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Abstract

Chromosomal inversions play a crucial role in evolution and have been found to regulate epidemiologically significant traits in
malaria mosquitoes. However, they have not been characterized in Aedes aegypti, the primary vector of arboviruses, due to
the poor structure of its polytene chromosomes. The Hi-C proximity ligation approach was used to identify chromosomal in-
versions in 25 strains of A. aegypti obtained from its worldwide distribution and in one strain of Aedes mascarensis. The study
identified 21 multimegabase polymorphic inversions ranging in size from 5 to 55 Mbp. Inversions were more abundant in
African than in non-African strains, 15 versus 3 inversions, with the highest number observed in West Africa. All inversions
were grouped into two geographic clusters of African or non-African origin, suggesting their association with A. aegypti sub-
species. Inversions were unevenly distributed along chromosomal arms, with the highest number found in the 1g and 3p arms
homologous to the inversion-rich 2R chromosomal arm in the malaria vector Anopheles gambiae. Direct comparison of in-
versions between A. aegypti and An. gambiae revealed significant overlap in their genomic locations. This finding may explain
the parallel evolution of the two species under similar environmental conditions. Some of the inversions colocalized with
chemoreceptor genes and quantitative trait loci associated with pathogen infection, suggesting their potential role in host
preference and disease transmission. Our study revealed the large pool of structural variations in the A. aegypti genome

and provides the foundation for future studies of their impact on the biology of this important arboviral vector.

Key words: genome evolution, chromosome rearrangements, disease vector, Aedes aegypti, parallel evolution.

Significance

The impact of chromosomal inversions on the evolution of diverse organisms has been demonstrated by previous stud-
ies, but they have not been characterized in the arboviral vector Aedes aegypti due to the lack of readable polytene chro-
mosomes. Using a genome-based approach, this study identified chromosomal inversions in a wide range of A. aegypti
strains from around the world and demonstrated that inversions are strongly associated with the geographic origin of
the strains and may be involved in subspecies divergence, adaptations to different ecological environments, including
adaptations to humans. Our discovery of a large pool of structural variation in the A. aegypti genome represents a
groundbreaking step forward in our understanding of the genome organization of this important disease vector.

Introduction

Chromosomal inversions are significant contributors to the
evolutionary processes in diverse organisms, including
plants (Huang and Rieseberg 2020), vertebrate animals
(Ferguson-Smith and Trifonov 2007; Kosuthova and Solc
2023; Oliveira da Silva et al. 2024), and insects (Ayala and
Coluzzi 2005; Fuller et al. 2019; Jay and Joron 2022).
They represent balanced genome rearrangements that in-
volve the reversal of chromosome segments by 180° with-
out significant gain or loss of genetic material. During
meiosis, heterozygous crossovers in the inverted region pro-
duce inviable gametes with acentric fragments and dicentric
chromatids reducing or even eliminating recombination
within the inversion, especially around the breakpoints. As
a result, an inversion is inherited intact and may lead to
the formation of a “supergene” if the region contains mul-
tiple divergent alleles of multiple functionally important
genes with more pronounced phenotypic effects than those
of single genes alone (Thompson and Jiggins 2014; Berdan
etal. 2022; Berdan et al. 2023). In the 1930s, T. Dobzhansky
conducted pioneering studies on inversion polymorphism in

polytene chromosomes in Drosophila (Krimbas and Powvell
1992). Subsequently, chromosomal inversions have been
employed to investigate evolutionary genetics in other
Dipteran species with well-developed polytene chromo-
somes including malaria mosquitoes (Kitzmiller 1976;
Stegniy 1991; Coluzzi et al. 2002). Inversions have been
demonstrated to influence epidemiologically significant
phenotypes in the principal African malaria vector
Anopheles gambiae (Lanzaro et al. 1998; Coluzzi et al.
2002; Gray et al. 2009; Simard et al. 2009; Ayala et al.
2014; Ayala et al. 2017; Riehle et al. 2017). Nevertheless,
the identification of chromosomal inversions in aedine mos-
guitoes represents a significant challenge due to the large
and highly repetitive nature of their genomes (Matthews
et al. 2018) and the lack of well-developed polytene chro-
mosomes, which are unsuitable for cytogenetic analyses
of the inversions (Campos et al. 2003). Previous genetic
mapping experiments have provided indirect evidence of
the presence of chromosomal inversions in A. aegypti
from Senegal (Bernhardt et al. 2009). Two putative chromo-
somal rearrangements have also been identified in
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Senegalese strains of A. aegypti using fluorescence in situ
hybridization (FISH) (Dickson et al. 2016). More recently,
linked-read genomic sequencing has indicated the potential
presence of multiple microinversions in nine strains of
A. aegypti (Redmond et al. 2020). However, the extent
of inversion polymorphism in natural populations of A. ae-
gypti remains largely unexplored and requires further
investigation.

The A. aegypti mosquito transmits numerous arboviral
infections with significant impact on human health
(Powell 2016b). This species was initially identified as a vec-
tor for yellow fever virus, which caused extensive mortality
among human populations in the Americas between the
17th and early 20th centuries (Powell 2016a; Fijman and
Yee 2022). Later, the advent of an effective vaccine led to
a significant reduction in the prevalence of the disease,
but since the 1950s, another disease transmitted by A. ae-
gypti, dengue fever, rapidly spread across the globe and be-
came the leading arboviral disease of the 21st century
(Gubler 2012). Dengue is now endemic in 100 countries,
with an 8-fold increase in incidence over the past two
decades, largely due to human activities and associated en-
vironmental changes (WHO 2022). Additionally, chikun-
gunya and Zika fevers are two other diseases of growing
concern that are transmitted by A. aegypti (Nabel and
Zerhouni 2016; Powell 2016a). In 2015, an epidemic out-
break of the Zika virus occurred in Brazil, resulting in 1.5
million cases which correlated with over 5,000 instances
of uncommon microcephaly in newborns (Faria et al.
2016; Weaver et al. 2016). Because A. aegypti is distributed
across the global tropics and subtropics and thrives in hu-
man environments (Powell 2016a), the diseases associated
with this mosquito currently threaten half of the world'’s
human population (Olagnier et al. 2016; WHO 2022).
This raises concerns about the risk of new epidemics caused
by A. aegypti in the future (Fontenille and Powell 2020).
Therefore, it is important to gain a deeper understanding
of the genetic diversity associated with the ecological plas-
ticity of this species to facilitate the implementation of vec-
tor control measures and mitigate arbovirus transmission.

Due to its wide geographic distribution, A. aegypti exhi-
bits a high degree of genetic and phenotypic diversity and
comprises two subspecies A. aegypti aegypti (Aaa) and
A. aegypti formosus (Aaf). The subspecies differ dramatical-
ly from each other in terms of body coloration, behavior,
habitats, association with humans, and ability to transmit
pathogens (Mattingly 1957; Sylla et al. 2009; McBride
et al. 2014; Powell et al. 2018; Aubry et al. 2020), but no
reproductive barriers between the subspecies have been
detected in the laboratory experiments (More 1979;
McBride et al. 2014). The Aaf subspecies is a dark, sylvan
form found in sub-Saharan Africa in a variety of environ-
ments, including forest, rural, suburban, and urban settings
(Powell and Tabachnick 2013; Tabachnick 2013; McBride

etal. 2014; Rose et al. 2020). In contrast, the Aaa subspecies
is a lighter form predominantly found outside of Africa and
is strongly associated with human environments. It has been
proposed that the human-associated lineage originated in
Africa in response to prolonged dry seasons in the Sahel re-
gion of West Africa about 5000 years ago when the Sahara
expanded and water stored by humans became the main
aquatic niche available to mosquitoes (Powell et al. 2018;
Rose et al. 2020; Rose et al. 2023). This human-associated
“proto-Aaa” lineage is believed to have subsequently mi-
grated to the Americas on ships during the trans-Atlantic
slave trade in the 1500 s (Brown et al. 2011; Powell and
Tabachnick 2013; Brown et al. 2014; Gloria-Soria et al.
2016; Powell et al. 2018). Chromosomal inversions may
play a role in the rapid differentiation of the A. aegypti
subspecies, particularly in adaptation to human hosts and
habitats.

The A. aegypti subspecies exhibit notable differences in
their blood feeding preferences (McBride 2016) and suscep-
tibility to various arboviral infections (Souza-Neto et al.
2019). While Aaf has opportunistic host choice and its feed-
ing behavior likely depends on host availability, Aaa is strong-
ly anthropophilic. Interestingly, genome comparisons of
multiple strains of A. aegypti with different origins identified
several key chromosomal regions associated with specializa-
tion to humans (Rose et al. 2020). Vector competence stud-
ies have shown that Aaa is a better vector of arboviruses than
Aaf (Lorenz et al. 1984; Tabachnick et al. 1985; Wallis et al.
1985; Sylla et al. 2009; Aubry et al. 2020), but exceptions
have been documented (Sylla et al. 2009; Dickson et al.
2014). Furthermore, an integration of physical and linkage
maps indicated the presence of five chromosomal clusters
of QTL related to different infections, suggesting that the
transmission of different pathogens may be controlled by
the same genomic loci (Timoshevskiy et al. 2013). Thus,
chromosomal inversions may be associated with epidemiolo-
gically relevant phenotypes in A. aegypti mosquitoes.

The observed prevalence of inversions in different
Anopheles species suggests that inversions harboring ortho-
logous genes may also be involved in similar adaptations.
Indeed, it has been demonstrated that polymorphic inver-
sions on the 2R arm of An. gambiae and on the homologous
arms of Anopheles funestus and Anopheles stephensi non-
randomly shared orthologous genes and also involved in
similar environmental adaptations in these three species
(Sharakhova et al. 2011b). However, it remains unknown
whether such a pattern will be observed between phylogen-
etically distant species such as An. gambiae and A. aegypti
which share a similar range of geographic distribution that
is largely restricted to the tropics. Even though these two
species split ~135 million years ago, they have similar
chromosome arrangements (Ryazansky et al 2024). The
chromosomal complement in both species consists of three
pairs of chromosomes in both species, but unlike in
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Anopheles, there are no typical heteromorphic X and Y sex
chromosomes in A. aegypti and sex is determined by a sex
locus located on homomorphic chromosome 1, which is
morphologically indistinguishable between the sexes
(Matthews et al. 2018). In A. aegypti all chromosomes are
metacentric, with chromosomes 1, 2, and 3 being the smal-
lest, largest, and intermediate, respectively, and with arms
approximately equal in length (Sharakhova et al 2011a).
The inversion-rich 2R in An. gambiae is homologous to
the 1g and 3p arms due to a large intrachromosomal trans-
location (Arensburger et al. 2010; Timoshevskiy et al. 2014).

The availability of a high-quality reference genome for
A. aegypti (Matthews et al. 2018) now provides an oppor-
tunity to employ genome-based technologies for the detec-
tion of chromosomal inversions in natural populations of
this mosquito. One suitable method is Hi-C proximity liga-
tion. In contrast to microscopy, this approach belongs to
the molecular-based 3C (Chromosome, Conformation,
Capture)-group of methods (Dekker et al. 2002) and pro-
vides insights into the 3D organization of whole genomes
(Lieberman-Aiden et al. 2009; van Berkum et al. 2010).
The occurrence of specific inter- and intrachromosomal in-
teractions and chromosomal rearrangements, including de-
letions, inversions, and translocations, can be estimated by
measuring the frequency of physical contacts between spe-
cific genomic loci within the nuclear space (Engreitz et al.
2012; Chakraborty and Ay 2018; Harewood et al. 2017).
The specially developed Hi-C software, Juicebox (Durand
et al. 2016; Robinson et al. 2018), provides visualization
of different types of interactions on Hi-C heat-map plots.
Hi-C maps display short-distance interactions as a distinct
diagonal line, while long-distance interactions appear as
bright spots that deviate from the diagonal. In the cases
of inversions, the areas interacting within the nuclear space
are observed away from the diagonal line. This method was
successfully used to identify previously known inversions in
Anopheles coluzzii and An. stephensi (Lukyanchikova et al.
2022b) and precise breakpoint positions in the An. gam-
biae genome (Corbett-Detig et al. 2019). Furthermore,
this method revealed two previously unknown chromo-
somal inversions in Anopheles atroparvus and Anopheles
merus (Lukyanchikova et al. 2022b).

In this study, we employed the Hi-C proximity ligation
method on pools of individual mosquitoes to identify
chromosomal inversions in a panel of A. aegypti strains re-
presenting a broad range of their global distribution as well
as extensively utilized laboratory colonies and a closely re-
lated species, Aedes mascarensis using the AaeglL5 genome
assembly (Matthews et al. 2018) as a reference. Our work
aims at (i) identifying rearrangements in A. aegypti gen-
ome; (i) validating them through FISH; (iii) characterizing
their geographic distribution; (iv) testing if inversions over-
lap with regions of the genome previously shown to be as-
sociated with olfaction and vector competence; and

(v) analyzing the homology of inversions between A. aegyp-
ti and An. gambiae.

Results

Inversion discovery using Hi-C approach

Here, we used Hi-C technology to discover chromosomal
rearrangements in A. aegypti. We tested 23 recently colo-
nized strains of A. aegypti, of which 11 strains were from
five non-African countries and 12 strains were from
Africa, two laboratory strains LVP and RU3, and A. mascar-
ensis (supplementary table S1, Supplementary Material on-
line, see Methods section for details). According to WGS
(Rose et al. 2020), all strains outside of Africa were identi-
fied as subspecies Aaa (supplementary table ST,
Supplementary Material online). In Africa all strains were
Aaf subspecies with variable degrees of Aaa admixture
(supplementary table S4, Supplementary Material online,
see Methods for details). The exceptions were strains K2
in Kenya and NGO in Senegal, which were identified as sub-
species Aaa. These strains had a high degree of Aaa admix-
ture (>37%), morphological scaling patterns characteristic
of Aaa and showed a preference for humans, like the inva-
sive Aaa populations. Inversions and putative misassemblies
found in this study are summarized in Table 1. They were
recognized based on a butterfly-like pattern outside of
the major diagonal in the Hi-C heatmap. The butterfly
wing triangles connect at a point that marks the break
points, with the color intensity increasing as a gradient
from the base to the center of the triangles (Fig. 1,
supplementary fig. S1, Supplementary Material online).
Figure 1 shows examples of the Hi-C results for chromo-
somal inversions in chromosome 1 (1pA, 19D, 1qE, 1qF,
19G) and misassembly 2. The coordinates of the inversion
breakpoints were determined based on the center position
of the butterfly-like pattern at a resolution of 5kb. The
lengths of inversions were determined based on breakpoint
coordinates (Table 1). For some widespread inversions, such
as 1pA, we observed variations in the shape and intensity of
the butterfly-like pattern across strains, possibly related to
the frequency of the inverted karyotype in the pool of se-
guenced individuals (Fig. 1a and b). Overall, a higher abun-
dance of individuals with the inversion resulted in a
stronger and more intense butterfly-like pattern outside
of the diagonal. After evaluating the Hi-C maps of all the
strains collected from the field, the old laboratory strains,
and A. mascarensis, we concluded that, according to our
criteria, none of the inversions resulted in a complete dis-
ruption of the major diagonal for all the examined strains.
Therefore, we classify all the inversions discovered in this
study as polymorphic.

Strikingly, a puzzle of four overlapping inversions—1qD,
1qG, 1gE, and 1gF—was found in the telomere region of
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Table 1 Chromosomal inversions in A. aegypti and A. mascarensis

No. Inversion name Start (bp) End (bp) Length (bp) Hi-C ID
Field collected strains of Aedes aegypti
1 1pA 1,200,000 16,520,000 15,320,000 MIN; NGO; PKT; OGD; OHI; AWK; FCV; UGA; KAK
2 1pB 71,280,000 104,960,000 33,680,000 F54; T51
3 19C 208,925,000 223,850,000 14,925,000 OHI
4 19D 301,350,000 307,420,000 6,070,000 MIN; NGO; PKT; OGD; AWK
5 1qE 265,960,000 308,045,000 42,085,000 MIN; PKT
6 1qF 266,010,000 285,565,000 19,555,000 MIN; PKT; OHI
7 19G 271,675,000 286,750,000 15,075,000 OoGD
8 2pA 59,650,000 103,875,000 44,225,000 B53
9 2gB 298,150,000 332,420,000 34,270,000 OHI
10 2qC 413,890,000 426,620,000 12,730,000 FCV
11 29D 464,175,000 472,750,000 8,575,000 AWK; KAK
12 3pA 68,700,000 93,800,000 25,100,000 UGA
13 3pB 53,450,000 108,225,000 54,775,000 OGD
14 3pC 80,775,000 97,425,000 16,650,000 MONT, GUER, CUER, COLI
15 3pD 101,800,000 109,600,000 7,800,000 oGD
16 3pE 129,400,000 160,150,000 30,750,000 NGO
17 3qF 328,850,000 337,550,000 8,700,000 UGA
18 3qG 404,100,000 409,300,000 5,200,000 MIN; NGO; PKT; OGD; OHI; AWK; UGA; KAK
Lab strains of Aedes aegypti
1 2qL 377,685,000 379,125,000 1,440,000 LVP
2 3gR 205,905,000 206,750,000 845,000 RU3
Aedes mascarensis
1 2pM 84,745,000 90,695,000 5,950,000 MASC
# Misassembly name Start (bp) End (bp) Length (bp) Hi-C ID
Misassemblies
1 1p Misassembly 1 193,140,000 194,125,000 985,000 All strains
2 1q Misassembly 2 301,900,000 307,225,000 5,325,000 All strains

Start and end inversion coordinates are shown in accordance with AaeglL5.0 genome assembly (Matthews et al. 2018).

the 1g chromosome arm (Fig. 1c and d). Although inversions
19D, 1gF, and 19G were found as separate inversions in dif-
ferent strains (Table 1, Fig. 1c), inversion 1qE was always pre-
sent together with 1gD and 1gF (e.g. in MIN and PKT,
Senegal), representing an example of a triple inversion
(Fig. 1d). This result suggests that inversion 1qE (42 Mb
long) was originally formed on the chromosome that con-
tained both smaller inversions 1gD (5 Mb long) and 1gF
(19 Mb long) (Fig. 1c and d). Therefore, inversions 1qE and
1gF formed a “broken butterfly-like” pattern in the Hi-C
map of the MIN strain (Fig. 1d) because the proximal break-
points of the 1qE and 1qgF inversions were very close to each
other (=50 kb). Inversion 1gD in the same Hi-C map in the
MIN strain formed a clear independent butterfly-shaped pat-
tern because the distal breakpoints of inversions 1gD and
1gF were further from each other (%625 kb). None of the de-
scribed inversions shared breakpoints.

Finally, our study identified two misassemblies in the
reference genome Aaegl5.0 (Matthews et al. 2018).
The presence of misassemblies were considered if the
butterfly-like patterns outside of the major diagonal in
Hi-C maps were determined in all examined strains

(Table 1), including the RU3 strain, which was used for
the genome assembly (Matthews et al. 2018). The lengths
of misassemblies 1 and 2 were 0.98 Mb and 5.3 Mb, re-
spectively. The larger misassembly 2 was located near in-
version 1D but had slightly different coordinates and
was clearly differentiable in both the OGD and MIN strains
in Fig. Tc and d, respectively.

Overall, based on Hi-C data, our study discovered 18
chromosomal inversions in recently colonized strains from
around the world, 2 inversions in old laboratory strains,
Liverpool (Severson et al. 2002) and the inbred derivative
strain RU3 (Matthews et al. 2018), 1 inversion in A. mascar-
ensis, and 2 potential misassemblies in the reference gen-
ome AaeglL5.0 (Matthews et al. 2018).

Inversion validation using fluorescence in situ
hybridization

To validate the Hi-C results, chromosomal inversions were
examined using FISH in mitotic chromosomes from imagi-
nal discs of 4th instar larvae. Six inversions (1pA, 19D, 1qE,
1gF, 3pA, 3pB) and misassembly 2 were selected for valid-
ation based on their abundance, geographical distribution,
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Fig. 1. Inversion patterns in the Hi-C heat maps of the chromosome 1. a) Hi-C heat map for the 1pA inversion in the UGA strain. b) Different patterns of Hi-C
heat maps associated with frequencies of the 1pA inversion in different strains. ¢) Hi-C heat map for the 1gG and 1gD inversions and misassembly 2 in the OGD
strain. d) Hi-C heat map for three overlapping inversions, 1D, 1qE, and 1gF inversions, in the MIN strain. Schematic representations of inversions are indicated
by brackets within the chromosome arms on the left of (3, ¢, and d). Arrows point to the center of the butterfly-like patterns. Break points are shown by dashed
lines. Below the pictures on () and (d) are enlarged images of the inversions and misassembly 2. Chromosomal inversions are seen as a butterfly-like pattern
outside of the major diagonal on the Hi-C heat maps. These patterns are more pronounced in strains with a higher abundance of individuals carrying inversion
1pA (b). Overlapping inversions 1gE and 1gF produce a disrupted butterfly pattern on the Hi-C heat map shown in (d).
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Fig. 2. Validation of inversions in chromosome 1 using FISH. a) A diagram of FISH experiments for chromosome 1. Chromosomes are schematically shown by
gray color. Letter C stands for the centromere. Inversion 1pA is shown in blue color, inversions 1gE, 19D, and 1gF are shown by different shades of green color.
Chromosome arms 1p and 1qg on the left of the panel represent standard arrangements; chromosome arms in the middle and on the right are shown in
inverted arrangements. Arrows inside the inversion regions of 1gE and 1qgF indicate orientations of standard arrangements. Positions of probes used for
FISH, AAELO12233, AAEL025976 and AAEL022285, AAEL023895, are indicated by red and blue colors, respectively. The corrected pattern of misassembly
2 is shown in supplementary fig. S2, Supplementary Material online. Breakpoint positions are indicated by brackets. b—d) Examples of FISH for validation of the
inversions 1pA (b), 19D (c), and 1qE (d). 1p and 1q stand for the chromosome arms. Numbers 1, 2, and 3 stand for the chromosome numbers. All images
represent chromosomes at the prometaphase stage of mitosis whereas homologous chromosomes are paired. Standard arrangements of the chromosomes
are indicated as +, inverted by capital letters A, D, and E. Probes used for FISH are indicated by the last five numbers in red and blue colors in correspondence
with the fluorescence dyes Cy3 (red) or cy5 (blue), which were used for the labeling. Chromosomes are counterstained with YOYO-1 (green). Standard and
inverted arrangements are shown for the inversions 1pA (b) and 1gD (c) but standard, inverted, and heterozygous arrangements are shown for the inversion
1qE. In d), images on the left represent zoomed pictures of the images on the right. Homologous chromosomes are tracked by dashed lines in yellow and red
for the standard and inverted arrangements in (D). The mosquito strains used in this figure are RU3 for +*/+*, UGA for A/A, RU3 for +°/+°, OGD for D/D, and
MIN for +5/+, +%/E, and E/E. FISH results provide physical evidence for the presence of the inversions.

and chromosomal location. Since some of these inversions,
as well as misassembly 2, overlapped, we were able to per-
form FISH using only three pairs of probes: AAEL012233
and AAEL022285 probes for the 1pA inversion,
AAEL025976 and AAEL023895 probes for the 1gD and
1gE inversions and the misassembly 2 on the 1g arm,
and AAELO07127 and AAEL019648 probes for the
3pA and 3pB inversions (supplementary table S2,
Supplementary Material online).

A scheme and examples of FISH experiments in
chromosome 1 are shown in Fig. 2. As each of the paired

probes was labeled by a different fluorescent dye (Cy3 or
Cy5), standard, inverted, and heterozygote karyotypes
were identified by the order of the probe signals along
the chromosomes based on their proximity to the telo-
mere. For the 1pA inversion, we performed FISH for the
RU3, PKT, and UGA strains. FISH results demonstrated
that only individuals with standard arrangements were
present in the RU3 and PKT strains, but only inverted ar-
rangements were found in all individuals of the UGA
strain (Fig. 2, supplementary table S3, Supplementary
Material online).
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In addition, we examined the presence of misassembly 2
and inversions D and E in the 1q arm. To validate the pres-
ence of misassembly 2, we performed FISH of the
AAEL023895 and AAEL025976 probes in five individuals
from the reference genome strain RU3 (Matthews et al.
2018). In all individuals, FISH results showed the reverse or-
der in the chromosomes compared to the reference
AaeglL5.0 genome, supporting the presence of a misassem-
bly (supplementary fig. S2, Supplementary Material online).
Then, we used the same probes to test for overlap between
misassembly 2 and inversion 1gD in 2 different strains, UGA
and OGD. The Hi-C data mapped to the reference genome
indicated the absence of the 1gD inversion in the UGA
strain but the presence of this inversion in the OGD strain
and the presence of misassembly 2 in the reference gen-
ome (Table 1, Fig. 1c). The FISH results confirmed the ab-
sence of the 1gD inversion in the UGA strain and
presence of the misassembly in the reference genome. In
contrast, FISH results in the OGD strain indicated the pres-
ence of only inverted 1gD arrangements in all three tested
individuals but also supported the presence of misassembly
2 in the reference genome (Fig. 2¢, supplementary table S3,
Supplementary Material online).

Finally, we used the same pair of FISH probes,
AAEL023895 and AAEL025976, to confirm the presence
of 1gE in the PKT and MIN strains. Because inversion 1qE
is bigger than inversion 1D (42 Mb vs. 6 Mb), we were
able to use proximity to the telomere as an additional mark-
er for interpretation of the FISH results (Fig. 2a). Standard
(+5/+F) and inverted (E/E) arrangements were recognized
by signal locations near or distant from the 1q telomere, re-
spectively (top and bottom panels, Fig. 2d). The heterozy-
gous arrangement (+%E) is shown in the middle panel of
Fig. 2d. In this case, signals were observed in different posi-
tions on two homologous chromosomes that were paired
at the prometaphase stage of mitosis. FISH results in both
the PKT and MIN strains showed the presence of standard,
heterozygote, and inverted karyotypes of this inversion
(supplementary table S3, Supplementary Material online).

Inversions 3pA in the UGA strain and 3pB in the OGD
strain were only found in standard and standard/heterozy-
gous arrangements among four and ten tested individuals,
respectively (supplementary table S3, Supplementary
Material online, supplementary fig. S3, Supplementary
Material online). Thus, FISH results provided clear evidence
that the inversions identified by the Hi-C method are real.

Inversion nomenclature and metrics

Because there was no overlap between the inversions we
document here and those putatively identified in previous
work (Dickson et al. 2016; Redmond et al. 2020), we estab-
lished a new nomenclature for the discovered inversions.
First, the name of each inversion included the name of the

chromosomal arm on which it was found, following the no-
menclature for A. aegypti chromosomes (Sharakhova et al.
2011a). The chromosomal complement in A. aegypti con-
sists of three pairs of metacentric chromosomes 1, 2, and
3 with shorter arms p and longer arms g (Fig. 3). In addition
to the chromosomal arm, the name of each inversion in-
cludes a capital letter (A, B, C, D, etc.) to avoid confusion
with previously described putative microinversions that
were named by small letters (Redmond et al. 2020).

The chromosomal inversions identified in the field strains
were unevenly distributed among chromosomal arms with
most of the inversions were found on arms 1q (n=5) and
3p (n=05). Within chromosomal arms, inversions were
most dense in the area close to the telomere on arm 1q
and in the middle of arm 3p. The lengths of inversions found
in recently colonized strains varied from 5,200,000 bp (3qG)
to 54,775,000 bp (3pB) with a mean inversion length
of 21,971,389 bp and a median inversion length of
15,985,000 bp (Table 1). The length of two inversions
found in the old lab strains were smaller—1,440,000 bp
for 2gL in the Liverpool strain and 845,000 bp for 3gR in
the RU3 strain, respectively. The inversion found on arm
2p (2pM) in A. mascarensis has a length of 5,950,000 bp.
Thus, our study identified the presence of a large pool of
multi-megabase chromosomal inversions in the A. aegypti
genome with uneven distribution along the chromosomes.

Geographical distribution and population patterns

To better understand the geographical distribution of the
chromosomal inversions found in A. aegypti, we included
multiple strains from across the global tropics in this study.
Among 23 recently colonized field strains, 12 strains were
from 6 countries in Africa: Burkina Faso, Gabon, Kenya,
Nigeria, and Uganda, and 11 strains were from 6 countries
outside of Africa: Brazil, Colombia, Malaysia, Mexico,
Thailand, and the United States. Overall, the study identified
more inversions in African strains than in non-African
strains: 15 versus 3 inversions, respectively (Fig. 4). It is en-
couraging to note that these inversions occur in regions
that showed elevated differentiation between populations
in previous genomic work (Rose et al. 2020). Among all
the inversions found in Africa, three inversions, 1pA and
3qG, were abundant in multiple strains distributed across
the continent and, therefore, were classified as common
African inversions. Four inversions, 19D, 1qG, 1qE, and
1gF, were discovered only in West Africa and were classified
as West African endemic inversions. Another nine inversions
were considered rare because they were found only in one
or two African strains. Among three chromosomal inver-
sions in A. aegypti outside of Africa, the 3pC inversion
was found in four Mexican populations. Intriguingly, inver-
sion 1pB was found in two geographically distant popula-
tions in Thailand and in the United States (in Florida),
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Fig. 3. Chromosomal map of the inversion identified in A. aegypti and A. mascarensis. Chromosomes are labeled as 1, 2, 3; short and long arms are indicated
as p and g, respectively. Numbers on the left indicate chromosome regions and on the right show genome coordinates in Mb in accordance with AaegL5.0
genome assembly (Matthews et al. 2018). Inversions endemic in West Africa, other inversions in Africa, and inversions found outside of Africa are shown by
green, blue, and red colors, respectively. Common African inversions 1pA and 3gG are shown in bold. Inversions 2pM in A. mascarensis, 3gR and 2qL in RU3
and Liverpool strains are shown black. Inversions are unevenly distributed along the chromosomes whereas most of the inversions localize in the 1qg and 3p

arms.

suggesting a potential common ancestry of these strains.
Only one strain from Africa (SHM in Kenya) and four from
outside Africa (two from Florida, United States, one from
Colombia, and one from Malaysia) showed no evidence of
inversions. Thus, inversions in A. aegypti are abundant
and highly associated with the geographical location of
the strain.

In addition to characterizing the geographical distribu-
tion of each inversion based on Hi-C data from lab colonies,
we identified the spread of the common inversions, 1pA
and 3qG in Africa using SNP-based inversion genotyping
approach. For the SNP identification, we used publicly

available whole-genome sequences from 393 field-
collected individuals from ~30 populations across the
African continent (Rose et al. 2020) shown in
supplementary table S4, Supplementary Material online.
First, to control for the effects of population structure, we
examined genetic structure across the two inversion loci
within a single geographic region, southern Senegal, which
was expected to harbor both inversions at intermediate fre-
quencies. As expected, principal component analyses of in-
version loci yielded bi- or trimodal distributions of
individuals across the first principal component, likely
corresponding to the different inversion karyotypes
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Table 2 Diagnostic SNPs for inversions 1pA and 3qG

Inversion Inversion genome coordinates (Mb)

Genome coordinates for diagnostic SNPs (bp)

1pA 1.2to0 16.5
39G 404.1 to 409.3

16421358, 16422475, 16422651, 16442937, 16443906, 16452597, 16452822, 16452923, 16453689
404145030, 404187138, 404258781, 404266298, 404490025, 404650498

Genome coordinates are shown according to AaegL5 genome assembly of A. aegypti (Matthews et al. 2018). SNPs showing perfect correlation with putative karyotype

are shown in bold.

(supplementary fig. S4, Supplementary Material online).
The SNPs driving this structure showed strong linkage dis-
equilibrium for multiple places across each inversion locus
(supplementary fig. S5, Supplementary Material online),
and the consensus genotype across these SNPs for all 393
examined individuals corresponded precisely to the distri-
bution and abundance of inversions found in our Hi-C ana-
lyses (Table 1). Finally, we identified putatively diagnostic
SNPs with near-perfect correlation to the estimated inver-
sion karyotype (Table 2).

Based on these inversion-linked SNPs, we estimated the
frequencies of the standard, inverted, and heterozygote
karyotypes for inversions 1pA and 3qG in all 31 populations
across Africa. In four African locations, KIN’, OGD’, RAB’,
and BUN’, two or three closely located populations with
low number of individuals were combined and named by
the population with the biggest number of individuals
(supplementary table S4, Supplementary Material online,
see Method section for details). The results of this analysis
are shown in Fig. 5a. We used the chromosomal inversion

frequencies of 24 African-wide populations and 2 popula-
tions outside of Africa to perform a hierarchical clustering
analysis (Fig. 5b. supplementary fig. S6, Supplementary
Material online). The analysis subdivided all mosquito
populations into four large clusters: (i) Eastern Kenya
and non-African locations; (i) Coastal West Africa;
(i) West-Africa; and (iv) Central Africa. In Africa, most of
the populations followed the patterns of their geographical
origin with only minor exceptions. The first cluster included
five populations from Coastal Kenya (KWA, SHM, RAB’,
ABK, GND, and KBO) and two non-African populations
from Brazil (SAN), and Thailand (BKK). This cluster was as-
sociated with extremely low frequencies or the absence
of inversion 1pA and complete absence of inversion 3qG.
Exceptionally, a population of Central African origin in
Gabon (LPV), which also falls into this cluster, had a low fre-
guency of 1pA inversion and no 3qG inversion. The second
cluster included four populations located in coastal areas of
West and Central Africa in Senegal (THI and NGO), Ghana
(KUM), and Gabon (LBV). In contrast to East Coastal African
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(supplementary fig. S5, Supplementary Material online) shown by gray rectangles. In four locations, KIN’, OGD’, RAB’, and BUN’, 2 or 3 closely located po-
pulations with low number of individuals were combined and named by the population with the biggest number of individuals (supplementary table S4,
Supplementary Material online). The composition of clusters correlates with the geographic locations of populations. These clusters correspond to the follow-
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populations, 1pA inversion frequencies were relatively high
and inversion 3gqG was also present. The third cluster in-
cluded seven populations located in inland West Africa:
Senegal (MIN, PKT, BTT, and KED); Burkina Faso (OHI);
Ghana (KIN’); and Nigeria (AWK). The presence of both
1pA and 3gG was a characteristic of this cluster. Finally,
the fourth cluster included three tropical Central African
populations from Uganda (BUN’, KCH, ENT), two from
Western Kenya (KAK, VMB), and one from Gabon (FCV).
A typical feature of this cluster was extremely high frequen-
cies of the 1pA inversion and the presence of the 3gG inver-
sion. One population from Burkina Faso (OGD’) also fell into
this cluster because of the abundance of the 1pA inversion
in this population. Thus, chromosomal inversions found in
this study are highly associated with the geographic origin
of the strains and can be potentially involved in adaptations
of A. aegypti populations to the natural environment.

Potential associations of the inversions with
epidemiologically important traits

To explore the potential contribution of chromosomal in-
versions into epidemiologically important phenotypes in
A. aegypti, such as olfactory behaviors or vector compe-
tence, we attempted to find colocalizations of chromosom-
al inversions, chemoreceptor genes, and QTL related to
vector competence. Chemoreceptors involved in host seek-
ing behavior of mosquitoes are subdivided into three fam-
ilies: odorant receptors (ORs), gustatory receptors (GRs),
and ionotropic receptors (IRs) (Matthews et al. 2018). We
calculated an overlap significance between each inversion
and the positions of each class of chemoreceptor genes
separately (i.e. increasing density of the corresponding
genes inside inversions). Using this approach, we identified
seven inversions that colocalized with chromosomal posi-
tions of chemoreceptor genes with sufficient statistical sig-
nificance (Fig. 6a, supplementary table S5, Supplementary
Material online). West-African overlapping inversions 1qF
and 1qE, and Brazilian inversion 2pA colocalized with the
OR genes. Mexican inversion 3pC, and overlapping
African inversions 3pA, 3pB, and 3pD colocalized with IR
genes. Finally, overlapping African inversion 3pB and 3pD
also colocalized with the positions of GR genes. We applied
the same calculation to find an overlap between inversions
and QTL for various infections (Timoshevskiy et al. 2013).
The Brazilian inversion 2pA and African inversion 3pB sig-
nificantly overlapped with QTL related to the transmission
by mosquitoes of various infectious disease agents.
Because chemoreceptors are distributed nonrandomly
throughout the genome and clustered into chemoreceptor-
rich regions, we performed additional calculations to find
an overlap between inversions and clusters of evolutionary
related chemoreceptors (Ryazansky et al. 2024). We first
identified chemoreceptor genes with similar evolutionary

trajectories and combined them into evolutionary clusters
based on their position on phylogenetic trees and their
chromosome positions (supplementary figs. S7 to S9,
Supplementary Material online). For example, 60 out of a
total number of 106 OR genes were combined into 24
OR gene clusters and 46 remaining genes (supplementary
fig. S7, Supplementary Material online, supplementary
table S6, Supplementary Material online). When overlaps
between inversions and chemoreceptor gene clusters/
remining genes were calculated, four inversions were
still identified as enriched with these genes: 1gF with OR
genes, 1gC with IR genes, and inversions 3pB and 3pD
were enriched with GR genes (supplementary table S7,
Supplementary Material online). Finally, we employed a
permutation test (Cabrera et al. 2012) to validate whether
inversion regions were enriched for chemoreceptor genes.
We applied 100 circular chromosome permutations, in
which a single random offset was drawn from a uniform
distribution across the length of each chromosome.
Circular permutations also revealed a significant overlap
(P<0.01) between inversions and chemoreceptor genes,
considering the clustering of chemoreceptor genes within
the genome (supplementary fig. S10, Supplementary
Material online). Thus, this study demonstrated significant
overlap between the genomic locations of the chromosom-
al inversions and chemoreceptor genes and QTL associated
with various infections.

Genetic similarities between inversions in Aedes aegypti
and An. gambiae

It has been shown that the 1q and 3p chromosomal arms in
A. aegypti are homologous to the inversion-rich 2R arm in
the malaria vector An. gambiae (Arensburger et al. 2010;
Timoshevskiy et al. 2014). In this study, we compared the
location of genes inside of the common inversions of An.
gambiae (Sharakhov et al. 2006; Coulibaly et al. 2007,
George et al. 2010; Lobo et al. 2010) (supplementary
table S8, Supplementary Material online) with locations of
the inversions described in this study for A. aegypti. A total
of 7,347 single-copy orthologs were identified between the
two species and used to test whether inversions in one spe-
cies significantly overlap with inversions in the other species
(Fig. 6b, supplementary fig. S11, Supplementary Material
online). The results of the hypergeometric test identified
33 significant associations after multiple testing correction
out of total of 126 comparisons. The most significant asso-
ciations were found between the 3pA (UGA) and 3pB
(OGD) inversions of A. aegypti and the 2Rj inversions of
An. gambiae. Also, the 2pA (B53) inversion of A. aegypti
significantly overlapped with the 2La inversion of An. gam-
biae. Moreover, inversion 3pD in A. aegypti significantly
overlapped with multiple inversions of 2R chromosomal re-
gions in An. gambiae (2Rbk, 2Rc, 2Rd, 2Ru). These results
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Fig. 6. Associations of the chromosomal inversions A. aegypti with chemosensory receptor genes and quantitative trait loci related to vectorial capacity (a) and
overlaps with A. gambiae inversions (b). a) Chromosomes are indicated by the numbers 1, 2, and 3 and arms as short p and long g. Chromosomal positions
and orientation of chemosensory receptor (CR) genes including odorant receptor (OR), gustatory receptor (GR), and ionotropic receptor (IR) genes are shown
by small triangles in different colors, with coding strand indicated by the direction that the triangles point. Quantitative trait loci (QTL) are shown by flags in
different colors. MIB (midgut infection barrier) and MEB (midgut escape barrier) indicate two different types of QTL related to dengue virus infection.
Chromosomal inversions are shown by colored and black lines below the chromosomes. Inversions associated with CR genes and QTL are labeled with
the same colors. Seven and two chromosomal inversions overlap with statistical significance with CRs and QTL, respectively. b) Circos plot representation
of single copy orthologs between the two species falling into the common regions of inversion polymorphism. Chromosomes are shown by green color
for An. gambiae and red, orange, and yellow colors for chromosomes 1, 2 and 3 in A. aegypti, respectively. Chromosomal inversions with significant overlaps
between the species are shown by red bars and the rest of the inversions are indicated by black bars. Lines connect positions of the ortholog genes in the
genomes of the two species. Inversion-rich regions in the 1p and 3q arms in A. aegypti significantly overlap with inversions in the 2R arm. Widely spread
in Africa, inversion 2La of An. gambiae overlaps with inversion 2pA found in A. aegypti from Brazil. Locations of CR genes and QTL are shown in accordance
with AaegL5.0 genome assembly (Matthews et al. 2018).
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indicate that common sets of genes between these highly
diverged species are nonrandomly implicated in the inver-
sion polymorphism and can potentially be important for
their adaptation, suggesting a parallel evolution of the
two species under similar environmental conditions (dis-
cussed below).

Discussion

Although inversion polymorphism in natural populations is
well-characterized in malaria-transmitting Anopheles mos-
quitoes, including the major vector of malaria in Africa, An.
gambiae (Coluzzi et al. 2002; Love et al. 2016; Love et al.
2020), finding chromosomal inversions in A. aegypti has
been challenging due to the difficulty of obtaining high
quality polytene chromosome preparations from this spe-
cies (Campos et al. 2003). In this study, for the first time,
we document presence of the large chromosomal inver-
sions in the A. aegypti genome using a molecular method
called Hi-C proximity ligation (Corbett-Detig et al. 2019).
The seven inversions identified in our study exhibited pos-
itional similarity to those recently discovered in 1206 global
WGS on chromosomes 1 and 2, but not on chromosome 3
(Crawford et al. 2024). The WGS analyses revealed the
presence of additional inversions that were not identified
by the Hi-C method. Indeed, the Hi-C approach is not suit-
able for identification of microinversions as their butterfly-
like pattern, if present, would be located very close to or
“buried” inside the main diagonal on the contact heat
map if inversion size is under 500 kb. Interestingly, the de-
velopment of a linkage map based on hybrids between the
A. aegypti Liverpool strain and the PK-10 strain of A. aegyp-
ti from Senegal indicated severely reduced recombination
in F2 offspring, suggesting the presence of four, one, and
three inversions in chromosomes 1, 2, and 3, respectively
(Bernhardt et al. 2009). Although the genomic positions
of the genetic markers used in the linkage mapping study
did not match the inversion positions found here, it is likely
that the inversions contribute to reduced recombination in
the chromosomes in hybrids between the Liverpool and
PK-10 strains.

Since the inversion polymorphism has been well charac-
terized in the African malaria vector, An. gambiae, it was in-
teresting to compare the inversions between these two
species. The lengths of chromosomal inversions in natural
populations of A. aegypti varied between 5 and 55 Mb,
nearly twice the length of those in An. gambiae (4-22
Mb) (Love et al. 2019). Such differences are likely related
to the fact that the A. aegypti genome is 4.4 times the
size of An. gambiae, 1.25 Gb (Matthews et al. 2018) versus
0.25 Gb (Holt et al. 2002), respectively. As in the An. gam-
biae genome, inversions in A. aegypti were unevenly dis-
tributed along chromosomal arms. In A. aegypti the
highest numbers of inversions were identified in the 1q

and 3p arms. In An. gambiae, most chromosomal inver-
sions have been found in the arm 2R, which is homologous
to both the 1q and 3p arms of A. aegypti (Timoshevskiy
et al. 2014). Among 15 inversions found in Africa, only
two (1pA and 3gG) were common across the entire contin-
ent. Likewise, only two An. gambiae inversions, 2La and
2Rb, are widely spread in Africa (Love et al. 2019). Most
of the endemic chromosomal inversions in A. aegypti
(1gF, 19D, 1qgE, and 19G) were found in West Africa.
Similarly, three chromosomal inversions (2Rc, d, and u) on
the 2R arm of An. gambiae, homologous to 1g arm of A.
aegypti, are restricted to West Africa and only rarely found
in Central and Eastern Africa. However, these species com-
parisons are tentative as much better information on geo-
graphical distribution of inversions in A. aegypti is needed
to reach any strong conclusions.

Nevertheless, it is tempting to speculate that the similar
geographic ranges of inversion polymorphisms in two
distantly related African mosquito species, A. aegypti and
An. gambiae, are associated with their shared natural envir-
onment. If the same genes are captured by inversions in
both species, they may have the same phenotypic effects.
This study directly examined the overlap between the genes
located within A. aegypti and An. gambiae inversions.
Interestingly, multiple genes inside of the endemic West
African An. gambiae inversions 2Rc, 2Rd, 2Ru (Love et al.
2019) overlapped significantly with the 3pD inversion of
A. aegypti, which is also endemic to West Africa (found in
OGD, Fig. 6b). Also, significant associations were found be-
tween the 3pA and 3pB inversions of A. aegypti and the 2R]
inversion of An. gambiae (Fig. 6b). Although we did not
find correlations between the common inversions 1pA
and 3qG, which are distributed throughout the African
continent in A. aegypti, and inversions in An. gambiae in
Africa, we found a strong association between the com-
mon African 2La inversion in An. gambiae and the 2pA in-
version in A. aegypti in Brazil. Overall, these results indicate
that some inversions nonrandomly capture similar sets of
genes important for mosquito adaptation, suggesting a
parallel evolution of the two species. Alternatively, these
genomic regions may share properties that make them un-
stable leading to a higher-than-average rate of production
of chromosomal rearrangements. Chromosomal inversions
can be involved in parallel evolution in various organisms
(Westram et al. 2022). Such parallel evolution is most likely
to be detected in regions subjected to strong selection such
as inversions.

Interestingly, in two populations of A. aegypti in
Senegal, we found an unusual rearrangement, a triple in-
version on arm 1qg comprising three overlapping inversions
19D, 1qgF, and 1qE. Similarly, the inversion 3L1 is repre-
sented by a combination of at least two overlapping inver-
sions in the malaria mosquito Anopheles messeae (Artemov
et al. 2021). This double inversion is widespread in natural
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populations in Eurasia but the two single inversions inside
3L1 were never found separately in nature (Brusentsov
et al. 2023). Such overlapping chromosomal inversions
should lead to a greater reduction of recombination com-
pared to single inversions. Indeed, the triple inversion 1qE
overlaps with the highest peaks of genetic divergence be-
tween strains from West Africa (Rose et al. 2020). Such sup-
pression of recombination may cause differentiation of the
gene arrangements and may accelerate the accumulation
of fixed genetic differences among populations. Thus, our
discovery of chromosomal inversions in A. aegypti will assist
in adequate interpretation of population genomic data in
this species.

According to recent investigations, A. aegypti likely origi-
nated in the islands of the Southwest Indian Ocean after di-
verging from its closest relative A. mascarensis around
7 MYA and invading Africa around 85,000 years ago
(Soghigian et al. 2020). Beginning about 5,000 years ago,
two forms began to emerge in West Africa, one remaining
in its native forest ecotone habitat and the other beginning
to use human settlements to survive long dry periods (Rose
et al. 2023). This latter form was preadapted to life aboard
ships and began to spread around the tropical and subtrop-
ical regions in the world about 500 years ago during slave
trade period. Gradually, this human-associated form ac-
quired the morphological and behavioral traits that we
now associate with subspecies Aaa (Mattingly 1957;
Brown et al. 2011; Brown et al. 2014; McBride et al.
2014; Gloria-Soria et al. 2016; Powell et al. 2018; Rose
et al. 2020). Our study revealed a striking difference be-
tween African inversion-rich, obviously Aaf populations
and non-African inversion-poor Aaa populations support-
ing a derived status of non-African populations versus
African populations of A. aegypti. Although the total num-
ber of strains examined was almost the same for African
and non-African populations (12 vs. 11, respectively),
most inversions were found in African strains (15 vs. 3).
Interestingly, there was no overlap between inversions
found in African and non-African populations. This could
be due to insufficient sampling in our study or, perhaps,
new inversions arose or drifted to high frequency during
population bottlenecks in Aaa over the relatively short per-
iod (=500 years) since it escaped Africa. Thus, the inversion
data add to the growing support for the genetic distinct-
ness of Aaa and Aaf, implying a single out of Africa event
(Brown et al. 2014; Gloria-Soria et al. 2016; Kotsakiozi
et al. 2018; Powell et al. 2018).

Could inversions provide insights on the geographic ori-
gin of the introduction of A. aegypti outside of Africa? The
ancestral proto-Aaa form should have a similar chromo-
somal arrangement to non-African populations with a
low number of inversions or no inversions in their genome.
While there are many endemic inversions segregating
in West Africa, they have low frequency in some strains in

northern Senegal where proto-Aaa has been found. For ex-
ample, many mosquitoes from the human-preferring NGO
population have no inversions. Our data are, thus, consist-
ent with the idea that proto-Aaa arose in West Africa and
was then perhaps introduced to other coastal African slave
trading ports, such as in Angola, where they mixed further
with local populations before migrating to the Americas.
Coastal Angola as a place of proximate origin of the
non-African Aaa has been proposed partly due to the large
amount of slave-trade from the place that is coastal Angola
today (Kotsakiozi et al. 2018; Rose et al. 2023).

In addition, we tested whether geographical clusters asso-
ciated with the two most common inversions in Africa, TpA
and 3qgG, followed the patterns of population structure in A.
aegypti or whether these clusters have their own geograph-
ical patterns, suggesting involvement of these inversions
in climatic or ecological adaptations of the mosquitoes.
Frequencies of the two common inversions were estimated
in 24 populations across Africa using the SNP-based geno-
typing approach developed in this study and reviled presence
of four major clusters. Although we did not find a direct cor-
relation between the levels of Aaa admixture and inversions,
overall these data overlap with the observation of the pres-
ence of three major geographical clusters in Africa asso-
ciated with West, East, and Central Africa (Rose et al.
2020). The presence of an additional coastal cluster in
West Africa may suggest a role for these inversions in climate
adaptation. However, better sampling is needed to deter-
mine the impact of inversions on the neutrality assumptions
made for A. aegypti population genetics.

To evaluate how inversions may potentially affect traits
important in disease transmission, we attempted to correl-
ate locations of the chromosomal inversions with the posi-
tions of clusters of chemoreceptor genes involved in smell
and taste (Matthews et al. 2018) and QTL related to levels
of pathogen infections (Bosio et al. 2000; Severson et al.
2002; Timoshevskiy et al. 2013). We found significant over-
lap of the 1gF inversion, which is endemic in West Africa,
with clusters of OR genes located close to the telomere
on 1q(Matthews et al. 2018). As was shown before, this re-
gion overlaps with the highest peaks of SNP differences be-
tween strains in West Africa (Rose et al. 2020), which
includes a gene Or4 that was previously linked to prefer-
ence for human odors (McBride et al. 2014). Interestingly,
inversion 2pA, which colocalized with the location of QTL
implicated to affect multiple pathogen infections including
dengue, filariasis, and avian malaria (Timoshevskiy et al.
2013), is a homologous to inversion 2La in An. gambiae,
which is known to be associated with malaria transmission
(Riehle et al. 2017). These results suggest that chromosom-
al inversions can potentially regulate the behavior of mos-
quitoes related to their ability to recognize humans as
potential hosts and to transmit epidemiologically important
pathogens.
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Methods

Mosquito colonies

Information about mosquito colonies and collections is
summarized in supplementary table S1, Supplementary
Material online (Severson et al. 2002; Garcia-Luna et al.
2018; Matthews et al. 2018; Rose et al. 2020; Metz et al.
2023). The Hi-C analyses included 23 strains of A. aegypti,
which were recently colonized (supplementary table ST,
Supplementary Material online). Of these, 12 strains were
from 6 African countries across the species’ native range
(Senegal, Burkina Faso, Nigeria, Gabon, Uganda, and
Kenya), while 11 strains were from 5 non-African countries
(Mexico, United States, Brazil, Thailand, and Malaysia).
The SNP-genotyping approach included 32 strains that
were previously sequenced using WGS (supplementary
table S4, Supplementary Material online, Rose et al.
2020). In addition, two laboratory strains of A. aegypti
(Liverpool and inbred Liverpool strain, RU3) and A. mascar-
ensis, a closely related species of A. aegypti, from Mauritius
Island, were also utilized. Colonies were kept under stand-
ard conditions in incubators (Benedict and Dotson 2015).

Hi-C inversion detection

To discover chromosomal inversions, 2,235 adults from 20
strains and >6,000 embryos from 6 strains were used
to build 49 Hi-C libraries (supplementary table ST,
Supplementary Material online). Two Hi-C libraries were
made for most strains, except for three strains (MONT,
GUER, and RU3), for which only one library each was con-
structed. We first utilized the in situ Hi-C protocol for library
preparation that was developed for mosquito embryos and
described previously (Lukyanchikova et al. 2022a). Each rep-
licate was made from more than 1,000 embryos. We then
applied the Arima-Hi-C +High Coverage kit (Arima
Genomics, Carlsbad, CA, USA) for the adult stage of mos-
quitoes. Most of the adults used here were males, which
was needed for the equal capturing of both sex-determining
chromosome 1, with exception for two Mexican strains
(GUER and MONT) where both sexes were included due
to the low amount of field collected materials. Adult mos-
quitoes were 1- to 3-day old. Hi-C libraries were prepared
according to the protocols provided by the company
(Arima Genomics, Carlsbad, CA, USA). The libraries were se-
guenced on the lllumina platform to get an approximate
50x coverage for each strain. For Hi-C heatmap develop-
ment, sequence quality assessment was performed using
FastQC software v.0.12.1 (Andrews 2010). The reads
were aligned to the Aaegl5 genome (Matthews et al.
2018) and Juicer Pipeline (Durand et al. 2016) was used to
build the contact matrices and Hi-C heatmaps. A Juicebox
software (Durand et al. 2016) was employed to visualize
and compare heatmaps. Inversion identification was

performed based on visual inspection of Hi-C maps as was
done previously (Lukyanchikova et al. 2022b). Chromatin
contact maps were built for each A. aegypti strain and in-
spected for long-range interactions. Long-distance contacts
with a butterfly-like pattern were considered indicative of
inversions.

Probe preparation and FISH

The probes for FISH were designed based on gene exons or
cDNA fragments of longer than 3.5 kb inside of the inver-
sions according to breakpoints predicted by the Hi-C
maps. These fragments were synthesized by PCR
(supplementary table S2, Supplementary Material online)
and cloned in pBluescript SK (+) plasmid. Successful clones
were validated by Sanger sequencing at the SB RAS
Genomics Core Facility.

Chromosomal preparations were followed as described
elsewhere (Sharakhova et al. 2011a; Liang et al. 2022).
Imaginal discs were dissected from 4th instar larvae. Good
chromosome preparations were selected for FISH under
an Olympus CX41 microscope (Olympus America, Inc.,
Melville, NY, USA) and FISH was performed using standard
protocols (Timoshevskiy et al. 2012; Sharakhova et al.
2019). Purified plasmids were labeled with Cy3- or
Cy5-dUTP (Enzo Life Sciences Inc., Farmingdale, NY, USA)
using a nick translation method. After FISH, slides were ana-
lyzed and documented using a Zeiss AXIO fluorescent
microscope with an Axiocam 506 mono digital camera
(Carl Zeiss AG, Oberkochen, Germany) and a Zeiss LSM
880 Confocal Microscope (Carl Zeiss Microimaging, Inc.,
Thornwood, NY, USA). Previously described methods were
utilized for probe mapping (Sharakhova et al. 2019). The
FISH data are summarized in supplementary table S3,
Supplementary Material online.

Identification of SNPs specific for 1pA and 3qG
inversions

To identify putative inversion-diagnostic SNPs for the two
most widespread inversions, 1pA and 3qG, principal com-
ponents analysis (PCA) of 393 previously published A. ae-
gypti genomes from Africa (Rose et al. 2020) was utilized.
A two-step process was applied to minimize the effects of
population structure. First, a PCA was conducted on the
target genomic regions in a sample of individuals from
Southern Senegal (BTT, KED, MIN, and PKT populations),
where Hi-C analyses indicated the inversions should be
polymorphic. A scatter plot of the first two principal com-
ponents was visually inspected to confirm a bimodal or tri-
modal distribution of points along the first principal
component, corresponding to different inversion geno-
types. A trimodal distribution included standard (wildtype)
homozygotes, inversion heterozygotes, and inverted
homozygotes and was expected for common inversions.
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A bimodal distribution represented standard homozygotes
and inversion heterozygotes only and was expected for rare
inversions which were not present in the homozygous
state. Second, we examined loadings on the first principal
component, and selected the set of SNPs with loadings
close to the highest observed absolute value for further
analysis across the full set of 393 individuals (79 SNPs for
1pA, 67 for 39G), and the inversion genotype was esti-
mated by taking the consensus genotype across these pu-
tatively inversion-linked SNPs. We then tested all SNPs
across the putative inversion region for their correlation
with the estimated karyotype. Putative diagnostic SNPs
were selected based on: (i) perfect for inversion 3qG or
near-perfect for inversion 1pA correlation with the putative
karyotype (Pearson correlation >0.99); and (ii) distributions
among populations corresponding to those identified from
prior Hi-C analyses (Table 2).

Cluster analysis of the 1pA and 3gG inversion
frequencies

Hierarchical clustering analysis was performed using the
frequencies of chromosomal inversions 1pA and 3qG at
the population level to infer and visualize the relationship
between the species and populations using Package
for R “stats” (R_Core_Team 2021). Frequencies of the
chromosomal inversions were determined based on
SNP-genotyping approach as described above based on
previously published whole-genome sequences (WGS) of
individual mosquitoes from seven countries in Africa and
two countries outside of Africa (Rose et al. 2020). WGS
from populations KAR and MASC were excluded from ana-
lysis because of the small number of individuals (two and
four). The final analysis included 26 locations because in
four different cases nearby (<50 km) populations with
low numbers of mosquitoes were merged (supplementary
table S4, Supplementary Material online). This populations
marked by apostrophe in population ID. The reliability of
data clustering was assessed using the “pvclust” package
for R (Suzuki and Shimodaira 2006). The data were re-
sampled 100 times and the similarity of different clustering
variants was assessed using methods published elsewhere
(Shimodaira 2002; Shimodaira 2004). The average values
of these similarities were used as an indicator of cluster
stability.

Colocalization of inversions with chemoreceptor genes
and quantitative trait loci related to vector competence

Colocalization of inversions with chemoreceptor genes
(Matthews et al. 2018) and QTL, associated with mosquito
competence for key pathogens (Bosio et al. 2000;
Severson et al. 2002; Timoshevskiy et al. 2013) was deter-
mined. First, the numbers of each type genes inside of the
inversion were identified (denoted as k). Then, the

statistical significance of increased density of OR, GR,
and IR genes and QTL inside of the inversions was tested
against the uniform distribution of them along the chro-
mosomes. P-values were calculated as the upper tails of bi-
nomial distributions, i.e. P(X > k) = 1—CDF(k—1, B(n, p)) =
1=l _pn—k +1, k), where p=1/L, CDF(k—1, B(n, p)) is the
cumulative distribution function of binomial distribution B
with parameters p and n, /is the incomplete beta function,
lis the inversion length, L is the chromosome length, and n
is the number of genes on the chromosome, (n, k, I, L) € Z.
The correction for multiple comparisons P-values was cal-
culated using the Benjamini-Hochberg method in the
“stats” R package (Benjamini and Hochberg 1995)
(supplementary table S5, Supplementary Material online).
We applied the same approach to determine overlap be-
tween inversions and QTL associated with vector compe-
tence to different infections (supplementary table S5,
Supplementary Material online).

In addition, the chemoreceptor genes were combined
into evolutionary clusters to exclude the negative effect of
the cluster organization of chemoreceptor genes in the
mosquito genomes on the significance of the results. For
this purpose, phylogenetic trees (supplementary figs. S7
to S9, Supplementary Material online) were constructed
for chemoreceptor genes of A. aegypti, as described previ-
ously (Ryazansky et al. 2024). Branches with closely related
genes on these trees were identified and combined into
clusters of evolutionary related and closely located genes
(supplementary figs. S7 to S9, Supplementary Material
online, supplementary table S6, Supplementary Material
online). Each such cluster of chemoreceptor genes inter-
preted as one gene. The threshold value was decreased un-
til the distribution of genes and clusters was uniform. The
compliance with an uniform distribution tested using the
DistributionFitTest function from the Mathematica v. 13.3
program (Wolfram Research 2023). P-values were calcu-
lated as described previously considering each cluster of
chemoreceptor genes as one gene (supplementary
table S7, Supplementary Material online).

Finally, a permutation test was used to calculate nonran-
dom distribution of inversions in respect to chemoreceptor
genes (Cabrera et al. 2012). A total of 100 circular chromo-
some permutations, in which a single random offset was
drawn from a uniform distribution across the length of
each chromosome, was added to all chemoreceptor posi-
tions within a given permutation. Then the modulo of the
resulting position with the length of the chromosome
was used to assign the new position of each chemoreceptor
gene by “rotating” the position of all chemoreceptor genes
together, preserving the relative distribution of chemo-
receptor genes within the chromosome in each permuta-
tion. The number of chemoreceptor gene-inversion
intersections in each permutation using bedtools intersect
was then calculated.
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Overlapping inversions in the A. aegypti and
An. gambiae genomes

To determine if chromosomal inversions in A. aegyptiand in
An. gambiae captured similar sets of genes, we first identi-
fied single copy orthologs between the species using
OrthoFinder software (Emms and Kelly 2019) with default
settings. The genomic positions of the inversions were iden-
tified based on previously published data (Sharakhov et al.
2006; Coulibaly et al. 2007; George et al. 2010; Lobo
et al. 2010) summarized in supplementary table S8,
Supplementary Material online. The identified single-copy
orthologs were overlapped with the genomic coordinates
between two species using the BEDTools function
intersect-loj (Quinlan 2014). To calculate the significance
of pairwise inversion overlaps between species, we used a
hypergeometric test based on the single-copy orthologs in-
side and outside of each inversion. The raw P-values were ad-
justed with the Benjamini-Hochberg method. Calculations
were performed using the R package “GeneOverlap”
(shenlab-sinai 2023). Circos software was used to visualize
the common regions with inversion polymorphism among
the species (Krzywinski et al. 2009).

Supplementary Material

Supplementary material is available at Genome Biology and
Evolution online.
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