), the overall patterns of Fst were similar for all
three SNP sets. Fst analyses for the other SNP sets are detailed in Files S19-20, and results are shown in
Figures S14-S16.

When European and native range countries were examined together, Serbia was the European
country with the highest Fst (mean=0.23, range 0.15-0.44), and the Maldives was the native range
country with the highest Fst (mean=0.25, range 0.13-0.44; Figures S14.C and S15). When European
regions were examined on their own, the mean Fst was similar for Southern (0.10) and Eastern Europe
(0.11), and slightly lower for Western Europe (0.08). Pair-wise Fst among European countries ranged
from 0.01 to 0.23, with Serbia again having the highest mean Fst (0.20, range 0.15-0.23, Table S8; Figure
S14.B).

Isolation by Distance

We created a matrix with the Fst values and geographical distance in kilometers for all European
locations and fit a linear regression to our Fst estimates. The Fstvalues were generally higher as the
distance between the European sampling sites increased. Still the correlation was only about 4%
(R2=0.04), indicating that only a small proportion of variation in Fst could be attributed to geographic
distance (Figure S17.A).

There was no strong evidence for isolation by distance (IBD) in Europe. When we fit a linear
regression model for all 40 European locations, the correlation coefficient (R?) was 0, indicating that
variation in genetic distance cannot be explained by geographic distance amongst European populations
(Figure S17.B). Mantel test observations for the European SNP data were slightly negative (-0.01, p-value
= 0.52), indicating that we cannot reject the null hypothesis that geographic and genetic distance are
uncorrelated (Figure 4A). Patterns of IBD were similar for all three SNP sets, and analyses for SNP Sets 1



and 2 are detailed in Files S19-S20. There was also no strong evidence for IDB when looking at regional
subsets of European populations (Figure 4B).

Microsatellites and overlapping SNP dataset in Europe

We carried out population structure and differentiation analyses for the microsatellite dataset for 637
mosquitoes in 24 European locations. Then, to facilitate comparisons between the two sets of markers
(microsatellites and SNPs), we repeated all clustering and genetic differentiation analyses for SNPs using
data from the “overlapping” subset of 24 locations sampled with both types of markers (Figure 1, Tables
S2 and S3).

Microsatellites: population structure and differentiation

The results of the STRUCTURE analyses for the microsatellite dataset (N=24 locations) indicated
that the best-supported number of clusters was K=3, and there was relatively little admixture in most
locations (Figures 5, S20.A). The best-supported number of clusters was also K=3 when both genetic and
population information were used to analyze this same subset for the microsatellite dataset (Figure
S20.B). An orange cluster mainly constituted four locations (Saint-Martin-d'Héres, France, Puglia, Italy,
and the two Turkish locations), a yellow cluster accounted for most of the ancestry in Portugal, Romania,
and all but one of the five Spanish locations (San Roque), and the remaining locations were mainly
composed of a third (green) cluster (Figures 5, S20.A-B).

The PCA of microsatellite data using the subset of 24 overlapping locations showed most
samples cluster tightly together, except for Western Europe (France) and some individuals from Italian
and Turkish locations, which were spread out along the first PC axis. Some samples from Portugal and
one location from Spain also plotted somewhat separately from others (Figure S22.B). Scatterplots of the
first two principal components derived from DAPC for the microsatellite dataset showed a similar pattern
(Figure S23.B).

Regional estimates of average Fst were slightly higher for Eastern (0.10) than Western or
Southern Europe (0.10). Russia had the highest mean pairwise Fst (0.12), while Slovenia and Malta had
the lowest (0.07) (Figures S24.B, S25.B; Table S9). The correlation between Fst values and geographic
distance was minimal (R?=0.02; Figure S26.B). When we fit a linear regression model to the genetic and
geographic distance, the correlation coefficient (R?) was 0.01 (Figure S26.B; File S20). There was no
evidence for isolation by distance (IBD): the Mantel test observation was slightly negative (-0.009; p-
value=0.52), indicating that we cannot reject the null hypothesis that geographic and genetic distance
are uncorrelated for this dataset (Figure S27.B).

Overlapping SNP dataset: population structure and differentiation

When the subset of 24 overlapping locations with SNP data was used in clustering analyses using
the R package LEA (N=242 mosquitoes), the best-supported number of clusters was K=10 (Figures S20.C,
S21). To facilitate comparisons between datasets, K=3 was also plotted. At K=3, Russia and Georgia
formed a distinct cluster (blue), and three Spanish locations (Badajoz, Catarroja, and Magaluf) were
composed almost entirely of one cluster (orange). All other locations showed substantial admixture
between the orange and yellow clusters (Figures 5 and S20.D).

Plots of the first two PCs showed that Eastern Europe (Russia and Georgia) and some individuals
from Spain and Turkey formed discrete clusters that did not overlap with samples from other locations
(Figure S22.C). Plots of the first two PCs derived from the DAPC analysis indicated that both Eastern



Europe (Russia and Georgia) and the region including Albania, Croatia, Greece, and Serbia, constituted
discrete clusters, completely separated from other locations (Figure S23.C).

Regional estimates of average Fst were somewhat higher for Eastern (0.11) than for Southern
(0.08) or Western Europe (0.07). Serbia had the highest mean pairwise Fst (0.19), followed by Russia and
Georgia (0.12). Slovenia and Malta had the lowest mean pairwise Fst(0.06) (Figures S24.C, S25.C; Table
S9). The correlation between genetic and geographic distance was minimal: when Fsrand geographic
distance were plotted the R? was 0.02, and the correlation coefficient (R?) was 0.01 when a linear
regression model fit the genetic and geographic distance (Figure S26.C). There was no evidence for
isolation by distance (IBD), as the Mantel test observation was slightly negative (-0.10; p-value=0.75;
Figure S27.C).

Discussion

SNPs are widely recognized as cost-effective tools for characterizing genetic diversity and population
structure, and they have recently begun to be recognized as valuable tools for assessing invasion
dynamics in a variety of taxa, such as comb jellys (77), fire ants (78), and rodents (79). We used a SNP
chip to characterize the genetic structure of Ae. albopictus across Europe and the native range to better
understand the origin and spread of this invasive mosquito. This study marks the first time a SNP chip
has been used to characterize the genetic structure of Ae. albopictus outside of its native range. Our
findings support the notion of a complex history of multiple invasions from a number of different origins
in both the native range (Asia) and previously invaded areas of Europe and the United States (50, 51). In
addition, the Aealbo SNP chip revealed fine-scale genetic structure in Ae. albopictus populations across
Europe, not reported in previous studies using less sensitive genetic markers (i.e. microsatellites,
mitochondrial DNA).

Genetic structure in the native range

To assess potential sources of invasions into Europe, we first needed to validate the patterns of
population structure found in the native range. Previous analyses of the population structure in the
native range that were carried out using data from the Aealbo SNP chip found support for five ancestral
clusters in Asia (56). Specifically, one cluster was observed primarily in Japan, with some admixture in
China. A second cluster was found in Taiwan and southern Japan (Okinawa), with admixture in parts of
China. A third cluster was exclusive to Indonesia and some individuals in Nepal. A fourth cluster was
found primarily in Quy Nhon City, Vietnam. The fifth cluster was the most widely distributed and
constituted the primary cluster in most of south and southeast Asia, as well as parts of China
(particularly Yunnan) (56).

Our analyses, which combined data from the native range with European and American
populations, found more than five Asian clusters. Specifically, eight of the 20 clusters in the ancestry
matrix best supported by our algorithms (shown in Figure 2A) are represented among native range
populations. The primary difference from the previous analysis, which examined Asian populations
independently, is that some populations previously represented primarily by a single cluster were split
into two or more groups. For example, the northern Japanese cluster was divided into at least two
clusters (light yellow and gold), and the single cluster that previously represented Okinawa and Taiwan
was split into two clusters (orange-red and dark green). The remaining clustering pattern is very similar
to previous findings, in which most of south and southeast Asia cluster together (cyan), and distinct



clusters are observed in Indonesia (along with some individuals in Nepal) and Quy Nhon City, Vietnam
(56).

When we plotted the ancestry matrices for K=6 and K=7 for the global dataset, we observed four
of the five clusters previously identified in the native range by the Aeablo SNP chip (56). The main
differences were that, in our results, Quy Nhon City, Vietnam clusters with the majority of south and
southeast Asia (blue) rather than forming a distinct cluster, and the cluster that primarily constituted
Taiwan and Okinawa in the previous analysis showed more admixture (Figures 2C, S9).

Origins of invasive populations and genetic structure within Europe

In evaluating the origins and patterns of population genetic structure, we focus on European regions
whose history of invasion and spread were somewhat unresolved based on previous studies and for
which we have a substantial geographic representation in our sample set: Italy, Greece and Albania, the
region around southern Russia, and the Iberian Peninsula. While our analyses confirmed some of the
patterns suggested by earlier studies, they also revealed novel findings.

Aedes albopictus was first observed in northern Italy in 1990 (80, 81), and an invasive population
in the United States (originating primarily from Japan) was believed to be the source of this introduction
(31, 42). However, various studies have found high levels of genetic diversity in Italy, suggesting that
multiple, unrelated introductions from different sources likely contributed to the establishment of Italian
populations (38, 42, 50, 55). Our analyses support the latter scenario. The three locations from northern
Italy sampled in 1995 (Brescia, Cesena, and Desenzano) shared a cluster with samples from northern
Japan and the United States (yellow cluster in Figure 2B). While this cluster was also observed admixed
in samples from western and southern Europe, the three Italian locations with historical samples were
differentiated from one another (Figure 3A) and from modern Italian samples (Figures S8A, S13). In
contrast to samples collected in the 1990s, modern Italian locations exhibited high levels of admixture.
Still, they shared a cluster (orange), which was observed broadly across western and southern Europe, a
few locations in eastern Europe (e.g. Alushta, Ukraine) (Figure 2A), China (Hunan and Hainan), and also
as admixture in Taiwan, Okinawa, more northern areas of Japan, and the Americas (Figures 2B, S8A).

In summary, modern Italian samples showed intermixing of ancestry derived from historic Italian
locations, other parts of Europe, and East Asia (Figure 2), suggesting that Ae. albopictus became
established throughout Italy via a combination of spreading from the initial introductions in the north in
the early 1990s and multiple new introductions from both native and other invasive regions.
Furthermore, it appears that that populations from northern Italy have played an important role in
establishing invasive populations in other European countries: mosquitoes throughout Europe (e.g.
Portugal, Romania, Slovenia) shared ancestry with individuals sampled in Desenzano in 1995. This is
consistent with indications that Italy has been a source, and even an essential stepping-stone, for Ae.
albopictus range expansion into more northern locations, such as Switzerland (51, 82).

Mosquitoes in Greece and Albania (and some other populations in the South Balkans, including
south Serbia) have repeatedly been observed to be genetically distinct from other parts of Europe (42,
49, 51, 53). Aedes albopictus was first identified in Albania in 1979 (5), but was not observed in Greece
until 2003 (83). Previous analyses using microsatellites suggested different sources for invasions in these
countries, specifically that populations in Albania originated in China and populations in Greece
originated in Thailand (42). However, our SNP analyses suggested that samples from Greece and Albania
are genetically similar (49, 51), and these populations may have been introduced from the United States
(51).

Our data confirm that Albania and Greece are genetically distinct from most other European
populations (Figures S7, S13). When we analyzed population structure in our Global dataset, Greece and



Albania were grouped into a cluster that also included Croatia (and Serbia, at K=7). Greece also showed
admixture with the largest cluster in the native range, which included most of South and Southeast Asia
and parts of China (cyan cluster, Figure 2A), particularly Hunan and Hainan (Figures 2B, S8B). When we
examined population structure using only European locations, Serbia constituted its own unique cluster
(brown), and Greece was also differentiated from Albania and Croatia, though admixture with the
Albanian-Croatian cluster was observed (Figure 3A). This suggests that Albania may have contributed, at
least in part, to establishing the invasive population in Greece, but additional introductions directly from
Asia or via an invasive population in the Americas have also occurred (Figures 2B, S8B).

Our analyses of populations from Eastern Europe suggest an invasion history somewhat different
from that identified by previous studies. Studies based on diversity in mitochondrial genomes identified
two spatially isolated genetic lineages of Ae. albopictus in southern Russia: one linked to Mediterranean
populations and another similar to those from the USA and Japan (37). While some locations in the
farthest east of Europe, namely Armenia and Ukraine, showed admixture with clusters also found in the
Mediterranean area, most locations in our analyses were comprised of an admixture of two to three
genetic clusters not observed anywhere else in Europe or Asia (purple clusters, Figure 2). These farthest
eastern European clusters were distinct in multivariate analyses as well, showing no overlap with other
samples in PCA or DAPC plots (Figure S8C), and remained differentiated from all other regions even
when the number of clusters in our structure analyses was reduced to six (Figure S9). This indicates that
mosquitoes in this region were introduced from somewhere in the native range not covered by our
sample collection, and have not had substantial introductions from other areas of Europe. Though the
four farthest east countries are separated from the rest of Europe by the Black Sea, it is unclear why
most sampling sites there show so little admixture with any other localities. Samples from Turkey (Hopa)
likewise showed no admixture with these purple clusters, despite being very geographically close to
Georgia and southern Russia (Figures 1, 3). Another study that utilized mitochondrial genomes found
that southern Russia was characterized by strong differentiation and highly restricted gene flow between
local populations, and suggested either a single introduction or multiple transfers from the same source
population (84). Our SNP data did not confirm this, as locations in southern Russia were genetically
similar to one another and showed evidence of extensive admixture among the same three purple
clusters throughout the region (Figure S11).

Across the Iberian Peninsula, previous work using mtDNA and rDNA generally identified little
genetic structure, likely stemming from human-mediated geneflow and multiple, on-going introductions
(36, 48). However, other analyses found that northern Spain and the Balearic Islands were somewhat
differentiated from southern Spain and the rest of Europe (46, 49). The initial introduction of Ae.
albopictus to Spain was first detected in 2004 near Barcelona (85), and the species is believed to have
spread along the Spanish Mediterranean coast and inland from there (86). While previous findings
suggest that Barcelona was the largest source of inter-province transfers of mosquitoes in Spain (87), our
analyses do not support this scenario. We found that mosquitoes in Barcelona formed a distinct cluster
(pink) that was not shared with other locations in Spain. However, this cluster was also observed in
Turkey and admixed throughout other southern European countries (e.g. Italy and Slovenia; Figure 3A).
On the other hand, some mosquitoes from western Spain (Badajoz), eastern Spain (Catarroja), and the
Balearic islands (Magaluf) all shared ancestry (yellow in Figures 2A, 3A), indicating a common source
from either Japan or the United States for mosquitoes in these geographically separated areas. While
Portuguese samples showed some admixture with this cluster, they were more genetically similar to
samples from France and other southern European countries. Interestingly, there was less admixture
within Spanish samples compared to other European locations, though two locations contained
individuals from two separate clusters: one cluster unique to Spain (blue) and the other shared with
some individuals from Aliaga, Turkey (red, Figure 3A).



Overall, our findings are consistent with the hypothesis that older established invasive
populations (Albania, Italy) seem to be derived from populations in the native range (e.g. Japan) or other
early-established invasive populations (United States), while more recently established populations share
ancestry with multiple sources, including populations already existing in Europe.

Factors influencing population differentiation and local adaptation

We did not find a significant correlation between genetic and geographical distances among
European samples. This lack of correlation is consistent with the results of most previous studies (42, 51,
56), and suggests that factors other than distance, such as human-facilitated transportation and
ecological factors, are more important in influencing the genetic structure of Ae. albopictus in Europe.
Studies have shown that introduced Ae. albopictus mosquitoes spread through a combination of natural
and human-aided dispersal, and the degree of dispersal may be effected by the landscape (88).
Population bottlenecks during introduction can also substantially influence the genetic variability (88).
These factors could help to explain why we see different levels of genetic structuring among some
European regions more than others. For example, we found that most central European populations
showed high degrees of admixture, but the most eastern European populations (i.e. Armenia, Georgia,
Russia, Ukraine) were largely distinct from other areas of Europe. This suggests that after Ae. albopictus
was introduced into the area in 2011 (37) from a unique source not represented elsewhere in Europe,
and the Black Sea acted as a geographic barrier to limit gene flow with other areas. However, at least
one population east of the Black Sea, Hopa (Turkey), did not fit this pattern. Instead, it shares ancestry
with more Western European populations (e.g., Spain), despite being geographically close to the
Georgian and Armenian populations. This underscores the somewhat “chaotic” nature of dispersion
identified in previous studies (42) and highlights the importance of human-mediated introductions and
transport, in addition to geographic barriers, in shaping patterns of genetic structure. Our sample size
per population was relatively small, with typically 12 or fewer individuals from each location genotyped.
Future work should include larger numbers of individuals from each population to carry out migration
analysis that looks for first or second-generation migrants. This would improve our understanding of
current gene flow and how human-mediated transportation of mosquitoes may be impacting the spread
and population structure of Ae. albopictus throughout their invasive ranges.

While we could not explicitly test for local adaptations using our dataset, there is evidence for
thermal adaptation across the wide temperature range occupied by Ae. albopictus in its native range
(89), which may have facilitated its spread to temperate regions worldwide (90). Our findings are
consistent with this idea: the most northern, temperate locations in the native range, Japan and China,
were the dominant contributors to populations throughout most of Europe (Figures 2B, S11). Previous
analyses of Ae. albopictus in southern Russia found patterns of selective sweep near genomic regions
associated with neural protection, lipid conservation, and cuticle formation during diapause, which could
indicate recent selection for cold adaptation within the invasive range (84). Additional systematic
sampling, focusing on a range of temperatures and other climatic variables across the European
continent, will be essential for determining the extent and specifics of local adaptation to cold and other
ecological factors that mosquitoes have undergone as they spread to new, more temperate areas. The
availability of a reliable microarray, the Aealbo SNP chip (56), can facilitate the expansion of sampling
locations and allow researchers to merge existing data sets with new ones to develop a more thorough
and nuanced understanding of Ae. albopictus range expansion and local adaptation.

Comparisons of microsatellite and SNP datasets



Our SNP markers detected more fine-scale population structure than the microsatellites, even
when the exact overlapping locations were examined with both sets of markers. Specifically,
microsatellite data suggested that only three distinct genetic clusters were present in Europe, while SNP
data indicated that the best-supported number of clusters was ten (Figure 5, Figure S20). This suggests
that the microsatellite markers were unable to detect genetic structure at the same resolution as the
SNPs. Additionally, the three clusters that the microsatellites identified differed from those found when
we plotted K=3 for the SNP data. For example, microsatellites data failed to identify the farthest eastern
European locations (Russia and Georgia) as a unique cluster, which was a consistent finding from all the
SNP dataset (Figures 2-3 & 5; Figures $9-S11 & S20-S21).

Multivariate analyses (PCA and DAPC) also showed less discrimination among populations when
using microsatellite compared to SNP data. For the microsatellite dataset, most samples from all three
European regions clustered tightly together, with only France and some individuals from Italy and Tiirkiye
(PCA), and Portugal (DAPC) being differentiated from the rest of Europe. In contrast, in the SNP dataset,
the farthest eastern Europe (Russia and Georgia) and some individuals from Spain and Turkey (PCA) as
well as Albania, Croatia, Greece, and Serbia (DAPC) formed discrete clusters that did not overlap with
samples from other locations (Figures S22-S23).

In both the microsatellites and SNPs datasets, the correlation between genetic and geographic
distance was very small (Figure S26). Similarly, there was no substantial evidence for isolation by distance
(IBD) among the overlapping locations for either the microsatellite or SNP datasets (Mantel test
observations were slightly negative for both; Figure S27). Overall, these results indicate that using
genome-wide markers, such as SNPs, provides not only finer resolution, but also identifies genetic
structuring undescribed by microsatellite loci.

Conclusion

Our results are consistent with previous studies that provide evidence for multiple independent
invasions to Europe from both the native region and other areas of the invasive range. Our analyses also
confirmed admixture among mosquitoes from different genetic ancestries in many European locations.
This highlights the complexity of their spread and the need for comprehensive genetic tools to
understand it fully. A more extensive set of informative genetic markers across the entire genome was
found to be essential to resolve outstanding questions about population structure for invasive
populations of Ae. albopictus in Europe that have only recently been established and may still be
experiencing on-going introductions (30). Our study underscores the importance of using appropriately
sensitive genetic markers when working with invasive populations, and highlights the potential for using
SNP chip data to understand and manage other invasive species. The findings from this study can serve
as a baseline for association studies that examine the genetic basis of key traits such as diapause, cold
tolerance, arbovirus transmission, insecticide resistance, and other complex traits. Our work can also
assist in predicting this species’ establishment and spread into other invasive locations, with implications
for understanding local adaptation, the dynamics of disease transmission, and strategies for controlling
this invasive disease vector throughout Europe and the rest of its expanding range. By providing a
deeper understanding of Ae. albopictus genetic diversity and movement patterns our research
contributes to efforts to mitigate the public health impacts of this globally significant mosquito species.
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Figure 1. Maps of sampling locations for all genotyped Ae albopictus mosquitoes. Panel A shows the 74
locations, by region, for all samples genotyped in the Global SNP Chip dataset. Panel B shows a zoomed
in view of the box outlined in gray in Panel A, to highlight the locations for the 41 European sampling
sites in the SNP dataset (orange) and 25 in the microsatellite dataset. Locations with samples in both the
SNP and microsatellite data sets are indicated in blue. Each locality is identified by a unique three-letter
abbreviation identifying the location. Details on the location, year of collection, and the number of
samples per locality for both sets of samples are reported in Tables S2 and S3.
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PCA with 22,642 SNPs (MAF 1%, r2<0.01) of 688 mosquitoes from 73 localities in Europe, Asia & the Americas.

Figure 2. The population structure shows the best-supported number of clusters (K) identified for 688
mosquitos sampled from American, European, and native locations (K=20) (Panel A). Panel B contains
the same data shown in A, but plotted for K=7. In A and B each vertical bar on the x-axis represents one



mosquito, and the y-axis shows the proportion of admixture for each individual ancestral genetic group.
Panel C shows scatterplots of principal component analysis (PCA) showing the first PC on the x-axis and
PCs 2 and 3 on the y-axes. Each symbol represents a mosquito, and the color and shape of the symbol
indicates the country where they were sampled. Ellipses mark each region covering 80% of the samples.
All plots were created in the R package LEA using data from SNP Set 3. Plots for the best K obtained from
other structure algorithms (fastStructure and admixture) and using alternate SNP sets are shown in
Figures S6-S9, Table S7, and Supplementary Files 10 and 17.
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LEA inference for 20,968 SNPs (SNP Set 3).
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PCA with 20,968 SNPs (MAF 1%, r2<0.01) of 410 mosquitoes from 41 localities in Europe.
Figure 3. Panel A shows population structure for the best-supported number of clusters (K) identified for
410 mosquitos sampled from 41 European locations (K=14). Each vertical bar on the x-axis represents
one mosquito, and the y-axis shows the proportion of admixture for each individual ancestral genetic
group. Panel B shows scatterplots of principal component analysis (PCA) showing the first PC on the x-
axis and PCs 2 and 3 on the y-axes. Each symbol represents a mosquito, and the color and shape of the
symbol indicates the country where they were sampled. Ellipses mark each region covering 80% of the
samples. All plots were created using LEA with data from SNP Set 3. Plots for the best K obtained from
other structure algorithms (fastStructure and admixture) and using alternate SNP sets are shown in
Figures S10-S11, Table S7, and Supplementary files 9 and 16.
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Figure 4. A) Plots of the Mantel test for isolation-by-distance (IBD) using the 40 European populations
with at least four mosquitoes (Table S3) for SNP Set 3 (20,968 SNPs). The histogram shows the
distribution of correlation coefficients between genetic (Dgen) and geographic (Dgeo) distances obtained
from 999 random permutations. The arrow indicates the observed correlation coefficient (-0.011)
derived from the data, which suggests no significant deviation from random expectations (p < 0.519).
The scatterplot shows geographic distance (Dgeo) against genetic distance (Dgen). The line from the
linear regression model fit to the data had an R?=0.01. The density of overlapping points is represented
by color, with warmer shades indicating more overlap. Panel B shows scatterplots of geographic distance
(Dgeo) against genetic distance (Dgen) for subsets of European samples by region: i) Italy (R?=0.0), ii)
Greece, Albania and Croatia (R?=-0.25), iii) Eastern Europe (R?=0.02), and iv) Iberian Peninsula (R?=0.0).
Additional plots for subsets are shown in Supplementary Figures S18-19.
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Figure 5. Maps of the ancestry matrices obtained using the 24 locations shared between the
microsatellite and SNP datasets. The top panel shows results when the clustering analysis was run for
637 mosquitos in the microsatellite dataset using only genetic data for inferencing in STRUCTURE (best
supported number of clusters: K=3). The middle panel show the clusters obtained using LEA to analyze
structure for the same 24 locations with SNP Set 3 dataset. For the SNP data, K=3 is shown to facilitate
comparison to microsatellites. K=10, which was the best supported number of clusters for SNPs is shown
in the bottom panel. For more detailed maps showing sampling locations in the microsatellite dataset
see Supplementary file 18.
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