ANIMAL CELLS AND SYSTEMS Tavl &E .
2026, VOL. 30, NO. 1, 146-160 aylor &Francis
https://doi.org/10.1080/19768354.2026.2620255 Taylor & Francis Group

8 OPEN ACCESS

Evolutionary insights from complete mitochondrial genomes of Aedes
albopictus and Culex pipiens molestus (Diptera: Culicidae)

Ashraf Akintayo Akintola® and Ui Wook Hwang®"<%®

?Department of Biology, Teachers College and Institute for Phylogenomics and Evolution, Kyungpook National University, Daegu,
Republic of Korea; PDepartment of Biomedical Convergence Science and Technology, School of Industrial Technology Advances,
Kyungpook National University, Daegu, Republic of Korea; “Department of Advanced Bioconvergence, Kyungpook National
University, Daegu, Republic of Korea; %Institute for Korean Herb-Bio Convergence Promotion, Kyungpook National University,
Daegu, Republic of Korea; “Phylomics Inc., Daegu, Republic of Korea

ABSTRACT ARTICLE HISTORY
Mitochondrial genomes (mitogenomes) are powerful molecular tools for exploring Received 26 April 2025
phylogenetic relationships, deciphering adaptation and divergence, as well as disease Revised 4 November 2025
transmission potential among insects. In this study, we performed a comparative Accepted 14 January 2026
mitogenomic and phylogenetic analysis of two major mosquito vectors — Aedes KEYWORDS
albopictus and Culex pipiens molestus — collected from South Korea, together with Aedes albopictus; Culex
mitogenome data from 18 additional mosquito species representing three Culicidae pipiens molestus;
genera (Aedes, Anopheles, and Culex) retrieved from GenBank. The assembled mitochondrial genome;
mitogenomes, each comprising 13 protein-coding genes, 22 tRNAs, and two rRNAs, phylogeny; South Korea;
revealed conserved gene order and structural features typical of Diptera. Comparative

analyses with multiple species representing the three genera uncovered lineage-

specific patterns in codon usage, base composition, and control region variability.

Phylogenetic relationships inferred using maximum likelihood and Bayesian methods

based on concatenated mitochondrial protein-coding genes robustly resolved genus-

level relationships and supported the monophyly of the two major Culicidae clades,

Aedes (tribe Aedini) and Culex (tribe Culicini), with Anopheles sinensis and Anopheles

gambiae serving as outgroups. Time-calibrated Bayesian analyses indicated a deep

divergence between Anopheles and the Aedes-Culex clade during the Paleogene

(~51.8 Mya), followed by the separation of Aedes and Culex around ~39.7 Mya.

Notably, Ae. albopictus diverged from its congeners ~11.7 Mya, while Cx. p. molestus

exhibited a much more recent divergence (~2.35 Mya), suggesting distinct

evolutionary pressures and histories. This study demonstrates the utility of

mitogenomic data for reconstructing mosquito evolutionary history and provides

insights relevant to vector biology, ecology, and public health.

Introduction

Mosquitoes (Diptera: Culicidae) are medically important insects that serve as vectors for a wide range of
pathogens including arboviruses and parasitic protozoans. Among them, Aedes albopictus and Culex
pipiens molestus have gained global attention due to their wide distribution, adaptability, and roles in trans-
mitting diseases such as dengue, zika, Japanese encephalitis, yellow fever, chikungunya, and West Nile virus
(Bhatt et al. 2013; Schaffner et al. 2013). Understanding their evolutionary history and genetic divergence is
crucial for disease surveillance and control strategies.

Mitochondrial genomes (mitogenomes), which are distinct cellular organelle that is ubiquitously present
in nearly all eukaryotic cells (Osellame et al. 2012; Tao et al. 2014), have been widely employed in phyloge-
netic and evolutionary studies due to their compact structure, maternal inheritance, and relatively con-
served gene content (Harrison 1989; Simon et al. 2006; Li et al. 2022). In most insects, the mitogenome is
a double-stranded circular molecule characterized by 22 transfer RNA (tRNA) genes, two ribosomal RNA
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(rRNA) genes, 13 protein-coding genes (PCGs), and a control region (CR) (Boore 1999; Simon et al. 2006;
Bernt et al. 2013a). Complete mitogenomic data provide high-resolution markers that improve our ability
to reconstruct evolutionary relationships and assess selection pressures across species.

The genus Aedes comprises over 950 known species, distributed worldwide, except in Antarctica (Reinert
2000). Only a relatively small subset is of major public-health concern because of their invasiveness and
association with arbovirus transmission. Prominent invasive Aedes taxa include A. albopictus, A. aegypti,
A. japonicus, A. koreicus, and A. atropalpus (Battaglia et al. 2016). This genus has been extensively
studied for its ecological adaptability and vector competence. In contrast, the Culex pipiens complex
remains taxonomically challenging due to the high morphological similarity and hybridization among its
members. This species complex includes Culex pipiens Linnaeus 1758 (northern house mosquitoes) and
Cx. quinquefasciatus Say 1823 (southern house mosquitoes) (Kilpatrick et al. 2005; Fall et al. 2014). Cx.
pipiens, however, has two biotypes — Cx. pipiens f. pipiens and Cx. pipiens f. molestus, both of which are
classified based on their autogenic ability, diapause, and blood host preferences (Farajollahi et al. 2011).
Other members of the complex are Cx. p. pallens, Cx. australicus and Cx. globocoxitus (Smith and
Fonseca 2004; Harbach 2012; Russell 2012). Members of the Cx. pipiens complex are known for their ubi-
quitous nature in temperate, tropical, and subtropical regions of the world (Knight 1978; Guillemaud et al.
1997; Akintola et al. 2024). Thus, the accurate identification of the mosquito species is a critical step in pre-
venting the spread of mosquito-borne diseases.

Previous mitogenomic studies in mosquitoes have primarily focused on individual species or mitochon-
drial DNA gene markers such as COI, ND5, and CytB, leaving deeper lineage-level relationships and functional
evolution underexplored (Zitko et al. 2011; Beebe et al. 2013; Zhong et al. 2013; Eskildsen et al. 2018). Even
though mitochondrial DNA genes are ideal genetic markers to assess ancestry and demographic changes in
populations (Avise 1995; Hwang and Kim 1999; Kim et al. 2019, 2024; Choi et al. 2020, 2021; Park et al. 2021;
Akintola et al. 2022; Park and Hwang 2022; Choi and Hwang 2023), however, limitations observed from pre-
vious population genetic studies with COl and ND5 have suggested that the variation observed may be
insufficient for placement of mosquitoes into phylogenetical groups (Torroni et al. 2006; Achilli et al.
2008, 2012).

In this study, we present a comprehensive comparative mitogenomic and evolutionary analysis of Ae. albo-
pictus and C. p. molestus collected from South Korea. Using 13 protein-coding genes, we assessed genome
architecture, codon usage, and nucleotide composition in the context of 18 other mosquito mitogenomes.
We reconstructed robust phylogenetic trees using maximum likelihood (ML) and Bayesian inference (BI)
approaches and employed a time-calibrated molecular clock to estimate divergence times across key mos-
quito lineages. Our findings contribute to the understanding of mosquito evolution and diversification,
while providing a framework for future studies on vector ecology and control strategies.

Materials and methods
Mosquito collection and DNA extraction

Ae. albopictus and Cx. p. molestus samples were collected from domestic, peri-domestic, cow sheds, and small
forest areas in different regions in South Korea between February 2021 to September 2022 (Table 1). Light

Table 1. Sampling localities and the number of mosquito samples collected in this study.

Area Codes Coordinates (DMS) No of samples
Haengjeong-ri, Gachang-myeon, Dalseong-gun HR 35°53/11.4" N; 128°36'21.3” E Aedes - 5
Culex - 5
Gachang-dong, Sangju-si, Gyeongsangbuk-do SJ 36°22'48.5" N; 128°08'56.9” E Aedes - 7
Culex — 22
Yulryang-dong, Cheongwon-gu, Cheongju-si, Chungcheongbuk-do ™ 36°39'38.7" N; 127°31'14.7" E Aedes - 10
Culex - 4
Gyepo-ri, Cheongtong-myeon, Yeongcheon-si, Gyeongsangbuk-do a 36°00'03.6” N; 128°49'04.9” E Aedes - 10
Culex - 2
Nam-myeon, Yangju-si, Gyeonggi-do GR 37°51'39.6” N; 126°59'25.3” E Aedes - 5
Culex - 3
Daehak-ro, Sangyeok-dong, Buk-gu, Daegu DG 35°53'20.8” N; 128°36'51.6” E Aedes - 50

Culex — 150
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traps and hand-held mosquito nets were used to collect the adult mosquitoes from the sampling locations.
Once captured, the mosquitoes were immediately preserved separately in sterile tubes containing 400 pL of
DNA/RNA stabilization reagent (Roche, Basel, Switzerland) and/or ethanol. The samples were then
transported at room temperature to the laboratory for species identification. Species identification was
conducted using standard morphological keys and diagnostic characters following the taxonomic criteria
outlined by Rueda (2004) and Harbach (2012), with an ordinary microscope (Olympus, Tokyo, Japan).
Each mosquito was removed from the DNA/RNA stabilization reagent and placed onto a glass slide for
morphological identification. After species and gender identification, the mosquitoes were stored at —80°
C until genomic DNA extraction. Total genomic DNA was extracted from thoracic tissues of morphologically
identified adult mosquitoes using a DNeasy Blood and Tissue Kit (Qiagen, Germany) following the manufac-
turer’s protocol. In contrast, the legs of each specimen were used exclusively for molecular identification
targeting the COI, 16S rRNA, and ace-2 gene regions to minimize the risk of contamination from non-host
DNA.

Due to the difficulty in resolving the molecular identity of members of the Cx. pipiens complex with 165
rRNA, the acetylcholinesterase 2 (ace 2) region using universal forward primers developed by Smith and
Fonseca (2004) and species-specific reverse primers by Ryu and Choi (2022) were utilized to distinguish
between them (Table S1).

The complete mitochondrial genome of Cx. p. molestus was thereafter amplified using 18 primer pairs
designed by Zhang et al. (2013). For the complete mitochondrial genome sequencing of Aedes albopictus,
18 primer pairs designed by Ze-Ze et al. (2020) were used to amplify overlapping fragments covering the
entire mitochondrial genome. All amplified PCR products were checked on 1.0% agarose gel and purified
using a QlAquick PCR Purification Kit (Qiagen Co., Hilden, Germany).

Mitochondrial genome sequencing and annotation

The amplicons were sequenced directly using an ABI Prism 3730 DNA sequencer (PerkinElmer, Waltham,
MA) with a BigDye Termination Sequencing Kit. All alignments were performed in the Clustal X2 program
(Larkin et al. 2007) and BioEdit 7.0.9 program (Hall 1999). The annotation of the mitogenome was con-
ducted using the MITOS Web server to identify the PCGs, rRNA genes, and tRNA genes, including their
locations and the secondary structures of tRNAs (Bernt et al. 2013b). The annotation results were
confirmed by using NCBI Basic Local Alignment Search Tool (BLAST) comparison with the respective hom-
ologous sequences of other Aedes, and Culex species downloaded from GenBank, tRNAscan-SE and
ARWEN v1.2 online program (Laslett and Canback 2008; Chan and Lowe 2019). Overlapping and inter-
genic spacer regions were calculated manually. Mega X was used to analyze the characteristics of the
mitogenome, including sequence length, base content, codon usage, and amino acid composition. The
AT skewness and GC skewness were, respectively, determined by the following formula: AT skew = (A
— N/(A+T) and GC skew=(G — Q)/(G+ (). The tandem repeat (TR) sequences in the control region
were examined using the Tandem Repeats Finder Program (https://tandem.bu.edu/trf/trf.html) (Benson
1999).

Phylogenetic analyses

For comparative and phylogenetic analyses, complete mitochondrial genomes from 18 additional mosquito
species were retrieved from GenBank, representing the genera Aedes, Culex, and Anopheles within the family
Culicidae. These included Ae. aegypti, Ae. japonicus, Ae. koreicus, Ae. busckii, Ae. flavopictus, An. gambiae, An.
sinensis, Cx. quinquefasciatus, Cx. p. pipiens, Cx. p. pallens, Cx. tritaeniorhynchus, as well as Cx. sitiens. All
sequences were downloaded from GenBank on 15 January 2024 and verified for completeness and annota-
tion consistency prior to analysis.

The phylogenetic tree was constructed using concatenated sequences of 13 mitochondrial protein-
coding genes from representative species of the genera - Aedes and Culex, within the family Culicidae.
An. sinensis and An. gambiae were used as the outgroup. Clustal X2 (Larkin et al. 2007) was used in aligning
the PCG amino acid sequences. The best-fit nucleotide substitution model was determined using jModelTest
v2.1.10 (Darriba et al. 2012) based on the Akaike Information Criterion (AIC) and applied consistently in both
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ML and Bl analyses. Using the maximum likelihood (ML) method, the phylogenetic tree was built with 1000
bootstrap replicates and substitution model GTR + F + | + G4, through IQ-TREE webserver (Trifinopoulos et al.
2016). Bayesian inference of phylogenetic relationships was conducted using BEAST v2.7.x (Bouckaert et al.
2019). The analysis was performed under an uncorrelated lognormal relaxed clock model to account for rate
variation among lineages. A Yule speciation process was used as the tree prior. The MCMC (Markov Chain
Monte Carlo) chain was run for 100 million generations, with parameters logged every 10,000 generations.
To ensure sufficient sampling, two independent BEAST runs were performed and later combined. All BEAST
XML input files were generated using BEAULi, the graphical interface provided with BEAST. Tracer v1.7.2
(Rambaut et al. 2018) was used to assess convergence and ensure all parameters had effective sample
size (ESS) values >200. The resulting log and tree files were combined using LogCombiner (with a burn-in
of 10%) and summarized using TreeAnnotator to generate the maximum clade credibility (MCC) tree. The
final tree was visualized and edited in FigTree v1.4.4. To estimate the selective pressure acting on mitochon-
drial genes, we computed the dN/dS ratio for each PCG using the CODEML module of PAML v4.9 (Yang
2007). Bayesian inference was used to determine whether specific codons were under positive selection.
A dN/dS ratio <1 indicated purifying selection, a ratio ~1 suggested neutral evolution, and a ratio >1
implied positive selection.

Divergence time estimation

Divergence time estimation for the 20 mosquito species was conducted using mitochondrial genome
sequences in BEAST 2.5 (Bouckaert et al., 2019). The Culicidae root age was constrained at ~100 Mya
(normal distribution, SD = 10), thus we calibrated the Culicidae clade at 75 million years ago (Ma) based
on the oldest mosquito fossils from the mid-cretaceous and previous studies on divergence times in dipteran
and mosquito evolution studies (Reidenbach et al. 2009; Wiegmann et al. 2011). The analysis employed a
relaxed log-normal molecular clock model and a Birth Death speciation prior, which is suitable for modeling
interspecies diversification. The GTR + F + G4 substitution model was used for tree construction after being
determined ModelFinder in IQ-TREE v2.2.0. The analysis was executed for 10,000,000 MCMC iterations and
sampled every 1000 iterations, after discarding the initial 10% of iterations as burn-in. The final divergence
time tree was visualized using FigTree v1.4.4.

Results
Mitochondrial genome characterization of Aedes albopictus and Culex pipiens molestus

The complete mitochondrial genomes of Ae. albopictus (16,816 bp; PQ584793) and Cx. p. molestus
(15,636 bp; PQ584792) contain 37 genes — 13 protein-coding genes (PCGs), 22 tRNAs, and 2 rRNAs - orga-
nized in the ancestral arthropod order. Most genes are encoded on the heavy strand, with exceptions
(e.g. ND1, ND4, ND4L, ND5, rrnL, rrnS, and some tRNAs) on the light strand. A. albopictus possesses a
1,920 bp control region (CR), while the size of the CR in Cx. pipiens molestus is 780 bp, both between rrnS
and trnl. Further details on gene features are provided in Table 2 and Figure 1.

Both mitogenomes show a strong A + T bias (Ae. albopictus: 80.0%; Cx. p. molestus: 77.7%) (Table S2 and
S3) and similar AT- and GC-skew patterns typical of mosquitoes. Start codons across PCGs include ATG, ATT,
or ATA, with incomplete stop codons (T or TA) found in some genes, a common feature in insects. Codon
usage favors A/T-rich codons like TTT, ATT, and AAT (Table S4 and S5). The 22 tRNAs range from 64 to
72 bp, most forming typical cloverleaf structures except trnS7, which lacks a DHU arm. The rRNA genes
(rrnL and rrnS), located on the light strand and separated by trnV, show conserved structure. The CR in
both species is highly AT-rich (92.2% in A. albopictus and 88.6% in Cx. pipiens molestus: 77.7%) (Table S2
and S3) and includes several repeats and non-coding elements, consistent with other Culicidae mitogen-
omes (Krzywinski et al. 2011; do Nascimento et al. 2021). The codon usage analysis revealed that both mito-
genomes preferentially use codons ending in A or T, reflecting the AT-rich nature of insect mitochondrial
genomes (Boore 1999; Cameron 2014). The most frequently used codons were UUA (Leu), AUU (lle), and
UUU (Phe). Relative synonymous codon usage (RSCU) patterns were similar between the two species,
although slight differences in certain leucine and serine codons were observed (Figure S1).
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Table 2. Organization of the Aedes albopictus and Culex pipiens molestus mitochondrial genome

Position

Position

A.albopictus Start  Stop  No of intergenic Cx.p.molestus Start  Stop  Noof intergenic
SIN__ Gene Start____ Start___Size Strand__Anticodon _codon __codon nucleotides Gene Start___Sto) Size  Strand _Anticodon __codon __codon nucleotides
1 RNATle 1 69 69 + GAT {RNATle 1 69 69 + GAT

2 RNAGI 7 139 69 TTG 1 {RNAGIn 70 138 69 ™6 0
3 (RNAMet 139 207 69 + CAT -1 RNAMet 142 210 69 + CAT 3
4 ND2 208 1233 1026 + ATT  TAA 0 ND2 a1 1233 1023 + ATC  TAA 0
5 (RNATpp 1234 1303 70 + TCA 0 (RNATrp 1235 1303 69 TCA 1
6 tRNACys 1303 1369 67 GCA -1 RNACys 1304 1369 66 GCA 0
7 RNATyr 1370 1435 66 - GTA 0 (RNATyr 1382 1447 66 - GTA 12
8 col 1434 20970 1537 + TCG T 2 col 1446 2982 1537 + TCG T 2
9 tRNALeu 2971 3037 67 + TAA 0 RNALeu 2983 3049 67 + TAA 0
10 con 3039 3723 685 + ATG T 1 con 3055 3739 685 + ATG T 5
1l tRNALys 3724 3794 71 + CTT 0 (RNALys 3740 3810 71 + CTT 0
12 RNAAsp 3807 3876 70 . GTC 12 (RNAAsp 3821 3888 68 : GTC 10
13 ATP8 3877 4038 162 . ATT  TAA 0 ATP8 3898 4050 153 . ATA  TAA 9
14 ATP6 4032 4712 681 + ATG  TAA 7 ATPG 4044 4724 681 + ATG  TAA -7
15 com 4716 5504 789 : ATG  TAA 3 comr 44 sl 788 : ATG  TAA -1
16 RNAGly 5504 5570 67 + TCC -1 (RNAGly 5512 5578 67 + Tce 0
17 ND3 5571 5024 354 + ATA  TAA 0 ND3 5576 5930 355 + AGA T 3
18 RNAArg 5923 5986 64 + TCG 2 (RNAArg 5931 5994 64 + TCG 0
19 (RNAAla 5987 6054 68 + TGC 0 (RNAAla 5995 6060 66 + TGC 0
20 RNAAsn 6056 6122 67 + GTT 1 (RNAAsn 6061 6127 67 + GTT 0
21 (RNASer 6121 6187 67 CTA 2 RNASer 6126 6190 65 CTA 2
22 RNAGlu 6205 6270 66 + TTC 17 (RNAGlu 6198 6263 66 + TTC 7
23 RNAPhe 6269 6335 67 GAA 2 (RNAPhe 6262 6328 67 GAA 2
2 NDs 6343 8085 1743 TTA T 7 NDs 6329 8074 1746 TAT  TAA 0
25 RNAHis 8086 8154 69 GTG 0 (RNAHis 8072 8137 66 GTG 3
26 ND4 8157 9500 1344 TTA T 2 ND4 8138 9480 1343 T TA 0
27 ND4L 9494 9790 297 ATA T 7 ND4L 9474 9770 297 GIT  TAA 7
28 (RNAThr 9793 9857 65 + TGT 2 (RNAThr 9776 9840 65 + TGT 5
29 RNAPro 9858 9924 67 TGG 0 (RNAPro 9841 9906 66 TGG 0
30 ND6 9927 10448 522 + ATT  TAA 2 ND6 9912 10427 516 + AT TAA 5
31 CYTB 10448 11584 1137 + ATG  TAA -1 CYTB 10427 11561 1135 + ATG T -1
32 (RNASer 11584 11649 66 : TGA -1 (RNASer 11562 11627 66 - TGA 0
33 NDI 1672 12613 942 TAT  TAT 2 NDI 11646 12602 957 TAT  TAA 18
34 (RNALeu 12623 12690 68 TAG 9 RNALeu 12599 12663 65 TAG 4
35 WRNA 12692 14026 1333 1 IrRNA 12667 13999 1333 3
36 (RNAVal 14028 14099 72 TAC 1 (RNAVal 14000 14071 72 TAC 0
37 sRNA 14100 14896 797 0 SIRNA 14072 14856 785 0
38 CR 14897 16816 1920 + 0 CR 14857 15636 780 + 0

Selection pressure analysis

To understand the evolutionary dynamics of mitochondrial genes, we estimated the ratio of nonsynonymous
to synonymous substitutions (dN/dS) for each PCG across 20 mosquito species (Table S6). The dN/dS values
indicate the degree of selective pressure acting on mitochondrial genes (Yang and Nielsen 2000). Among the
13 PCGs, ATP8 exhibited the highest dN/dS ratio (0.1700), suggesting it experiences relatively relaxed

Aedes albopictus
16,816 bp

Culex pipiens molestus

15,636 bp

Figure 1. Structure of the (A) Aedes albopictus and (B) Culex pipiens molestus mitochondrial genome. The color-filled blocks
indicate tRNAs, and the unfilled white blocks denote protein-coding genes (PCGs), rRNAs and control region (CR). The
tRNAs, PCGs, rRNAs and CR located on the majority strand are marked in black, and those on the minority strand are
marked in red.
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purifying selection or potential functional divergence. In contrast, ND4L and ND6 showed a dN/dS ratio of
zero, indicating extreme conservation and strong purifying selection. The COX and ND gene families gener-
ally had very low dN/dS values (<0.006), reflecting high functional constraints on oxidative phosphorylation
and energy metabolism. These findings are consistent with previous studies on mitochondrial evolution,
which report that mitochondrial PCGs are subject to strong purifying selection to maintain efficient cellular
respiration and ATP production (Bernt et al., 2013a,b).

Phylogenetic relationships within Culicidae

A phylogenetic tree was constructed using maximum likelihood (ML) and Bayesian inference (BI) based on
the concatenated sequences of the 13 PCGs from Ae. albopictus, Cx. p. molestus, and 18 other Culicidae
species obtained from GenBank (Figure 2). Both ML and Bl trees yielded consistent topologies, strongly sup-
porting the monophyly of the Aedes, Culex, and Anopheles genera.

Phylogenetic analyses also well supported Aedes and Culex as sister taxa, thus placing both genera in the
Aedini and Culicini tribes, in accordance with the taxonomic classification proposed by Krzywinski et al.
(2011). It is also reported by previous studies that Aedini was a sister group of Culicini and the divergence
observed in the two group occurred 130 mya ago (Reidenbach et al. 2009; do Nascimento et al. 2021). Ae.
albopictus clustered closely with Ae. aegypti, while Cx. p. molestus grouped with Cx. quinquefasciatus and Cx.
p. pipiens, confirming their close evolutionary relationships within their respective clades. The divergence

Culex pipiens pipiens HQ724616 (Turke!
96/0.99 pPIp pip ( Y)

Culex pipiens molestus PQ584792 (South Korea)
Culex pipiens pallens KT851543 (China)
100/1| Culex pipiens molestus MN389459 (Australia)

o Culex pipiens pipiens NC_015079 (Tunisia)

100/1 Culex quinquefasciatus GU188856 (USA)

1007 Culex quinquefasciatus HQ724617 (USA)
‘ Culex tritaeniorhynchus KT852976 (China)
99 Cylex sitiens NC_054318 (Australia)
100/1
WAedes koreicus MT093832 (South Korea)
55/1 [ Aedes japonicus OP373191 (USA)
Aedes busckii MN626443 (Saba Dutch Caribbean)
100/1’ - Aedes aegypti OM214525 (Australia)
| 10 O“L’i Aedes flavopictus MT501510 (South Korea)

100/1 Aedes albopictus KX383916 (ltaly)
100/1 hAedes albopictus MK575475 (Brazil)
96/1
{ Aedes albopictus PQ584793 (South Korea)

Anopheles gambiae NC_002084

10071 Anopheles sinensis OK458560

0.02

Figure 2. A maximum likelihood (ML) tree reconstructed based on nucleotide sequences of the 13 mitochondrial PCGs.
Each node showed the bootstrap value for ML analysis/Bayesian posterior probability. A newly sequenced Aedes albopictus
and Culex pipiens molestus from South Korea were highlighted in dark bold colors.
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between the Aedes and Culex lineages was evident, reflecting their ecological and evolutionary separation.
Bootstrap and posterior probability values for key nodes were consistently above 90% and 0.95, respectively
(Figure 2 and S2). According to recent classification reports, the genus Aedes has been divided into several
subgenera, such as Aedes, Diceromyia, Finlaya, and Stegomyia. Most of these subgenera have been treated by
some authorities as full genera (Reinert et al. 2004, 2009).

Intraspecific percentage identity variation analysis over the entire mitogenome (Table S7) for Aedes albo-
pictus showed a surprisingly low intraspecific variation (0.14%) between the South Korean and lItalian
samples, suggesting recent common ancestry or strong selective constraints maintaining mitogenome con-
servation across these regions. Conversely, the relatively higher genetic divergence between the South
Korean and Brazilian samples (3.29%), and even slightly more between Brazil and Italy (3.32%), indicates a
more substantial degree of mitogenomic differentiation. These values suggest that the Brazilian sample
may have derived from a separate introduction event or has since undergone genetic drift, local adaptation,
or population bottlenecks, resulting in increased divergence from both European and Asian lineages. This
pattern supports findings from previous global phylogeographic studies indicating that A. albopictus intro-
ductions into the Americas may have originated from different source populations compared to those in
Europe (Kotsakiozi et al. 2017).

As shown in Figure 2, the major clades on the ML and Bl tree supported the monophylies of the Culex
genera. Cx. pipiens molestus from South Korea, based on concatenated mitochondrial protein-coding
genes (PCGs) revealed a close clustering of Cx. p. molestus from South Korea and Cx. p. pipiens from
Turkey (HQ724616). Analysis of the intraspecific variation across the whole mitogenome (Table S7) also
revealed a low sequence divergence (0.03%) between these two samples, suggesting a recent common
maternal lineage or the possibility of gene flow between these populations. This supports previous
findings that mitochondrial markers can sometimes fail to distinguish between ecoforms due to introgres-
sion and hybridization (Shaikevich et al. 2016).

Contrasting this close relationship is the more substantial divergence (0.28%) between Cx. pipiens moles-
tus specimens from South Korea and Australia (Table S7), both bearing the same taxonomic label. This raises
questions about the monophyly of the molestus form, which may not represent a single evolutionary lineage
but rather a convergent ecological adaptation (e.g. autogeny, stenogamy, underground breeding) across
different regions (Fonseca et al. 2004). Similarly, the divergence between the Turkish and Tunisian Cx. p.
pipiens specimens (0.17%) reflect regional genetic structuring and adaptation to local environments.

The greatest divergence was observed between Cx. p. pallens (China) and Cx. quinquefasciatus (USA) at
1.07%, aligning with either the accepted view that Cx. quinquefasciatus is a genetically distinct species
despite its ability to hybridize with members of the pipiens complex in areas of sympatry or a misidentifica-
tion of the species as a Cx. quinquefasciatus sample. On the first reason, this level of divergence further under-
scores the distinct evolutionary trajectory of quinquefasciatus and supports its taxonomic separation from
the pipiens clade. Alternatively, it might be due to the insufficient tools of the researchers to distinguish
between members of the Culex species complex. We also faced a similar issue of misidentification until
we used a species-specific primer reported earlier to show the distinction between members of the
species complex. Tables S8 and S9 also show the intraspecific nucleotide diversity across different positions
in the mitogenome of Ae. albopictus complex and Culex pipiens species complex, respectively.

Control region analysis

The mitochondrial control region (CR), the major non-coding segment responsible for regulating replication
and transcription of mitochondrial DNA, displayed marked differences in length, structure, and sequence
composition between Ae. albopictus and Cx. p. molestus. In Ae. albopictus, the control region was located
between the 12S rRNA and tRNA-lle genes and spanned 1,920 bp. This region exhibited a relatively high
A+T content (92.2%), consistent with previously reported patterns in mosquito mitogenomes. Notably,
we identified multiple tandem repeat units in this region, consisting of a highly conserved 190 bp motif
repeated in tandem six times (Figure 3). These repeat units exhibited no sequence divergence among the
South Korean and Italian samples, thus suggesting recent duplication events. The presence of extensive
tandem repeats likely contributes to the variability in CR length and may play functional roles in mtDNA
replication and stability.
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Figure 3. Divergence time estimation based on 13 PCGs from 20 mosquito species. The tree was constructed using BEAST2
with fossil-based calibration points, and divergence times are shown in millions of years ago (Ma) at each node. The 95%
highest posterior density (HPD) intervals are represented by horizontal blue bars, indicating uncertainty in divergence time
estimates. The geological time scale (Cretaceous, Paleogene, Neogene, and Quaternary) is shown in color blocks along the
x-axis. The red arrows point only to the divergence time positions in the tree branch.

Additionally, several poly-T stretches and AT-rich motifs, commonly associated with the initiation of repli-
cation in Dipteran insects, were observed. We also detected stem-loop structures using the Mfold web
server, with predicted AG values indicating thermodynamically stable secondary structures. These may
serve as origins of replication or transcription regulation elements.

In contrast, the control region in Cx. p. molestus was 780 bp in length, which is almost half the size of that
in Ae. albopictus and located between the 12S rRNA and tRNA-Ile genes as well. The A + T content was slightly
lower at 88.6%. Unlike Aedes albopictus, no long tandem repeats were observed in the Culex CR (Figure S3).
Instead, the region was composed of several short microsatellite-like sequences. The structural simplicity and
reduced length of the Culex CR may reflect lineage-specific evolutionary dynamics, possibly influenced by
different selective pressures or mutational mechanisms. While both species share similar gene arrangements
flanking the CR, their divergent sequence architectures underscore the role of the control region in lineage-
specific mitochondrial genome evolution.

Divergence time estimate

To investigate the evolutionary timeline of major mosquito lineages, we performed Bayesian divergence
time estimation using 13 concatenated mitochondrial protein-coding genes (PCGs) from 20 species repre-
senting the genera Aedes, Culex, and Anopheles. The resulting maximum clade credibility (MCC) tree is
shown in Figure 4, with node bars indicating the 95% Highest Posterior Density (HPD) intervals for diver-
gence times. The root of the Culicidae tree was estimated to have occurred approximately 51.83 million
years ago (Mya) [95% HPD: ~73.00-29.00 Myal], during the Paleogene period, following an earlier diversifica-
tion event likely initiated in the Cretaceous. The basal split separated the Anopheles lineage from the
common ancestor of Culex and Aedes. This result supports previous phylogenomic findings suggesting
the early divergence of Anopheles (Reidenbach et al. 2009).

The divergence between Aedes and Culex lineages was inferred to have occurred at approximately 39.67
Mya (95% HPD range spanning the Paleogene), indicating a long evolutionary history for these medically
significant genera. Within the Culex clade, Cx. p. molestus was shown to diverge from its closest relatives
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Figure 4. Structure and arrangement of Aedes albopictus mitochondrial control region. (A) Schematic representation of the
control region showing the arrangement of tandem repeats (TR1-TR6) and the adjacent non-tandem repeat (NTR) region.
Each tandem repeat unit is approximately 190 bp in length, followed by a 760 bp NTR segment. The consensus nucleotide
sequence of one tandem repeat unit is displayed beneath the schematic. (B) Predicted secondary structure of a single
tandem repeat unit, highlighting conserved stem-loop motifs. (C) Predicted secondary structures for all six tandem
repeats (TR1-TR6), demonstrating repeated and potentially conserved structural motifs across repeat units.

around 2.35 Mya, during the Quaternary period, suggesting relatively recent speciation possibly linked to
anthropogenic changes in urban environments. The divergence of Ae. albopictus from its closest sampled
congeners was estimated at 11.69 Mya, within the Neogene period, indicating a much older divergence
time than Culex pipiens molestus. This suggests different evolutionary dynamics and possibly adaptive press-
ures in shaping their current distribution and ecological niches. Notably, most diversification events within
Culex occurred more recently, within the last 2-3 million years, whereas Aedes species exhibit deeper diver-
gence times, consistent with broader geographic and ecological expansion. The majority of Anopheles nodes
diverged earlier, between 30 and 50 Mya, further supporting the basal positioning of the genus in mosquito

phylogeny.

Discussion

The mitochondrial genome analysis and phylogenetic reconstruction presented in this study provide critical
insights into the evolutionary history and divergence of Ae. albopictus and Cx. p. molestus from South Korea
as well as other related mosquito taxa. Our results confirmed the conserved organization of mosquito mito-
genomes but also highlight the lineage-specific variations, particularly in the control region and codon
usage patterns, which are consistent with previously observed adaptive trends in Culicidae evolution. This
organization supports the evolutionary conservation of mitochondrial architecture across Diptera and
suggests that major rearrangements are rare within Culicidae, likely due to functional constraints associated
with replication and transcriptional regulation of the mitochondrial genome. Comparative analyses of gene
order across mosquito lineages further confirm that both Aedes and Culex retain the ancestral Culicidae
arrangement, consistent with previously reported mitogenomes from Anopheles, Armigeres, Ochlerotatus,
and Tripteroides species (Krzywinski et al. 2011; Zhang et al. 2013; do Nascimento et al. 2021). The high
degree of structural conservation across these taxa implies that mitochondrial genome rearrangements
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have had limited phylogenetic utility at the genus level within mosquitoes, although subtle variations in
intergenic spacer lengths and control region structures may reflect lineage-specific evolutionary dynamics.
The preservation of the Dipteran gene order pattern in both A. albopictus and Cx. pipiens molestus reinforces
their placement within the subfamilies Culicinae and the tribes Aedini and Culicini, respectively, supporting
the broader monophyly of Culicidae inferred from mitochondrial phylogenomic data.

The whole mitochondrial genome-based phylogenetic tree reconstructed using maximum likelihood and
Bayesian inference methods reveals well-supported clades corresponding to major mosquito lineages. A.
albopictus and Cx. pipiens molestus are placed in distinct monophyletic groups within the Aedini and Culicini
tribes, respectively, confirming their taxonomic validity. Notably, the divergence between these two species
is marked by distinct mitochondrial features, including differences in genome size, A+ T content, and the
presence of a control region. Codon usage analysis reveals a strong A + T bias across both species, with a
preference for A/T-ending codons. This may indicate selection for translational efficiency or mutational
bias shaped by mitochondrial replication and transcription mechanisms. The presence of incomplete stop
codons in several PCGs may represent translational adaptations conserved across insect mitochondrial
genomes.

The phylogenetic placement of Cx. p. molestus suggests a relatively recent divergence from Cx. p. pipiens,
consistent with ecological niche specialization in urban environments. This supports previous hypotheses
that Cx. p. molestus may have evolved through peripatric speciation and adaptation to subterranean habi-
tats. Meanwhile, A. albopictus maintains a basal yet distinct position within Aedes, reinforcing its ancestral
spread and subsequent global radiation.

Phylogenetically, the mitogenomes of Aedes species obtained in this study align with previous studies on
the Culicidae family (Battaglia et al. 2016). Our phylogenetic trees based on concatenated protein-coding
genes (PCGs) positioned the South Korean Ae. albopictus closely with Brazilian samples, with the Italian
sample more distantly related. This clustering, while counterintuitive based on geographic distances,
reflects the mosquito’s complex invasion history and human-facilitated spread via trade routes like used
tire shipments (Medlock et al. 2012; Bonizzoni et al. 2013). Surprisingly, genetic distance analysis contra-
dicted this tree topology: Brazil was more divergent from both South Korea and Italy, despite clustering
with the former. This discrepancy suggests that mitochondrial evolution in Ae. albopictus is shaped by
both lineage sorting and selective pressures acting across varying timescales and illustrates how mitogen-
omes may reflect historical demography rather than current nuclear gene flow (Battaglia et al. 2016).

Importantly, the low divergence (0.14%) between South Korean and Italian Ae. albopictus supports a
recent common ancestry or strong purifying selection, consistent with the known intraspecific variation
threshold for mosquitoes. This mitogenomic conservation likely contributes to the species’ adaptability
and resilience, aiding its colonization of diverse climates and continued role as a global vector of arboviruses
like dengue, chikungunya, and Zika.

The phylogenetic analysis of Cx. p. molestus adds further complexity. The Culex pipiens complex comprises
several morphologically similar taxa that are genetically and ecologically distinct, often capable of hybridiz-
ation. Using maximum likelihood (ML) and Bayesian inference (Bl) based on concatenated PCGs, our analysis
positioned the South Korean Cx. p. molestus closely with Cx. p. pipiens from Turkey, with a negligible mito-
genomic divergence of 0.03%, suggesting recent maternal ancestry or introgression. Conversely, a diver-
gence of 0.28% was noted between the Korean molestus and an Australian molestus, indicating possible
cryptic diversity or convergent ecological traits, such as autogeny and underground breeding, that have
evolved independently (Fonseca et al. 2004).

Furthermore, divergent patterns among other Cx. pipiens members, such as Cx. p. pipiens (Turkey vs.
Tunisia, 0.17%) reveals regional genetic structuring. The highest divergence (1.07%) occurred between Cx.
p. pallens (China) and Cx. quinquefasciatus (USA), supporting the taxonomic distinction of quinquefasciatus
within the complex, despite its hybridization capacity in zones of sympatry. However, such divergence
might also arise from misidentification — a challenge we also faced during our study until species-specific
primers helped delineate complex members. These findings underscore the limitations of mitochondrial
markers alone in species delimitation within the Culex pipiens complex, as introgression and hybridization
may obscure lineage boundaries (Shaikevich et al. 2016). Hence, while mitochondrial genomes are powerful
for understanding maternal lineage, they must be interpreted alongside nuclear markers such as microsatel-
lites or SNPs to resolve phylogenetic uncertainties.
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Consequently, the divergence time tree indicates that the most recent common ancestor (MRCA) of the
studied mosquito species dates back to approximately 51.83 million years ago (Mya), during the early Eocene
epoch of the Paleogene period. This timing coincides with a period of global warming and habitat transform-
ation following the Cretaceous-Paleogene (K-Pg) extinction event (~66 Mya), which likely contributed to the
early diversification of dipteran insects, including mosquitoes (Wiegmann et al. 2011). Our tree topology
suggests that the Aedes, Culex, and Anopheles lineages had already emerged by the mid-Paleogene, with
subsequent radiation occurring through the Neogene and Quaternary. The divergence between Aedes
and Culex genera is estimated to have occurred around 39.67-31.08 Mya, supporting previous molecular
estimates that suggest major mosquito clades diversified in concert with the expansion of angiosperms
and the rise of mammals (Reidenbach et al. 2009).

Aedes albopictus, the Asian tiger mosquito, diverged from its nearest relatives approximately 11.69 Mya,
during the Miocene epoch of the Neogene period. The Miocene was characterized by climatic cooling and
forest fragmentation, which likely exerted selective pressures favoring ecological versatility (Zachos et al.
2001). This flexibility is reflected in the modern-day Ae. albopictus, which is capable of surviving in both tro-
pical and temperate environments and breeding in a variety of artificial containers. Its ability to adapt to
anthropogenic landscapes has contributed to its recent global expansion and increased epidemiological
importance (Benedict et al. 2007). Likewise, the divergence time between the Euro-Asian (Italy and South
Korea) and South American (Brazil) samples of Ae. albopictus indicates a very recent dispersal and differen-
tiation which might indicate a human-mediated introduction of Ae. albopictus to South America from Asia,
which is likely during global trade expansion.

In contrast, Cx. p. molestus diverged more recently — approximately 1.1-2.35 Mya - during the Quaternary
period, which encompasses multiple glacial and interglacial cycles. The shallow divergence suggests that Cx.
p. molestus may be a product of recent adaptive radiation, potentially driven by human activity and urban-
ization. This taxon is known for its subterranean breeding behavior, autogeny, and lack of diapause, traits
believed to be adaptations to life in underground human-made structures such as basements and sewers
(Vinogradova 2000; Fonseca et al. 2004). These traits distinguish Cx. p. molestus from their conspecific Cx.
p. pipiens, highlighting the potential for ecological divergence within vector species that occupy human-
associated niches. Such divergence, though recent, can have profound implications for disease transmission,
especially in densely populated urban centers. The contrasting divergence times and ecological trajectories
of Ae. albopictus and Cx. p. molestus reflects the complex interplay between evolutionary history, environ-
mental change, and human influence. While Ae. albopictus exhibits traits of long-term adaptive radiation
and global invasion potential, Cx. p. molestus represents a model for studying recent adaptation to urban
environments.

Understanding the evolutionary history of these vectors is crucial for predicting their future distribution
and vectorial capacity, particularly in the face of climate change and expanding urbanization. Our findings
underscore the need for targeted vector control strategies that consider not just species-level identity, but
also evolutionary and ecological context.

A notable feature of the Ae. albopictus CR is the presence of six tandem repeats (Figure 3) structures that
likely arose through slipped-strand mispairing and replication slippage, known to contribute to the high
variability of this region in insects (Ballard and Kreitman 1995). The observed hairpin and cruciform
motifs, driven by high AT content, may support mtDNA replication and transcription, facilitating mitochon-
drial function under energy-demanding conditions like flight and blood feeding (Saito et al. 2005). In Ae.
albopictus, the polymorphism and lineage-specific patterns of these repeat units suggest a potential
utility in population genetics and phylogeography (Birungi and Munstermann 2002). Variation in tandem
repeat structures across geographically distinct populations may reflect historical demographic processes
such as founder effects, population bottlenecks, or recent colonization events - factors that have likely con-
tributed to the global invasion success of this species (Porretta et al., 2012). These repeat expansions or con-
tractions can act as molecular signatures of microevolutionary change, offering finer resolution than
conventional barcoding genes such as COI or ND5.

Furthermore, the rapid evolution of tandem repeats may be driven by replication slippage or unequal
recombination (Levinson and Gutman 1987), and may be under relaxed purifying selection or even
subject to positive selection in certain ecological contexts (Stoneking et al. 1991). This may be particu-
larly relevant for traits such as thermal tolerance, host preference, and insecticide resistance - traits
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known to vary across Ae. albopictus populations. Therefore, the tandem repeat structures not only rep-
resent a non-coding evolutionary mechanism but may also contribute to the ecological success and
adaptive potential of Ae. albopictus. This therefore, underscores the importance of including such
rapidly evolving non-coding regions in mitogenomic studies aimed at resolving population structure,
evolutionary history, and vectorial capacity. Future studies incorporating tandem repeat diversity
alongside whole-genome SNP data could help unravel the adaptive landscape of this globally significant
mosquito species.

In contrast, the Cx. p. molestus CR is shorter, at 780 bp, and lacks tandem repeats (Figure S3), but possesses
high AT content (88.6%), consistent with other Culex species. Although tandem repeats are absent, micro-
satellite-like sequences or AT-rich motifs may contribute regulatory functionality (Tikochinski et al. 2012).
These architectural distinctions may represent lineage-specific adaptations to different ecological niches
or reproductive strategies. Comparative analyses also confirmed a conserved CR architecture within the
Culex pipiens complex, which includes morphologically indistinct but ecologically divergent forms such as
pipiens, molestus, pallens, and quinquefasciatus (Vinogradova 2000; Harbach 2012).

This study validates the mitogenome utility for phylogenetic and population studies of mosquitoes, and it
confirms the taxonomic status of Ae. albopictus and Culex species from South Korea. Likewise, we revealed
through this study the mitogenome conservation across geographically distinct populations of A. albopictus
and suggested possible hidden genetic divergence within the Cx. p. molestus form, particularly between
Korean and Australian samples. This research not only enhances our understanding of the genetic foun-
dations of disease transmission but also provides a foundation for the development of targeted interven-
tions and control strategies.

Furthermore, the divergence time analysis highlights key evolutionary timelines that may underline differ-
ences in vector competence, ecological specialization, and adaptation strategies among Aedes, Culex, and
Anopheles mosquitoes. The placement of Ae. albopictus and Cx. p. molestus on distinct evolutionary branches
with temporally separated divergence points reflects their independent evolutionary trajectories despite
their shared role as arbovirus vectors. This research has practical implications for vector surveillance,
disease risk assessment, and control strategies, particularly in regions experiencing rapid ecological
change and globalization-driven mosquito dispersal. Through the integration of genomic knowledge into
targeted interventions, we move closer to a future where effective strategies can alleviate the burden of
these diseases and safeguard the health of vulnerable populations.
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