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The tiger mosquito (Aedes albopictus) is one of the most invasive species in the
world and a competent vector for numerous arboviruses, thus the study and
monitoring of its fast worldwide spread is crucial for global public health. The
small extra-nuclear and maternally-inherited mitochondrial DNA represents a
key tool for reconstructing phylogenetic and phylogeographic relationships
within a species, especially when analyzed at the mitogenome level. Here the
mitogenome variation of 76 tiger mosquitoes, 37 of which new and collected
from both wild adventive populations and laboratory strains, was investigated.
This analysis significantly improved the global mtDNA phylogeny of Ae.
albopictus, uncovering new branches and sub-branches within haplogroup
Al, the one involved in its recent worldwide spread. Our phylogeographic
approach shows that the current distribution of tiger mosquito mitogenome
variation has been strongly affected by clonal and sub-clonal founder events,
sometimes involving wide geographic areas, even across continents, thus
shedding light on the Asian sources of worldwide adventive populations. In
particular, different starting points for the two major clades within Al are
suggested, with Ala spreading mainly along temperate areas from Japanese
and Chinese sources, and Alb arising and mainly diffusing in tropical areas from
a South Asian source.
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Aedes albopictus spread, MtDNA variation, haplogroups, sources of adventive
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Introduction

Native to the tropical forests of Southeast Asia (Gratz, 2004),
the tiger mosquito Aedes (Stegomyia) albopictus (Skuse, 1894)
has colonized every continent except Antarctica over the last
50 years (Benedict et al., 2007; Medlock et al., 2015), and is one of
the 100 most invasive species in the world, according to the
Global Invasive Species Database (Global Invasive Species
Database, 2010).

The initial spread began with the southeastern Asian
zoophilic forest species’ move westwards to the Indian Ocean
islands and eastwards to the Pacific Ocean Islands in the 19th
century and in the first half of the 20th century, respectively
(Knudsen, 1995). However, the species remained confined to
those areas for the subsequent decades and its worldwide
diffusion only started in the early 1980’s (Benedict et al., 2007;
Medlock et al,, 2015). Since then, Ae. albopictus has become
established in the Mediterranean basin; the Americas, ranging
from the United States to Argentina; Africa, where it first
colonized South Africa and is now also present in the central
and northern regions of the continent as well; the Middle East;
Australia and the rest of Europe. In Europe, after its first
occurrence in Albania in 1979 (Adhami and Murati, 1987;
Benedict et al., 2007), the tiger mosquito started to expand
across the continent from the 90s onward, when it was
introduced into Italy through the port of Genoa (Sabatini
et al, 1990; Scholte and Schaffner, 2007). Currently, it is
established, or at least introduced, in most western and
central European countries (European Center for Disease
Prevention and Control, 2022).

This rapid and widespread expansion is due to the strong
adaptability of the tiger mosquito to lay eggs in anthropized
habitats, its diurnal biting habits and its preferential feeding on
human blood (Benelli et al., 2020). Major roles are also played by
the diapause as main strategy in enhancing overwinter survival,
by desiccation-resistant eggs (Pasquali et al., 2020; Vega-Rua
et al., 2020), in addition to globalization, which favored rather
frequent human-aided accidental transfer (mediated for example
by commerce of plants and used vehicle tyres) (Ibafez-Justicia
et al,, 2020), and a diffused lack of efficient surveillance and
control methods. such as

Moreover, climatic conditions,

temperature and precipitations, strongly impact on its
diffusion, and climate change is accelerating its spread
towards the warming northern regions (Neteler et al., 2011;
Roiz et al.,, 2011; Roiz et al.,, 2014). In Europe, recent climate
changes have pushed Ae. albopictus to Moldova, where it was first
detected in 2020 (Sulesco et al., 2021), with further introduction
events been reported north of the currently colonized area, i.e. in
Austria, Switzerland, and Belgium (Schoener et al.,, 2019).
Understanding and monitoring the tiger mosquito’s
worldwide spread is of crucial importance not only due to its
ecological and social impact, but also for global public health,
since Ae. albopictus is a key competent vector for numerous
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arboviruses, like the yellow fever virus, dengue viruses,
chikungunya virus, West Nile virus, Zika virus and Japanese
encephalitis virus (Kraemer et al., 2015; Marconcini et al., 2021),
and its recent expansion has caused severe outbreaks in many
urban populations (Manni et al,, 2017; Kraemer et al, 2019;
Mariconti et al., 2019; Vega-Rua et al., 2021).

Population genetics tools give access to a wealth of
information on demography, geographic movements and links
among populations, and the study of mitochondrial DNA
(mtDNA) is best able to quickly reconstruct phylogenetic and
phylogeographic relationships (Torroni et al., 2006; Gao et al.,
2021). MtDNA is generally about 17 kb long in animals, thus
given its size it may appear irrelevant compared to its nuclear
counterpart. However, in contrast to autosomal markers,
mtDNA is inherited along strict maternal lines of descent and
its relatively fast molecular differentiation occurs only through
the sequential accumulation of novel mutations, which often
takes place during and after populations or species spread into
different regions (Torroni et al., 2006; Goubert et al., 2016; da
Silva et al., 2020). Thus, novel haplotypes or groups of related
haplotypes (haplogroups) tend to be restricted to specific
geographic areas and populations. MtDNA studies in (non-
human) animals have now entered a new phase: from the
analysis of short segments (generally 1kb or less in length,
either a portion of the control-region or of single protein-
coding genes such as COI, ND2, ND5, or CYB) to the
of
(population mitogenomics) (Ruiling et al.,, 2018a; Fang et al.,

mitogenome-level analyses of a number individuals
2018; Lee et al., 2020). The mitogenome approach can be applied
to all animal species, including wild invasive species such as
mosquitoes. In 2016, Battaglia and co-workers (Battaglia et al.,
2016) published the first entire mitogenome from a mosquito of
the Italian (Rimini) laboratory-maintained strain, for which the
nuclear genome is also available (Dritsou et al., 2015). This
sequence, employed as reference sequence (GenBank accession
number KX383916), was used to number and annotate the Ae.
albopictus mitogenome. To identify the ancestral source(s) of Ae.
albopictus adventive populations, Battaglia and co-workers
analyzed the sequence variation at the level of the entire
coding region of 27 mitogenomes, by using a phylogeographic
approach. The analysis revealed that the mitogenomes clustered
into five major haplogroups, namely Alal, Ala2, Alb, A2, and
A3. Among these, only the three Al subclades were involved in
the recent worldwide spread of the species, with the Alalal sub-
clade possibly having arisen in North America from a Japanese
source. As for the other two clades, haplogroup A2 encompasses
only samples from the Philippines, insular South-East Asia and
the North Australian border area (Beebe et al., 2013). In light of
this geographical distribution, it has been proposed that
haplogroup A2 played a role in the human-mediated spread
of Ae. albopictus from South-East Asia (in particular from
Indonesia), towards northern Oceania (Zitko et al, 2011;
Beebe et al., 2013; Zhong et al, 2013; Ismail et al., 2017;
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TABLE 1 Origin and haplogroup affiliation of Ae. albopictus mitogenomes analysed in this study. The 37 newly sequenced samples are included
together with 39 from previous studies. Haplogroups indicated in bold in the Table are new or re-defined relative to (Battaglia et al., 2016).

Sequence Original Continent Country Haplogroup GenBank Number of References
ID#* name (place of collection) ID type II
repeats®
1 Rim1¢ Europe Italy, Rimini Alalalal KX383916 5 Battaglia et al.
(2016)
2 J-Tol Asia Japan, Tokyo Alalalal MH587188 5 This study
3 J-Kal© Asia Japan, Kanagawa Alalalal MH587189 5 This study
4 VB2 America United States, Florida, Vero Alalalal MH587190 5 This study
Beach
5 LA1 America United States, California, Los Alalalala MH587191 5 This study
Angeles
6 LA2 America United States, California, Los  Alalalala MH587192 5 This study
Angeles
7 LA3 America United States, California, Los ~ Alalalala MH587193 5 This study
Angeles
8 LA8 America United States, California, Los ~ Alalalala MH587194 5 This study
Angeles
9 LAl America United States, California, Los  Alalalala MH587195 5 This study
Angeles
10 LA4 America United States, California, Los ~ Alalalala MHS587196 5 This study
Angeles
11 VB3 America United States, Florida, Vero Alalalal MH587197 7 This study
Beach
12 VB4 America United States, Florida, Vero Alalalal MH587198 7 This study
Beach
13 Virl America United States, Virginia Alalalalbl KX383917 6 Battaglia et al.
(2016)
14 Rel Europe Italy, Reggio Calabria Alalalalbl KX383918 6 Battaglia et al.
(2016)
15 Vir2 America United States, Virginia Alalalalbl KX383919 6 Battaglia et al.
(2016)
16 Cesl Europe Italy, Cesena Alalalalbl KX383920 6 Battaglia et al.
(2016)
17 CRM4¢ © Europe Italy, Crema Alalalalbl MH587217 6 This study
18 Casl Europe Italy, Cassino Alalalalb KX383921 6 Battaglia et al.
(2016)
19 Pav3 Europe Italy, Pavia Alalalalb KX383922 6 Battaglia et al.
(2016)
20 PoMo02600" Europe Portugal, Oporto Alalalalb MN513353 N.D. Z&-Z¢ et al. (2020)
21 PoMo2601¢ Europe Portugal, Oporto Alalalalb MN513354 N.D. Ze-Z¢ et al. (2020)
22 PoMo02604* Europe Portugal, Oporto Alalalalb MN513356 N.D. Z&-Z¢& et al. (2020)
23 PoMo02608* Europe Portugal, Oporto Alalalalb MN513358 N.D. Z&-Z¢& et al. (2020)
24 Mex1°¢ America Mexico, Tapachula Alalalalb MH587199 6 This study
25 J-Ful® Asia Japan, Fukushima Alalalalb MH587200 6 This study
26 J-Wa2 Asia Japan, Wakayama Alalala MH587201 5 This study
27 J-Wa3 Asia Japan, Wakayama Alalalb MH587202 4 This study
28 J-Wal Asia Japan, Wakayama Alalalb KX809765 4 Battaglia et al.
(2016)
29 Cul Europe France, Cuers, Var, PACA Alalalb MH587203 4 This study
30 PoMo2728¢ Europe Portugal, Algarve Alalalb MN513362 N.D Z&-Z¢ et al. (2020)
31 PoMoF636¢ Europe Portugal, Algarve Alalalb MN513368 N.D Z&-Z¢ et al. (2020)
32 Ces2 Europe Ttaly, Cesena Alala KX383923 4 Battaglia et al.

(2016)
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TABLE 1 (Continued) Origin and haplogroup affiliation of Ae. albopictus mitogenomes analysed in this study. The 37 newly sequenced samples are
included together with 39 from previous studies. Haplogroups indicated in bold in the Table are new or re-defined relative to (Battaglia et al., 2016).

Sequence Original Continent Country Haplogroup GenBank Number of References
ID#* name (place of collection) ID type II
repeats®
33 CC1 Europe Italy, Perugia Alalb MH587204 5 This study
34 Cu4 Europe France, Cuers, Var, PACA Alalb MH587219 5 This study
35 PoMo02599¢ Europe Portugal, Algarve Alalb MN513352 N.D. Z&-Z¢ et al. (2020)
36 PoMo2711¢ Europe Portugal, Algarve Alalb MN513361 N.D. Z&-Z¢ et al. (2020)
37 PoMo2708¢ Europe Portugal, Algarve Alalb MN513359 N.D. Z&-Z¢ et al. (2020)
38 Cu2 Europe France, Cuers, Var, PACA Alalbla MH587205 4 This study
39 Rim4° Europe Italy, Rimini Alalbla KX383929 4 Battaglia et al.
(2016)
40 Tirl Europe Albania, Tirana Alalbla KX383930 4 Battaglia et al.
(2016)
41 Tir2 Europe Albania, Tirana Alalbla KX383931 4 Battaglia et al.
(2016)
42 — Asia China, Jiangsu, Nanjing Alalbla KR068634 4 Zhang et al. (2015)
43 Ath2 Europe Greece, Athens Alalbl KX383932 4 Battaglia et al.
(2016)
44 PoMo2607¢ Europe Portugal, Oporto Alalbl MN513357 N.D. Z&-Z¢ et al. (2020)
45 Pav4 Europe Italy, Pavia Alalbl KX383933 4 Battaglia et al.
(2016)
46 Col Europe Italy, Reggio Emilia Alalbl MH587206 4 This study
47 Fo2¢ Asia China, Foshan Alalb2a KX383934 4 Battaglia et al.
(2016)
48 Fo4¢ Asia China, Foshan Alalb2a MH587207 N.D. This study
49 Fol© Asia China, Foshan Alalb2a MH587220 4 This study
50 Fo5¢ Asia China, Foshan Alalb2a MH587221 4 This study
51 FPA1 Asia China, Foshan Alalb2a MH587222 4 This study
52 FPA2 Asia China, Foshan Alalb2a MH587223 4 This study
53 FPA3 Asia China, Foshan Alalb2a MH587224 4 This study
54 PoMo02602¢ Europe Portugal, Oporto Alalb2 MN513355 N.D. Z&-Z¢ et al. (2020)
55 PoMoF505¢ Europe Portugal, Oporto Alalb2 MN513364 N.D. Z&-Z¢ et al. (2020)
56 Cu5 Europe France, Cuers, Var, PACA Ala MH587218 4 This study
57 PoMoF506¢ Europe Portugal, Algarve Ala MN513365 N.D. Ze-7¢ et al. (2020)
58 PoMoF607¢ Europe Portugal, Algarve Ala MN513366 Z&-Z¢& et al. (2020)
59 RdJ1 America Brazil, Rio de Janeiro Albl MH587208 4 This study
60 RdJ2 America Brazil, Rio de Janeiro Albl MH587209 4 This study
61 RdJ4 America Brazil, Rio de Janeiro Albl MH587211 4 This study
62 RdJ3 America Brazil, Rio de Janeiro Albl MH587210 4 This study
63 Lam2 Asia Thailand, Lampang, Hang Alb2a KX383925 3 Battaglia et al.
Chat (2016)
64 Ban7 Asia Thailand, Uthai Thani, Alb2a KX383926 3 Battaglia et al.
Ban Rai (2016)
65 Athl Europe Greece, Athens Alb2al KX383927 3 Battaglia et al.
(2016)
66 Cam2° Africa Cameroon Alb2al MHS587212 3 This study
67 Cam3*® Africa Cameroon Alb2al MH587213 3 This study
68 VB1 America United States, Florida, Vero Alb2al MH587214 4 This study
Beach
69 Caml°® Africa Cameroon Alb2b MH587215 5 This study
70 Cam4°® Africa Cameroon Alb2b MH587216 5 This study

Frontiers in Genetics

04

(Continued on following page)

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.931163

Battaglia et al.

10.3389/fgene.2022.931163

TABLE 1 (Continued) Origin and haplogroup affiliation of Ae. albopictus mitogenomes analysed in this study. The 37 newly sequenced samples are
included together with 39 from previous studies. Haplogroups indicated in bold in the Table are new or re-defined relative to (Battaglia et al., 2016).

Sequence Original Continent Country Haplogroup GenBank Number of References
ID#* name (place of collection) ID type II
repeats®

71 Losl Asia Philippines, Laguna, Los A2a KX383935 3 Battaglia et al.
Banos (2016)

72 Los2 Asia Philippines, Laguna, Los A2a KX809761 3 Battaglia et al.
Banos (2016)

73 Los3 Asia Philippines, Laguna, Los A2a KX809762 3 Battaglia et al.
Barios (2016)

74 Los5 Asia Philippines, Laguna, Los A2a KX809764 3 Battaglia et al.
Bafos (2016)

75 Los4 Asia Philippines, Laguna, Los A2 KX809763 3 Battaglia et al.
Banos (2016)

76 — Asia Taiwan, Taipei A3 NC006817 4 —

“ID numbers correspond to those in Figure 1.

°N.D., not determined.

“Laboratory-maintained strain.

9All sequences from Portugal (Z&-Z2 et al, 2020) are from np 283 to np 14702.
“These samples were Sanger sequenced.

Tedjou et al,, 2019). Whereas, haplogroup A3 includes only a
single mitogenome from Taiwan, which suggests it might be rare
and/or restricted to a specific geographic area, and that
mosquitoes within this haplogroup are unlikely to be involved
in the recent worldwide spread of the species.

Battaglia and co-workers’ study (2016) remained for years
the only contribution to the analysis of mtDNA variability in
the tiger mosquito at the mitogenome-level, while other
studies continued to limit their survey to partial mtDNA
sequences (Zitko et al, 2011; Beebe et al, 2013; Zhong
et al, 2013; Ismail et al, 2017; Tedjou et al., 2019). In
2017, however, 17 novel mitogenomes from Algarve and
Oporto, the two entry sites of the tiger mosquito into
Portugal, were published, together with 31 COI sequences
(zé-7Z¢ et al.,, 2020). With this addition, the mitogenome
phylogeny improved considerably, but the novel sequences
were from only two locations, thus with limited
phylogeographic impact.

The present study analyzed, in the framework of available
data, the mitogenome variation of 37 new specimens, 29 of which
came from wild populations, mainly collected in countries or
regions that were not included in previous studies. Our aim was
to improve the mtDNA phylogeny of Ae. albopictus and better
assess the geographic distributions of the previously identified
haplogroups, with a particular focus on haplogroup Al, the one

involved in the recent worldwide spread.
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Materials and methods
Sample

A total of 37 novel mosquito samples were included in this
study. Of these, 29 were from wild populations collected in
Africa, the Americas, Asia and Europe (Table 1). In particular,
four were from Cameroon, in Africa; 15 from the Americas: four
from Florida (Vero Beach), six from California (Los Angeles),
one from Mexico (Tapachula) and four from Brazil (Rio de
Janeiro); four from Japan: two from Wakayama, one from
Fukushima, and one from Tokyo; six from Europe: two from
Italy (one from Reggio Emilia and one from Perugia) and four
from France (all from Cuers, Var Department). The remaining
eight were adults from laboratory-maintained strains: one from
the Japanese Ikuta strain (Kanagawa Prefecture), three from the
Chinese Foshan strain (Center for Disease Control and
Prevention of Guangdong Province), three from the Foshan
inbred strain Pavia A (FPA) and one from the Crema strain
(Laboratory of Genomics and Biotechnology of Insects of
Agricultural and Medical Importance, University of Pavia)
(Palatini et al, 2020). These novel mitogenomes were
analyzed together with those previously published (Battaglia
et al.,, 2016; Zé-Z¢é et al,, 2020) (Table 1). The study did not
involve protected species and samples were not collected at
protected sites.
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Phylogeny of Ae. albopictus mitogenomes. The tree encompasses 37 novel (circles marked by a thicker line) and 39 previously published
sequences (24 from Battaglia et al., 2016, 1 from Zhang et al., 2015, 14 from Zé-Zé et al., 2020). The asterisk (*) refers to the 363 mutations (347 and
16 in the coding- and control-regions, respectively), listed in Supplementary Figure S1 (Battaglia et al., 2016), separating mitogenome #76 from the
Al1'2 node. For the phylogeny construction, the entire coding-region variation of all mitogenomes was included as well as some control-region
mutations (from np 14897 to np 15350 and from np 16831 to np17150). The mitogenome from a mosquito of the Italian Rimini strain (#1, marked by
the arrow) was employed to number the mutations shown on the branches. Mutations are transitions, unless a base is appended to indicate a
transversion (to A, G, C, or T), or a suffix for indels (1, d). Heteroplasmic positions are indicated using the IUPAC nucleotide code. Recurrent mutations
within the phylogeny are underlined (and in italics if present in mitogenome #76) and back mutations are marked with the suffix @. The numerous
mutations shared only by the published mitogenomes #42 and #76 are marked with the suffix §. Sequences from Portugal (Zé-Zé et al., 2020) are
from np 283 to np 14702; mutations out of this range were inferred according to their position in the tree. Colours illustrate geographic origins.
Length variation (insertions/deletions) in polynucleotide stretches beginning at nps 3808, 8134, and 17140 were not considered. Haplogroups in blue
are new relative to Battaglia et al., 2016. Non-synonymous mutations are indicated with squares, with colours matching the protein-coding gene
complexes (top left in the figure); mutations in 12S and 16S rRNA genes are shown too, with blue and red diamonds. The MP tree is shown in the top

inset; branch lengths are not proportional to molecular divergence.

DNA extraction, amplification and
sequencing of Ae. albopictus mtDNAs

Genomic DNA from Ae. albopictus specimens was extracted
from whole insect bodies, freshly collected or preserved in 80%
ethanol at —20°C until extraction, with the Wizard” Genomic
DNA Purification Kit (Promega) following the manufacturer’s
standard protocol. Each mitogenome was amplified in two
partially overlapping long range PCR fragments, L1 and L2
(Battaglia et al., 2016), covering the coding region comprised
between nps 274-14717 (NC006817), whereas the coding-
region segments between nps 1-273 and nps 14718-14893
(NC006817) and the entire control (AT-rich) region (nps
14894-16665; NC006817) were amplified in two short PCR
fragments, S1 and S2, using previously reported primer sets
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(Battaglia et al., 2016) and amplification protocols (Battaglia
et al., 2016).

Most of the samples were sequenced using a Next Generation
Sequencing (NGS) platform (MiSeq system, Illumina) with the
MiSeq Reagent Nano Kit, v2 (300 cycles). The sequencing library
was set-up using the Nextera XT DNA sample preparation kit
(Numina), following the manufacturer’s protocol, starting from
the two PCR products L1 and L2 (~0.75 ng of each PCR product),
purified with Wizard® SV Gel and PCR Clean-Up System
(Promega) and quantified with a Quantus Fluorometer
On-board software created results in FASTQ
format. Reads depth was generally >100X per each nucleotide
position. The software Geneious v.8.1 (Kearse et al., 2012) was

(Promega).

used to align FASTQ files to the tiger mosquito mitogenome #1
(KX383916, Figure 1) (Battaglia et al., 2016) obtained from the
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Italian Rimini strain (Bellini et al., 2007; Manni et al., 2015) in
order to generate a single contig and a report of the sequence
variants (nucleotide substitutions and indels). The threshold
used for heteroplasmic positions was 20% and the average
reads depth was ~4,000X.

The NGS method was used to sequence the two long range
PCR fragments (L1 and L2), which covered almost the entire
mitogenome  coding-region. The missing coding-region
segments (nps 1-273 and nps 14723-14896, KX383916) were
Sanger sequenced, starting from the two short PCR fragments
S1 and S2, and were assembled to the consensus sequence
obtained in Geneious 8.1 with the software Sequencher 5.0
(Gene Codes Corporation), using mitogenome #1 as reference.
A subset of the mitogenomes (i.e., #17, 24, 25, 66, 67, 69 and 70 in
Table 1) were completely Sanger sequenced following a well-
established protocol (Battaglia et al., 2016). Also in this case, they
were aligned, assembled and compared to mitogenome #1, using
Sequencher 5.0. The 37 Ae. albopictus mtDNA coding regions
were  submitted to  GenBank
MH587188-MH587224).

(accession  numbers

Phylogeny construction and
phylogeographic analyses

A Maximum Parsimony (MP) tree encompassing a total of
76 mitogenomes, including 37 novel sequences from this study,
37 previously published (Battaglia et al., 2016; Zé-Z¢ et al., 2020),
the reference sequence from Taiwan (NC006817) and one
sequence from the Jiangsu Province (China) (Zhang et al,
2015), was built using mitogenome #1 as reference for
numbering nucleotide positions. Two of the previously
published mitogenomes (#9 and #13; Battaglia et al., 2016)
were not included because of gaps in their sequences.

The tree structure was also assessed using MEGA11 (Tamura
et al., 2021) employing the Tree-Bisection-Regrafting (TBR)
algorithm (Nei and Kumar, 2000) with default parameters for
a MP reconstruction and a number of 1000 bootstrap replications
(Figure 1). To conduct this analysis, we aligned the 76 coding-
region sequences by performing a Multiple-Sequence Alignment
with the Clustal algorithm (Chenna et al., 2003) implemented by
Sequencher 5.0. Mitogenomes taken from Battaglia et al., 2016
are 23, two are previously published Taiwanese and Chinese
sequences (NC006817 and KR068634) (Chen et al., 2015), 14 are
from Ze-Z¢ et al., 2020 and 37 from this study (only one of the
three FPA mitogenomes was considered).

A Bayesian tree was also inferred using BEAST1.10.4
2007), the HKY
substitution model (gamma-distributed rates plus invariant

(Drummond and Rambaut, under
sites) and running 50,000,000 iterations, with samples drawn
every 10,000 Markov chain Monte Carlo (MCMC) steps. It was
visualized using FigTree v.1.4.2. Phylogeny reconstruction was

performed considering all the nucleotide substitutions (excluding
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indels and heteroplasmies) in the coding region (from np 1 to np
14896, relative to mitogenome #1) and the five informative
control-region mutations 14969, 15159, 15349, 168324, and
17139A.

To reconstruct the spatial dynamics of the tiger mosquito
across the world, we performed a continuous phylogeographic
analysis with BEAST 1.10.4, as described by (Dellicour et al.,
2021). We used the same alignment of the phylogenetic
reconstruction; sampling dates and coordinates were
associated to each sample and Bayesian SkyGrid Coalescence
model was set up under the HKY substitution model. We
summarized the information within the sampled trees with
TreeAnnotator, while the continuous phylogeographic analysis
was visualized with SpreaD3 (Bielejec et al., 2016).

To evaluate population size trends through time, we obtained
a Bayesian Skyline Plot (BSP) from BEAST 1.10.4 under the same
model used for phylogeny reconstruction and considering a
mutation rate calculated with Maximum Likelihood (ML)
analysis. PamlX 1.3.1 (Yang 1997) was used to obtain ML
estimates, assuming the HKY85 mutation model with gamma-
distributed rates (approximated by a discrete distribution with
32 categories). Mutational distances were converted into years
assuming an age of 32 years for haplogroup Alalalal (Bonizzoni
etal,, 2013) as a prior. This age was attributed taking into account
that 1) this haplogroup most likely expanded first into North
America and then into Europe; 2) Ae. albopictus was first
detected in the United States (Port of Houston) in 1985; and
iii) most of the samples were collected in 2017. We visualized the
BSP obtained in plot with Tracer v1.5 and then converted it to an
Excel graph by using a generation time that was twice (40 days),
because of diapause in temperate regions, of that previously
reported (20 days) (Nur Aida et al, 2008) for populations
living in tropical areas.

Results and discussion

To improve knowledge of Ae. albopictus mitogenome
variation and acquire more information on the geographic
sources of the recently established adventive populations,
37 novel mitogenomes were sequenced, many from areas not
previously assessed (Battaglia et al., 2016; Zé-Z¢ et al., 2020).
Table 1 reports the geographic origins of the 76 Ae. albopictus
samples included in our study as well as their haplogroup/sub-
haplogroup affiliations, which were re-defined, in some cases, on
the basis of our more comprehensive phylogenetic survey.

The updated mitogenome phylogeny of
Ae. albopictus

The 37 novel mitogenomes were all from adventive Ae.
albopictus populations, and all clustered into haplogroup Al.
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The lack of A2 or A3 mitogenomes confirms Al as the
haplogroup involved in the worldwide spread of the species.
Their inclusion in the global Ae. albopictus mitogenome
phylogeny allowed for the identification of a rather large
number of previously unidentified sub-branches within Al,
improving knowledge of their geographic distributions. As
shown in MP tree of Figure 1 and the Bayesian tree of
Supplementary Figure SI, haplogroup Al comprises two
major sister clades, Ala and Alb, which in turn are
subdivided into numerous sub-branches. The overall tree
structure is virtually identical with the two approaches,
indicating high degree of internal consistency for all major
branches.

Regarding Ala, the newly sequenced mitogenome #56 from
Southern France bears the same haplotype as two Portuguese
mitogenomes (#57-58) from Algarve (Figure 1). This shared
haplotype redefines the distinguishing mutations of the node
from which Ala departs, which is now solely defined by the
transition at nucleotide position (np) 12266. Haplogroup Alal is
further subdivided into Alala and Alalb (formerly Alal and
Ala2 in Battaglia et al., 2016). Within haplogroup Alala, two
mitogenomes from Japan (#27-28) and three from Europe
(#29-31) form a new well-defined
Alalalb, characterized by the mutational motif
1536-2435-6821-12218. The introduction of new samples
from Japan and Mexico modified the former node Alalal
(Battaglia et al, 2016), and the haplogroup affiliation of the
previously published samples descending from that node. The

clade, here named

original (Alalal) node is now split into an ancestral node
defined solely by the transversion T to A at np 4003, which
includes the mitogenome from Wakayama #26 (Japan) as well as
the rather common derived clade (Alalalal) marked by the
transition at np 3018. The latter includes the mitogenomes from
Italy, Portugal and the United States previously classified as
Alalal (Battaglia et al., 2016; Zé-Z¢ et al,, 2020) as well as
14 of the novel mitogenomes: three from different regions of
Japan (#2, 3 and 25), five from California (#5-10), three from
Florida (#4, 11 and 12), one from Mexico (#24) and the
mitogenome from the Italian Crema strain (#17). The updated
phylogenetic tree also permitted the identification of two major
sub-haplogroups within Alalalal, named Alalalala and
Alalalalb, the latter further split into two novel sub-branches.

The nomenclature of haplogroup Ala2 (Battaglia et al,
2016), now re-named as Alalb, was also updated. It
encompasses samples from Europe, mostly collected in
Mediterranean countries (Albania, Greece, Italy, Portugal and
Southern France) as well as from China. The Chinese samples
form a sub-haplogroup (Alalb2a) made up of four haplotypes,
all found in the Foshan strain: the virtually identical
mitogenomes #47 (Battaglia et al., 2016) and #48, which differ
only by a segregating heteroplasmic variant, and mitogenomes
#49-53, which form a sister branch with two haplotypes differing
for two segregating heteroplasmic mutations. As expected, the
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three mitogenomes (#51-53) from the Foshan inbred strain,
Pavia A, harbored the same haplotype. These findings indicate
that at least two females, with distinct but related Alalb2a
mitogenomes, founded the Foshan strain.

Haplogroup Alb is split into Albl and A1b2. The first
comprises only mitogenomes from Brazil, either identical
(#59-61) or differing for a single reversion (#62), sharing a
mutational motif of ten coding-region mutations, which
include the transition at np 7210 in ND5, already identified as
distinguishing marker for Brazilian Ae. albopictus (Birungi and
Munstermann, 2002; Battaglia et al., 2016; Vega-Rua et al., 2020).
The composition of A1b2 is more geographically heterogeneous,
since it encompasses the four samples (#66-67 and #69-70) from
Africa (Cameroon), which are characterized by two divergent
haplotypes within the branches Alb2a and A1b2b, both newly
defined here.

Tracing the recent spread of Ae. albopictus
from its native range to new temperate
and tropical areas

The 37 novel mitogenomes included in this study cluster into
haplogroup Al, thus confirming this haplogroup as the only one
involved in the worldwide spread of Ae. albopictus. It should be
noted that A1 encompasses 70 of the 76 mitogenomes included in
our phylogeny (Figure 1), but is made up by only 42 distinct
haplotypes, with some differing from each other by only one or a
few heteroplasmic variants, thus indicating the extremely recent
occurrence of the distinguishing mutation(s).

The inclusion of the novel mitogenomes greatly improved
the detail of the global mitogenome phylogeny, uncovering
numerous previously unidentified branches and sub-branches,
in particular within haplogroups Alala, Alalb and A1b, thereby
extending and improving previous results and conclusions.

It should be underlined that many of the tiger mosquitoes
analyzed here (25 out of 37) were sampled in geographic areas
that were not represented in previous studies, in particular
California, Florida, Mexico, France, Cameroon, and different
regions of Italy and Japan. This led to a better description of the
geographic distributions of both the already identified
haplogroups and the new ones.

Temperate areas
Haplogroup Ala encompasses the majority of the
mitogenomes (#1-55) in our phylogeny and is now present in
the temperate areas of all continents (Figure 1). The identification
of many previously unknown branches and sub-branches within
haplogroup Ala allows new inferences to be made concerning
the Asian sources of adventive populations and the migration
routes followed by the mosquitoes that founded these recently
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Possible worldwide diffusion routes of Ae. albopictus. Arrows indicate postulated diffusion routes from the native home-range (South-East Asia)
and subsequent dispersals of major clades and subclades within haplogroup Al. The original world map is from the website (http://www.

freeworldmaps.net).

established populations (Figure 2). Alalal (mitogenomes
#1-31), which has been detected in Europe, North America
and Asia, is likely to have begun its spread from Japan.
Indeed, the six Asian Alalal haplotypes are all from Japan,
and some are identical, or extremely closely related, to those
found in Europe and North America. The spread of
Alalal involved at least four females, as attested by the four
different subclades bearing Japanese mitogenomes, which might
have originated from different regions of Japan. The out-of-Asia
spread of these mitogenomes probably followed a Pacific route,
initially reaching the coastal areas of California and western
Mexico, then the eastern coast of the United States (Virginia and
Florida, haplogroup Alalalal), and finally Europe (Italy, France,
Portugal).

Previous data had already identified genetic links between
Japanese, North American and Italian populations, suggesting a
Japanese source for the spread of Ae. albopictus to North America
and later to Italy (Kambhampati et al., 1991; Urbanelli et al.,
2000; Battaglia et al., 2016; Manni et al., 2017; Vega-Rua et al.,
2020), but our observations on the different subclades of
Alalal add further details to the overall picture. For instance,
our Californian samples from Los Angeles all clustered into sub-
haplogroup Alalalala, highlighting a single Japanese source.
This result partially confirms previous data suggesting diversified
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Asian sources (Japan, South China, Singapore) for Californian
tiger mosquito populations (Zhong et al., 2013).

A new important piece of information is provided by the
single Mexican mitogenome (#24), which belongs to Alalalalb.
It harbors a sequence identical to the Japanese mitogenome #25.
When considering that the Mexican mosquito was collected in
Tapachula, a major trading site in the far south of the Mexican
Pacific coast, this finding suggests that Ae. albopictus was
introduced into Mexico either by land, from the United States
(Pech-May et al., 2016; Vega-Rua et al., 2020), or by sea directly
from a Japanese source.

Another route of spread is possibly marked by the
distribution of Alalb, the sister branch of Alala (Figure 2).
Taking into account that the Alalb mitogenomes found in
Europe cluster into at least four rather divergent subsets
(Figure 1), and that so far all Asian members of Alalb are
from China, the most parsimonious scenario, at least with
currently available data, is that Alalb arose in China, possibly
from multiple geographic sources, and from there it directly
reached Mediterranean Europe (Albania, Greece, Italy, Southern
France, and Portugal). However, an additional intermediate step
through La Reunion (as often suggested, Vega-Rua et al., 2021)
cannot be ruled out based on our phylogeny, since it lacks
mitogenomes from this geographic area, which played a
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pivotal role in the demographic history of Ae. albopictus. Our
data depict a scenario in which the Mediterranean basin was
affected by multiple invasions of the tiger mosquito from
different geographic areas and at different times (Vega-Rua
et al.,, 2021). In particular, our findings are in agreement with
the scenario that Italian tiger mosquitoes have at least a dual
origin: from North America, as discussed above for Alala, and
from an eastern Asian source, although indirectly, i.e., reaching
Italy possibly through other Mediterranean sources such as
Albania and/or Greece, both being among the most important
sea-trading partners with China (Enserink, 2008; Battaglia et al.,
2016).

Also, the inclusion of four specimens from southeastern
France further details the worldwide spread of Ae. albopictus.
They were all collected in Cuers, close to the beaches of Hyere, in
the Provence-Alpes-Cote d’Azur, between Toulon (a cargo port
and French naval base) and Marseille, the second busiest port of
the Mediterranean Sea, and they harbored four distinct
haplotypes, falling into haplogroups Alalalb (#29), Alalb
(#34), Alalbla (#38), and Ala, which directly descends from
the root (#56). Our phylogeny takes the Portuguese samples from
Z¢-Z¢ et al., 2020 into consideration as well. The first detection of
tiger mosquitoes in Portugal dates back to no earlier than 2017,
when most of the other Mediterranean countries had already
been invaded. The Portuguese haplotypes fall within haplogroup
Alal variability, belonging to at least seven different subclades.
The overall phylogeography of haplogroup Alal points to
multiple independent introduction events in both France and
Portugal, from different geographic regions, via human-
mediated transports. Some events were promoted by land
transportations, mainly from Italy (as already suggested by
7¢-7¢ et al, 2020), probably passing through Southern
France, towards both the Algarve and Oporto regions, as
marked by the Alalalalb (#20-23), Alalalb (#30-31),
Alalb (#35-37) and Alalbl (#44) haplotypes, and by the two
mitogenomes from Algarve descending from the Ala root
(#57-58) bearing the same haplotype of the previously
mentioned French mitogenome #56. Other introduction

appear
connections through seaports. This seems particularly true for

events instead to have involved international
the Oporto region, where a direct link with China is testified by
haplogroup Alalb2, which for the moment includes only
Chinese and Oporto mitogenomes (#47-55). However, our
phylogeny lacks mitogenomes from Spain, a key geographic
region whose inclusion could be vital for better depicting the
geographic spread of this invasive species in Iberia. Overall, this
pattern strongly hints to the role of both Mediterranean ports
and land trade routes in the mosquito’s spread within the context
of worldwide trade.

In brief, it appears that human-mediated trade activities
triggered the diffusion of different Ala subclades in worldwide
temperate regions. Thus, the model of this invasive species’ spread

seems now consolidated, based on long inter-continental distances
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covered by sea-trade, followed by localized spread by land around
cities where goods arriving from Asia are sorted and redirected for
further distribution.

Tropical and sub-tropical areas

With the exception of one mitogenome (#65) from Athens
(Greece), the two A1b sub-branches (A1b1 and A1b2) exclusively
encompass samples from either tropical (Brazil, Thailand,
Cameroon) or sub-tropical (Florida) areas (Figure 1).

Albl is made up exclusively of the four Brazilian
mitogenomes from Rio de Janeiro, an urban context with a
tropical climate. In the refined phylogeny they cluster tightly,
virtually as a single haplotype. The mutational motif of this
branch includes the transition at np 7210 in the ND5 gene, which
was often surveyed in early studies. This mutation was previously
reported as a marker of Brazilian Ae. albopictus (Birungi and
Munstermann, 2002) and identified also in two other ND5
published haplotypes: one from Phuntsholing in Southern
Bhutan (JQ436953) and one from Chiang Mai in Thailand
(JQ436956) (Porretta et al., 2012; Battaglia et al., 2016). These
findings suggest that Indochina might be the ancestral source of
the A1bl mitogenomes found in Brazil, pointing to a possible
direct connection between the two geographic areas (Battaglia
et al., 2016; Goubert et al., 2016). This observation is in contrast
with the very first allozyme results (Kambhampati et al., 1991)
claiming that both Brazilian and United States tiger mosquitoes
had originated in Japan, suggesting, instead, separate
introductions in Brazil and United States, from different
sources (Birungi and Munstermann, 2002; Vega-Rua et al,
2020). Such a scenario of distinct introduction events is
supported also by the ability to induce diapause, absent in
tropical areas (such as Indochina and Brazil) and present in
temperate areas (such as Japan and United States) (Batz et al.,
2020).

In contrast, A1b2 is extremely well-differentiated in terms of
both haplotype variation and geographical distribution
(Figure 1). Indeed, its sub-clades Alb2a and Alb2b include
samples tropical ~ countries
(Cameroon and Thailand), the mitogenome (#65) from

Athens and one (#68) from Florida, in temperate and sub-

from geographically distant

tropical contexts, respectively. The phylogenetic links between
these mitogenomes suggest Thailand as the Asian ancestral
source, or at least an intermediate one, for the now
worldwide-diffused Alb2a branch. However,
countries in Indochina are also strong candidates. The sub-

branch Alb2al links closely the Greek and Florida samples, as

neighboring

well as two from Cameroon (#66 and #67, with the same
haplotype). It should be underlined that Port Piraeus in
Athens is a hub for shipping from Asia, including Thailand,
to the Mediterranean region (Manni et al., 2017; Vega-Rua et al.,
2020).
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An additional recent introduction in Cameroon can be
hypothesized for mitogenomes #69 and #70, again with the
same haplotype, which form Alb2b, whose very distinctive
mutational motif has not been found elsewhere. However, a
previous survey of the COI variation in 259 Ae. albopictus from
Australasia, South-East Asia, islands of the Indian and Pacific
Oceans as well as the United States (Maynard et al., 2007)
revealed ten samples harboring the transitions at nps
1820 and 1817, located at the Alb and Al1b2b nodes,
respectively (Figure 1). These two transitions are part of the
mutational motif shared by the Cameroonian mitogenomes
#69 and #70. Interestingly, eight of the ten COI sequences
harboring both mutations are from Malaysia (haplotype
KY907368-69 from Kuala
KY907370-71 from Ipoh) and two from Singapore (haplotype

accession numbers Lumpur;
accession number KY907372), thus strongly favoring the
hypothesis that the Malaysian Peninsula was the second
source of Cameroon tiger mosquitoes.

The overall scenario marked by the A1b sub-branches suggests
that (a) haplogroup A1b2 derives from an Asian tropical area that
definitely includes Thailand and Malaysia, but other as-yet
unsurveyed geographical sources in Indochina are also possible;
(b) the current (and limited) distribution of A1b2 in adventive
populations might be restrained by climate conditions. Indeed,
outside tropical areas, we have found A1b2 mitogenomes only in
Athens (Greece) and Florida, both with climate conditions that are
indeed quite close to those of sub-tropical areas.

Reconstruction of the dispersal history
through a continuous phylogeographic
analysis

To further assess the trajectory of tiger mosquito across its current
distribution range, we also performed a continuous phylogeographic
analysis (Dellicour et al,, 2021), resulting from Bayesian molecular
clock inference of sequence and trait evolutionary processes, by
considering both sampling dates and coordinates as traits. The
resulting dispersal map is depicted in Supplementary Figure S2. It
confirms that 1) South East Asia is the native homeland of the tiger
mosquito, as revealed by darker red shades indicating an older and
prolonged presence in those geographic areas, and 2) supports the
trajectory routes of Figure 2, which were obtained by taking into
consideration historical data. However, it is worth mentioning that
our samples were all collected in the last twelve years, despite tiger
mosquitoes colonized the sampled regions earlier, in some cases
several decades prior to twelve years ago, and at different times.

Population size trend

To investigate Ae. albopictus population size trends, a
Bayesian Skyline Plot (BSP) was also obtained (Supplementary
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Figure S3), assuming that haplogroup Alalalal expanded in
North America and taking into account that Ae. albopictus was
first recorded in continental United States in 1985. An initial
episode of population expansion started at ~120 years ago in
agreement with available information concerning the first
diffusion of this species outside its ancestral East Asian
homeland, which is dated back at the beginning of the last
century. However, it should be underlined that the poor
representation of Asian samples in our data set does not allow
to identify how many Asian founder haplotypes gave rise to the
Alalalal branches detected in Europe and North America.
Thus, the assumption of an age of 32 years for the expansion
of Alalalal needs to be reassessed in the future when additional
Asian mitogenomes will become available.

Conclusion

The analysis of 37 novel mitogenomes of Ae. albopictus from
numerous wild adventive populations and some laboratory
strains, in the context of previously available data, allowed an
in-depth refinement of the mitogenome phylogeny of Ae.
albopictus to be refined. This
characterized by three major divergent haplogroups (Al,

extensively species s
A2 and A3), but only haplogroup Al with its numerous
clades and sub-clades, largely re-defined in this study, is
actively involved in the recent worldwide spread.

As expected in populations founded by a few females from
the same geographic source, thus strongly affected by founder
events and genetic drift, shared haplotypes characterize most if
not all the mitogenomes deriving from the same lab strain, for
instance mitogenomes #49-50 from the Chinese Foshan strain
and mitogenomes #51-53 from the Foshan inbred strain Pavia A
(FPA). However, the major role played by founder events in the
current distribution of the tiger mosquito mitogenome variation
is also clearly visible in many of the wild adventive populations.
For instance, five of the six mosquitoes (#5-10) from Los Angeles
(California) share the same haplotype, and the sixth (#10)
harbors a closely related haplotype within the same local sub-
haplogroup (Alalalala). A similar scenario, three identical
mitogenomes and one differing by a single reversion, is
highlighted by the four mitogenomes (#59-62) from Rio de
Janeiro (Brazil), which form the highly divergent sub-
haplogroup Albl. However, in other cases the founder event
is not restricted to a single country, but shared by multiple
countries or even by distant continents, highlighting a series of
clonal and sub-clonal founding events, which occurred
sequentially and involved the same founder mitogenome or
one of its immediate, often still heteroplasmic, derivatives.
This observation also implies that the fast and extremely
invasive spread of tiger mosquitoes often started and/or
involved few individuals, at least from a female perspective,
thus pointing to the crucial role of control strategies.
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The connections between the haplotypes/branches detected
in the different areas confirm the previously proposed scenario
and provides fresh clues to the Asian sources of European,
African and American adventive populations.

Haplogroup Ala harbors two main starting points, Japan
(Alala) and China (Alalb), and spread mainly along the
temperate belt. From Japan, Alala most likely moved first to
North America and from there to Europe, while Alalb arrived
directly in Europe from China. In contrast, Alb arose in the
tropical areas of South East Asia, most likely Thailand and/or
Malaysia. From there it expanded to the tropical areas of Africa
(Cameroon), possibly with two separate invasion events, but also
reached Greece and Florida, which are not in tropical areas, but
are characterized by climatic conditions not too dissimilar to
those of sub-tropical regions.

Our new insights into Ae. albopictus mitogenome variation
could provide important information to control the current
spread of this invasive species and limit its detrimental social,
medical and economic effects.

Future studies should perform an assessment of the Ae.
albopictus mitogenome sequence variation worldwide, also in
comparison with both closely related and distant species, in order
to identify candidate mtDNA mutations that might play a
the
haplogroups into temperate regions. Moreover, functional

functional role and facilitate spread of specific
evaluations/analyses involving living mosquitoes (from lab
strains and possibly wild populations), cells or cellular extracts
and larvae should be considered to confirm/dismiss the potential
adaptive role of candidate mtDNA mutations.

Finally, further analyses are needed to clarify whether the
extreme divergence of the single A3 mitogenome from all other
mitogenomes is simply due to different arrival sources, or to local
population divergences (Ruiling et al., 2018b) or to the presence
in Taiwan of cryptic species, as already shown in some regions of

China (Guo et al., 2018).
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