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Abstract
Detailed knowledge of phylogeography is important for control of mosquito species 
involved in the transmission of human infectious diseases. Anopheles messeae is a geo-
graphically widespread and genetically diverse dominant vector of malaria in Eurasia. 
A closely related species, An. daciae, was originally distinguished from An. messeae 
based on five nucleotide substitutions in its ribosomal DNA (rDNA). However, the 
patterns of phylogeographic history of these species in Eurasia remain poorly under-
stood. Here, using internal transcribed spacer 2 (ITS2) of rDNA and karyotyping for 
the species identification we determined the composition of five Anopheles species 
in 28 locations in Eurasia. Based on the frequencies of 11 polymorphic chromosomal 
inversions used as genetic markers, a large- scale population genetics analysis was 
performed of 1932 mosquitoes identified as An. messeae, An. daciae and their hybrids. 
The largest genetic differences between the species were detected in the X sex chro-
mosome suggesting a potential involvement of this chromosome in speciation. The 
frequencies of autosomal inversions in the same locations differed by 13%– 45% be-
tween the species demonstrating a restricted gene flow between the species. Overall, 
An. messeae was identified as a diverse species with a more complex population struc-
ture than An. daciae. The clinal gradients in frequencies of chromosomal inversions 
were determined in both species implicating their possible involvement in climate 
adaptations. The frequencies of hybrids were low ~1% in northern Europe but high 
up to 50% in south- eastern populations. Thus, our study revealed critical differences 
in patterns of phylogeographic history between An. messeae and An. daciae in Eurasia. 
This knowledge will help to predict the potential of the malaria transmission in the 
northern territories of the continent.
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1  |  INTRODUC TION

Phylogeography is a rapidly developing discipline that analyses 
the genealogy of lineages within the context of their geographical 
distribution (Edwards et al., 2022). It is employed to better under-
stand the natural histories of populations, subspecies and species. 
Application of different markers and large numbers of specimens 
from natural populations, together with modern analytical tools, 
provides important insights into the distribution of genetic diversity 
around the globe (Emerson & Hewitt, 2005). Chromosomal inver-
sions play an important role in the evolution of eukaryotes (Ayala & 
Coluzzi, 2005; Kirkpatrick, 2010; Kirkpatrick & Barton, 2006). When 
inversion occurs, a piece of the chromosome flips 180 degrees and 
produces a reverse order of the genetic material. As a result, this 
part of the genome becomes protected from recombination during 
meiosis. By capturing different sets of alleles, inversions have ef-
fects on the ecological, behavioural and physiological adaptations 
of species to the natural environment (Ayala & Coluzzi, 2005). 
Reduced recombination in heterozygote inversions may promote 
ecological divergence leading to reproductive isolation and specia-
tion (Hoffmann et al., 2004; Rieseberg, 2001). As a result of their 
functional importance, chromosomal inversions served as unique 
markers of population genetics and phylogenetics in species with 
well- developed polytene chromosomes, such as Drosophila (Krimbas 
& Powell, 1992) and malaria mosquitoes from the Anopheles genus 
(Coluzzi et al., 2002; Stegniy, 1991). Here, we argue that using poly-
morphic chromosomal inversions as genetic markers and molecular 
diagnostics of the species combined with modern statistical meth-
ods helped us to uncover the patterns of phylogeographic history of 
the two species of malaria mosquitoes in Eurasia.

Among different infectious diseases, malaria is traditionally 
considered the most dangerous disease transmitted to humans by 
mosquitoes (Rougeron et al., 2022). Despite extensive efforts to 
eradicate malaria, global climate change, human migration, political 
instability and the presence of competent malaria vectors have in-
creased the risk of malaria importation and transmission in regions 
where it was previously eliminated (Chretien et al., 2015; Kulkarni 
et al., 2022; Rossati et al., 2016; Sainz- Elipe et al., 2010). Thus, un-
derstanding the phylogeographic history of malaria mosquitoes is 
important for the prediction of malaria propagation and for devel-
oping effective and adequate strategies for the eradication of this 
disease.

The most dangerous vectors of malaria in the Northern Hemi-
sphere belong to the Maculipennis group (Sinka et al., 2010). The 
major vector of malaria in Europe, Anopheles maculipennis, Meigen, 
1818, was originally considered as a single species until the paradox 
of ‘anophelism without malaria’ was observed (Hackett, 1937; Hack-
ett & Missiroli, 1935). It was shown that in some parts of Europe, 

malaria was absent despite the presence of malaria vectors. This 
phenomenon led to the conclusion that An. maculipennis represents 
a complex of species with different abilities to transmit malaria. The 
presence of multiple species within the complex was supported by 
hybridization experiments (Kitzmiller et al., 1967; Stegniy, 1980; 
Stegniy et al., 1984) and by morphological differences of their egg 
chorion patterns (Gutsevich et al., 1970). Later, chromosomal analy-
sis became a robust tool for species identification, distinguishing the 
taxonomic status of a species, and for population analysis. For exam-
ple, fixed chromosomal differences discriminated An. maculipennis 
and An. messeae Falleroni, 1926 (Stegniy et al., 1973) and An. sacha-
rovi Favre, 1903 and An. martinius Shingarev, 1926 (Stegniy, 1976). A 
new species from the Maculipennis group, An. beklemishevi Stegniy 
and Kabanova 1976, was specifically identified using fixed chromo-
some differences (Stegniy & Kabanova, 1978; Stegniy, Kabanova, 
& Novikov, 1976). Later, based on nucleotide differences in Inter-
nal Transcribed Spacer 2 (ITS2) of ribosomal DNA (rDNA) several 
new species were identified: An. artemievi Gordeyev, Zvantsov, Go-
ryacheva, Shaikevich & Yezhov, 2005, An. daciae Linton, Nicolescu & 
Harbach, 2004, and An. persiensis Linton, Sedaghat & Harbach, 2003. 
Currently, the Maculipennis group comprises 11 Palearctic species, 
four of which, An. atroparvus, Van Thiel, 1972, An. labranchiae, Fal-
leroni 1926, An. sacharovi and An. messeae are considered dominant 
vectors of malaria in Eurasia (Sinka et al., 2010).

Anopheles messeae is the most geographically widespread and 
genetically diverse species among the other dominant malaria vec-
tors from the Maculipennis group, its extends from Ireland in the 
west to the Amur River region in the east and from Scandinavia and 
Yakutia in the north to Iran and northern China in the south (Gornos-
taeva & Danilov, 2002; Sinka et al., 2010; Zvantsov et al., 2014). De-
spite being largely zoophilic, An. messeae actively feeds on humans in 
cases of animal deficiency (Fyodorova et al., 2006) and it was the pri-
mary malaria vector of Plasmodium vivax malaria in Russia (Beklem-
ishev, 1948; Daskova & Rasnicyn, 1982). As the most genetically 
diverse species among the Maculipennis subgroup, An. messeae car-
ries five widely spread chromosomal inversions X1, X2, 2R1, 3R1 and 
3L1, located on four chromosomal arms (Kabanova et al., 1972). The 
details of inversion polymorphism in natural populations of An. mes-
seae were intensively investigated by a group of researchers led by V. 
Stegniy in 1970– 1990s (Stegniy, 1991). These studies demonstrated 
a complex structure of An. messeae populations along the range of 
the species distribution. It was shown that inversions played an im-
portant role in climatic adaptation of the species in latitudinal and 
meridional directions (Stegniy, Kabanova, Novikov, et al., 1976). For 
example, a latitude gradient was described for the 2R1 inversion 
where the inverted variant was more abundant in northern popula-
tions, suggesting that this inversion could be involved in adaptation 
to cold temperatures and to successful overwintering. In contrast, 
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frequencies of the X1 and 3R1 inversions displayed a west– east 
longitude gradient with higher frequencies of the inverted variants 
found in eastern populations. Involvement of the chromosomal in-
version in local adaptations of the species was also observed (Steg-
niy et al., 1978). For example, seasonal (Kabanova et al., 1973) and 
temporal dynamics (Pleshkova et al., 1978) in frequencies of the 
chromosomal inversions were shown in several geographical loca-
tions. Overall, these studies led to conclusions about the stable state 
of the inversion polymorphisms in natural populations of An. messeae 
(Stegniy, 1983a) and the dependence of chromosomal variability on 
landscape- climatic zones (Gordeev & Moskaev, 2016).

The hypothesis that combinations of different chromosomal 
inversions in natural populations of An. messeae represent two dis-
tinct chromosomal complexes was first introduced in 1979 by No-
vikov and Kabanova (1979). They showed that frequencies of some 
inversion combinations were higher or lower than expected from 
random mating, suggesting the presence of linkage disequilibrium 
between them. For example, the standard karyotype X0 was more 
frequently associated with standard karyotype variants 2R0, 3R0 
and 3L0, whereas the inverted karyotypes X1 and X2 were asso-
ciated with 2R1, 3R1 and 3L1 inversions (Gordeev & Stegniy, 1987; 
Novikov & Kabanova, 1979; Stegniy, 1983b). Later studies demon-
strated that mosquitoes from different chromosomal complexes 
varied by female fecundity (Gordeev & Stegniy, 1987), larval diet 
(Gordeev & Troshkov, 1990) and sensitivity to the toxins of Bacillus 
thuringiensis (Gordeev & Burlak, 1991). It was also shown that adults 
and larvae belonging to different chromosomal complexes had dif-
ferent rate of survivorship under laboratory conditions (Gordeev & 
Perevozkin, 1995) and under selection pressure related to predators 
(Gordeev et al., 1997; Gordeev & Sibataev, 1995) and parasites (Bur-
lak & Gordeev, 1998). In 2001, these chromosomal complexes were 
referred to as cryptic genetically isolated forms named ‘A’ and ‘B’ 
(Novikov & Shevchenko, 2001).

In 2004, independently of these studies, a new Maculipennis 
species, An. daciae, was differentiated from An. messeae based on 
five ITS2 nucleotide substitutions and morphological differences at 
the egg stage (Nicolescu et al., 2004). Later, sequencing of ITS2 indi-
cated that chromosomal form ‘A’ of An. messeae is synonymous with 
An. daciae (Vaulin & Novikov, 2012). Additional geographical studies 
discovered An. daciae in Germany (Kampen et al., 2016; Kronefeld 
et al., 2014; Weitzel et al., 2012), the United Kingdom (Danabalan 
et al., 2014), Poland (Rydzanicz et al., 2017), the Czech Republic, Slo-
vakia (Blažejová et al., 2018), Serbia (Kavran et al., 2018), Finland 
(Culverwell et al., 2020), Sweden (Lilja et al., 2020), Belgium (Smitz 
et al., 2021) and Italy (Calzolari et al., 2021). Significant differences 
in the frequencies of chromosomal inversions between An. messeae 
and An. daciae were determined from three populations from the 
Moscow region (Naumenko et al., 2020). This study also indicated 
that the inverted variant X1 was fixed in An. messeae populations 
while the standard X0 and inverted X1 karyotypes were segregated 
in An. daciae populations from the same locations. Whole- genome 
sequencing analyses demonstrated genome- wide differentia-
tion between the species, which was especially pronounced on 

chromosome X. However, some authors doubt the separate species 
status of An. messeae and An. daciae and consider the genetic differ-
ences between them as polymorphism within An. messeae (Bertola 
et al., 2022; Bezzhonova & Goryacheva, 2008; Calzolari et al., 2021; 
Stegniy et al., 2016).

This study describes geographical distributions of An. messeae, 
An. daciae along with three other species from the Maculipennis 
group, An. atroparvus, An. beklemishevi and An. maculipennis in Eur-
asia. The species were identified using ITS2 length/sequences and 
karyotyping. For the first time, frequencies of chromosomal inver-
sions were analysed independently in An. messeae and An. daciae. 
Using polymorphic inversions as genetic markers, the detailed sta-
tistical analyses of divergence, diversity and population structure of 
the two species in Eurasia were performed. In addition, we evalu-
ated the potential role of chromosomal inversions in the speciation 
and climatic adaptations of the malaria vector species An. messeae 
and An. daciae. Overall, we think that the genetic differentiation 
found using chromosomal inversion analysis between An. messeae 
and An. daciae populations clearly evaluates them as separated evo-
lutionary entities with distinct patterns of their phylogeographic 
history in Eurasia.

2  |  MATERIAL S AND METHODS

2.1  |  Sample collection and material preservation

A total of 3688 mosquito larvae were collected in 2017– 2019 from 
28 locations across 20 regions in Germany, Kazakhstan, Latvia and 
Russia (Figure 1, Table S1). The collections were carried out in late 
July– early August, when both species are abundant in the natural 
populations (Czajka et al., 2020). Anopheles larvae were collected 
using the dipping method (Benedict & Dotson, 2015). Each individ-
ual mosquito larva was numbered and dissected into two parts: head 
with thorax and abdomen. These dissected parts were placed into 
separate tubes for further analysis. Heads with thoraxes were kept 
in Carnoy's solution (1:3 acetic acid:ethanol), and abdomens were 
placed in 70% ethanol.

2.2  |  Karyotyping

Salivary glands were dissected from the larval thorax for prepara-
tion of polytene chromosomes, and chromosome preparations 
were made by the standard lacto- aceto- orcein method (Kabanova 
et al., 1972). Polytene chromosomes were visualized using an Eclipse 
E200 light microscope (Nikon, BioVitrum, Moscow, Russia). Samples 
of An. maculipennis, An. beklemishevi were identified based on band-
ing patterns of the polytene chromosomes (Artemov et al., 2018; 
Stegniy et al., 1973). Specimens of An. messeae and An. daciae were 
karyotyped using chromosome maps for the salivary glands (Arte-
mov et al., 2021; Stegniy, Kabanova, & Novikov, 1976). A total of 11 
chromosomal inversions (X1, X2, X3, X4, 2R1, 2R3, 2R4, 3R1, 3R2, 
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3L1 and 3L4) were identified and considered in this study (Table 1). 
The karyotypes of each specimen were described for the whole 
chromosomal complement. A total of 3133 samples were success-
fully karyotyped.

2.3  |  Genotyping

For genotyping, the abdomen of each sample was homogenized in 
liquid nitrogen and genomic DNA was extracted using the standard 

F I G U R E  1  Compositions of Anopheles messeae, Anopheles daciae and their hybrids in different locations in Eurasia. The proportions of 
An. messeae, An. daciae and their hybrids are shown as pie charts with different colours for each site. Sizes of the pie charts proportional 
to the logarithm of sample sizes in each location (from 13 to 266 specimens). Collection sites are indicated as: CD— Desyatiletie, 
DO— Dombarovka, DZ— Dzerzhinskoe, KA— Kargasok, KK— Kansk, KR— Krivosheino, LN— Lensk, ME— Yegoryevsk, MN— Noginsk, 
MNo— Novokosino, NB— Berdsk, NG— Novogrigoryevskaya, PG— Petergof, PL— Palevitsy, PR— Irkutsk, RN— Reinhausen, SA— Abinsk, 
SD— Severodvinsk, SG— Solnechnogorsk, SN— Novorossiysk, SP— Semey, SU— Surgut, SV— Voronezh, TL— Tylovoe, UF— Ufa, WR— Riga, WS— 
Speyer, YA— Yakutsk. Overall, An. messeae is considered as a north- eastern species and An. daciae as south- western species. Intriguingly, a 
high number of hybrids were found in some southern locations of the explored area.

TA B L E  1  Chromosomal inversions in Anopheles messeae and Anopheles daciae.

Inversion (citation) Chromosomal location Geographic distribution

Frequencies (current study)

An. messeae An. daciae Hybrid

X1 (a) 2A- 5B Highly spread in Eurasia 0.944 0.522 0.692

X2 (a) 1B- 4B Western Siberia 0.026 - 0.097

X3 (a) 2A- 3B Latvia 0.002 0.002 - 

X4 (b) 1B- 3B The centre of the Russian Plain 0.011 - 0.004

2R1 (a) 7B/C- 12C/13A Forest zone of Eastern Europe, Western and 
Eastern Siberia

0.262 0.005 0.008

2R3 (a) 10B/11A- 14A/14b Latvia - 0.001 - 

2R4 (b) 6C/7A- 10A/B The centre of the Russian Plain 
(Meshcherskaya lowland)

- 0.001 - 

3R1 (a) 23C/24A- 26C/27A Highly spread in Eurasia 0.454 0.057 0.55

3R2 (a) 23A/B- 24C/25A North of Western Siberia 0.001 - - 

3L1 (a) 34B/34C- 37A/37B- 
38C/39A- 39C/D

Highly spread in Eurasia except Western 
Europe

0.169 0.028 0.377

3L4 (c) 34B/34C- 37A/37B North- east of the Russian Plain 0.001 - - 

Note: Inversions were first described in (a) Stegniy, Kabanova, and Novikov (1976); (b) Naumenko et al. (2020); and (c) this study.
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protocol from the Qiagen DNeasy Blood and Tissue Kit (Qiagen). 
DNA elution was performed in 100 μL of water. ITS2 of the rDNA 
was amplified using the forward universal primer its2_mdir 5′- 
GCTCG TGG ATC GAT GAAGAC- 3′, Tm = 57°C or its2_vdir 5′- TGTGA 
ACT GCA GGA CACATG- 3′ and the reverse primer its2_rev 5′- ATGCT 
TAA ATT TAG GGG GTAGTC- 3′, Tm = 54°C with modifications (Proft 
et al., 1999). The HotStarTaq Plus Master Mix Kit (Qiagen) was used 
for PCR amplification. The PCR mixture contained a total volume of 
20 μL of ~40 ng of DNA, 0.5 μM of each forward and reverse primer 
and 10 μL of 2× HotStarTaq Plus reaction mix. PCR was performed 
using a thermal cycler (Eppendorf) with the following conditions: 
initial denaturation at 95°C for 5 min, followed by 25 cycles of 95°C 
for 15 s, 58°C for 30 s and 72°C for 30 s and a final extension step 
at 72°C for 5 min. The reaction mix was then placed on hold at 4°C. 
Amplicons were visualized using gel electrophoresis in 2% agarose 
gel. The species diagnostics was based on the following PCR results: 
477 bp length amplicon for An. messeae and An. daciae, 464 bp for 
An. maculipennis, 479 for An. atroparvus and >800 bp for An. beklemi-
shevi (Kampen, 2005; Proft et al., 1999). Thus, An. beklemishevi was 
recognized based on the length of the PCR product of ITS2 but be-
cause the ITS2 length in An. daciae, An. atroparvus and An. maculipen-
nis differ from that of An. messeae by 0, 2 and 13 bp, respectively 
(Kampen, 2005; Naumenko et al., 2020), these species were recog-
nized by sequence analyses.

For DNA sequencing, amplicons were purified with a Wizard™ 
PCR Clean Up kit (Promega). PCR products were sequenced using 
the BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher 
Scientific) from suitable forward or reverse primers, and sequenc-
ing reactions were purified by chromatography on Sephadex G- 50 
(Sigma) and analysed in the SB RAS Genomics Core Facility (http://
seque st.niboch.nsc.ru/). All specimens of An. daciae, An. messeae and 
An. atroparvus were genotyped by Sanger sequencing. Although spe-
cies of An. maculipennis and An. beklemishevi were mostly identified 
by karyotyping (Artemov et al., 2018; Stegniy et al., 1973), ITS2 geno-
typing was additionally performed in 10– 15 random individual mos-
quitoes from each species to confirm karyotyping results. In total, 
~2600 specimens were successfully genotyped and analysed using 
SeqScape v 3.0 software (Thermo Fisher Scientific). Basecalling was 
performed using KB basecaller with mixed base identification en-
abled. Nucleotide positions in ITS2 sequences of An. messeae and 
An. daciae were compared with the reference sequence AY648982 
in An. messeae (Nicolescu et al., 2004). The previously described 
SNPs, in positions 150, 211, 215, 217, 412 and 432 for distinguish-
ing the ITS2 sequences of An. messeae from An. daciae (Naumenko 
et al., 2020) were investigated in detail. Data from basecalled.ab1 
files were extracted by Perl script based on Bio::Trace::ABIF v 1.06 
perl module (http://search.cpan.org/~vita/Bio- Trace - ABIF- 1.06/). 
Peaks were visualized and analysed in Mathematica v 12 software 
(Wolfram Research) for base assignment using the Sign test of peak 
intensity and three background signal intensities from each side of 
the peak. To confirm the appropriateness of the nucleotide base 
assignment in these positions, all diagnostic SNPs were verified 
manually. Although An. daciae was originally described based on 

five chromosomal substitutions in positions 211, 215, 217, 412 and 
432 (Nicolescu et al., 2004), we only considered nucleotide GG and 
AC 412 and 432 as species- specific for An. messeae and An. daciae, 
respectively, because heterogeneity was found in the first three 
nucleotide positions 211, 215, 217— W (A+T), W (A+T), Y (C+T) and 
additional position 150 M (A+C) (Naumenko et al., 2020). A total 
of 45 mosquitoes (2.28%) with unusual 412 and 432 base combina-
tions were considered as unclassified and were excluded from the 
analysis.

2.4  |  Statistical analysis of chromosomal inversion 
frequencies

A total of 1932 samples of An. messeae and An. daciae, which were 
genotyped and karyotyped (Table S2), were used for further statisti-
cal analysis. In addition to the samples collected in this study, we 
included data from three locations in the Moscow region (Noginsk, 
Novokosino and Yegoryevsk), which had been published earlier 
(Naumenko et al., 2020). Chromosomal inversions were utilized as 
genetic markers for statistical analysis using R packages (R Core 
Team, 2021). The statistical analysis included populations, in which 
the number of individuals was more than 10. Species and popula-
tion differentiations were analysed using the ‘poppr’ package in R 
(Kamvar et al., 2014). Genotypic diversity was assessed by three 
parameters. First, the richness of multilocus genotypes (MLG) was 
assessed by the Menhinick index (Menhinick, 1964), demonstrat-
ing a combination of all chromosomal variants for each individual 
mosquito. Second, the Simpson Index was calculated to estimate 
the probability of two random mosquitoes having a different geno-
type (Simpson, 1949). For elimination of the error related to differ-
ences in sample size, an adjustment was made by multiplying them 
by n/(n−1), where n is the count of mosquitoes in the sample. Third, 
the Shannon– Wiener diversity index (Shannon, 1948) was used for 
quantifying the uncertainties associated with predicting the MLG in 
the next individual based on already identified MLGs.

Deviations from the Hardy– Weinberg equilibrium were assessed 
using the exact test of Hardy– Weinberg equilibrium (Wigginton 
et al., 2005) implemented in the Hardy– Weinberg R package (Graf-
felman, 2015) for each autosome for all populations of An. messeae 
and An. daciae. Genetic differentiation (Hedrick's G'st) between spe-
cies by chromosomes was calculated using the ‘mmod’ R package 
(Winter, 2012).

Assessment of the genetic diversity in the studied species and 
population differentiation was performed using Analysis of Molec-
ular Variance (AMOVA; Excoffier et al., 1992; Michalakis & Excof-
fier, 1996). Countries or federal districts and sampling sites were 
used to partition the data into different stratifications. The pairwise 
FST values (Weir & Hill, 2002) between the studied populations 
were calculated using the ‘BEDASSLE’ package (Gideon, 2014). 
To assess isolation by distance, a correlation test between pair-
wise FST and the pairwise distance between populations was 
carried out. The distances were calculated using the formula: 
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RE × arccos
(
sin

(
x1
)
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|
|y1 − y2

|
|
))

, where 
(x, y) are the location coordinates in radians, and RE— radius of Earth 
(6373 km). To exclude the influence of the mismatch of ranges, only 
locations where both species were present were included in the 
analysis.

Hierarchical clustering analysis and principal component anal-
ysis (PCA) were performed using the frequencies of chromosomal 
inversions on the population level to infer and visualize the relation-
ship between the species and populations (Package for R ‘stats’; R 
Core Team, 2021). For hierarchical cluster analysis, the Euclidean 
distances between samples were used and the WARD clustering 
method was chosen. Cluster number was performed by K- means 
method using the algorithm of Hartigan and Wong (1979).

3  |  RESULTS

3.1  |  Geographical distribution of the Maculipennis 
species in Eurasia

In this study, we analysed the composition of the Maculipennis 
species in 3688 samples from 28 locations in 20 regions in four 
countries in Eurasia (Figure 1, Table S1). Our study revealed the 
presence of five out of 11 species of the Palearctic members of the 
Maculipennis group in the investigated locations: An. atroparvus, 
An. beklemishevi, An. daciae, An. maculipennis and An. messeae. Two 
species: An. beklemishevi and An. maculipennis were mostly identified 
based on karyotyping (Artemov et al., 2018; Stegniy et al., 1973). 
Three other species An. atroparvus, An. daciae and An. messeae were 

diagnosed based on ITS2 sequence (Kampen, 2005; Naumenko 
et al., 2020).

Among all species, An. messeae and An. daciae were the most 
abundant in overall examined area. The representations of nu-
cleotide variants in positions 150, 215, 217, 412 and 432 of ITS2 
sequences, which were considered as diagnostic nucleotides for 
An. messeae and An. daciae (Naumenko et al., 2020; Nicolescu 
et al., 2004), in all samples are shown in Figure 2. For An. messeae, 
the main variant MTTCGG (95%) was observed earlier in the popu-
lations in the Moscow region (Naumenko et al., 2020). The second 
most common variant (3.7%) was without the heterogeneity at the 
nucleotide 150 (CTTCGG). Moreover, most of the samples, 18 out 
of 25, with this variant were found in the two eastern populations 
of Yakutsk and Lensk, where An. messeae was present without 
an admixture with other species. Two additional combinations 
containing a heterogeneous nucleotide K (T+G) at position 211 
were found at low frequency of only 1.5% in three populations: 
Severodvinsk, Yakutsk and Krivosheino. Significantly greater di-
versity of 10 variants was determined in An. daciae samples in all 
diagnostic substitutions. As it was shown before (Kampen, 2005; 
Naumenko et al., 2020), they were associated with heterogeneous 
nucleotides in positions 211, 215 and 217, which contained var-
ious ratios of the major and additional nucleotides over a wide 
range. Although the major variant containing heterogeneous sub-
stitutions at all three positions was CWWYAC (81%), the variants 
containing one, two and no heterogeneous substitutions were also 
identified (Figure 2). Thus, we only considered nucleotide substi-
tutions GG and AC in positions 412 and 432 as species- specific for 
An. messeae and An. daciae, respectively. Among all 1932 individual 

F I G U R E  2  Variations in five diagnostic 
nucleotides of ITS2 sequences in 
Anopheles messeae, Anopheles daciae 
and their hybrids. The coordinates of 
the diagnostic nucleotides in the ITS2 
sequence of An. messeae (AY648982) are 
shown above according to the primary 
description of the species (Nicolescu et 
al., 2004). The designation of variants of 
diagnostic nucleotides and their accession 
nos. obtained in this study are indicated 
on the left. Nucleotides corresponding to 
the reference ones are shown as dots, but 
other than the reference ones are shown 
as letters. The amount and frequencies of 
each variant inside a species are shown on 
the right. The number of variations was 
higher in An. daciae and hybrids than in 
An. messeae.
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mosquitoes analysed based on ITS2 sequencing, 179 individuals, 
or 9.27%, were considered to be hybrids between An. daciae and 
An. messeae. Although hybrids have most diverse combinations of 
diagnostic nucleotides in positions 150, 215 and 217 (Figure 2), 
they were easily recognized by double peaks in the last two 
species- diagnostic positions 412 and 432.

Anopheles messeae and An. daciae accounted for 81.91% of all 
mosquito individuals in the studied regions and were recognized by 
ITS2 sequence data only. The geographical distribution of An. mes-
seae and An. daciae widely overlapped in the central part of Eurasia: 
in Latvia and in the central part of European Russia, Urals and West-
ern Siberia (Figure 1, Table S3). However, in the peripheral loca-
tions, the species composition varied from the complete absence of 
An. messeae in the southern regions of Russia (Abinsk, Novorossiysk, 
Voronezh, Novogrigoryevskaya, Dombarovka and Tylovoe) and Ger-
many (Reinhausen, Speyer), to the complete absence of An. daciae in 
the northern regions of Russia (Palevitsy and Surgut), Eastern Sibe-
ria (Irkutsk, Lensk and Yakutsk) and Kazakhstan (Semey; Figure 1, 
Table S3). Although hybrids between An. daciae and An. messeae 
were found in 12 among 28 locations, hybrids represented only ~1% 
of the specimens in most places in northern Europe, but were abun-
dant in south- eastern populations. The number of hybrids reached 
53.54% in Semey, Kazakhstan, 78.13% in Dombarovka, Orenburg 
region, 49.43% in Berdsk and 8.89% in Dzerzhinskoe in the south of 
Western Siberia (Figure 1, Table S3). Moreover, in addition to these 
hybrids, only An. messeae or An. daciae were found in Semey and in 
Dombarovka, respectively.

In addition, three other species, An. maculipennis, An. atropar-
vus and An. beklemishevi, were found in several locations in Russia. 

An. maculipennis was widespread in two southern locations close to 
the Black Sea with 67% in Tylovoe and 36% in Novorossiysk. A total 
of 20% of this species were found in another European location in 
the Moscow region (Yegoryevsk). Another species, An. beklemishevi 
was present in the Tomsk region of Western Siberia at the level of 
88% in Kargasok and 15% in Krivosheino, in Eastern Siberia at the 
level of 10% in Lensk and in the Northern European part of Russia 
at the level of 5% in Palevitsy. Only two specimens of An. atroparvus 
were found in Tylovoe, Crimea. Thus, we defined An. beklemishevi 
as a north- eastern species and An. maculipennis as a south- western 
species.

3.2  |  Distinct patterns of inversion distribution in 
An. messeae and An. daciae

The inversion karyotyping was conducted on 670, 803 and 178 in-
dividuals of An. messeae, An. daciae and their hybrids, respectively. 
A polytene chromosomal complement in all Anopheles species is 
composed of three chromosomes (X, 2 and 3) comprising five chro-
mosomal arms: X, 2R, 2L, 3R and 3L (Figure 3). Because one of the 
arms in the sex chromosome is absent in a polytene chromosome 
complement, we indicated it as X, but not as XL or XR (Artemov 
et al., 2021). The Y chromosome is heterochromatic and is absent 
in the polytene chromosome complement. Among all studied indi-
vidual mosquitoes, karyotyping revealed presence of common inver-
sions X1, 2R1, 3R1 and 3L1, inversions X2, X3, 2R3, 3R2, which have 
been previously described as endemic (Stegniy, Kabanova, & No-
vikov, 1976), rare inversions X4 and 2R4 (Naumenko et al., 2020) and 

F I G U R E  3  Cytogenetic map of chromosomal inversions in Anopheles messeae and Anopheles daciae. Standard X00 and inverted X11 
karyotypes are shown for the sex chromosome. Standard chromosome arrangements are shown for autosomal arms 2R00, 2L00, 3R00 and 
3L00. Inversion breakpoints are indicated by numbers inside the circles above the chromosomes. Inversion X1 is additionally shown by red 
brackets. Numbered divisions and lettered subdivisions of the chromosomes are shown below the chromosomes. The order of the divisions 
on chromosome 1 is based on inverted arrangement X11 according to the previously published chromosomal map (Artemov et al., 2021). A 
total of 11 chromosomal inversions are shown. All chromosomal inversions on chromosome X are based on the inverted arrangement X11.
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a newly described rare inversion 3L4 (Table 1). The positions of the 
breakpoints for these inversions are shown in Figure 3. According 
to the common inversion nomenclature for An. messeae, we referred 
to standard or ‘not inverted’ homokaryotypes as a 00 variant and 
inverted homokaryotypes as a 11 or 22 variant; heterokaryotypes 
were referred to as 01, 02, 03 or 04 variants. Inversions on the sex 
chromosome X in hemizygous males were referred as 0, 1, 2, 3 and 4 
variants. Homokaryotypes 22, 33 and 44 were absent in this study.

Our analyses identified that 5 from 11 chromosomal inversions 
were species- specific and frequencies of other chromosomal inver-
sions varied between An. messeae, An. daciae and their hybrids found 
in the same locations (Figure 4, Table 1). A standard karyotype X0 
was determined in An. messeae at an extremely low frequency of 
0.02, in most cases in hemizygote males or heterozygote females, 
whereas inverted variant X1 was the most prevalent in this species. 
In contrast, in An. daciae, the frequency of the X0 variant was 0.48. 
In hybrids, the frequency of this variant was 0.21. Inversion X2 was 
detected only in An. messeae populations in Western Siberia and 
Eastern Kazakhstan but was absent in European regions. The total 
frequency of this inversion was 0.03. Inversion X4 was rare with 
a frequency of 0.01, in total, and it was found only in An. messeae 
in Moscow populations. This chromosomal variant was observed 
only in hemizygote males and heterozygote females. In hybrids, in-
versions X2 and X4 were also found in Kazakhstan and in Moscow, 
respectively. The rare inversion X3 was only found in Latvia in both 
An. messeae and An. daciae with a frequency less than 0.01, in total, 
in both species (Figure S1). Moreover, in all cases, this inversion was 
present in hemizygote males in An. messeae but in heterozygote fe-
males in An. daciae. Autosomal inversion 2R1 was highly abundant 
in An. messeae (0.26) but found at extremely low frequency (0.01) in 
An. daciae and hybrids where it was found mostly as heterozygotes. 

The inverted autosomal variants 3R1 and 3L1 were present in both 
An. messeae and An. daciae, but their frequencies were significantly 
higher in An. messeae and hybrids (Table 1). In contrast, the rare au-
tosomal inversions 2R4 and 2R3 were found as heterozygotes only 
in An. daciae.

Additionally to the differences identified in the frequencies of 
chromosomal variants between the species, our analysis also re-
vealed distinctions between individual mosquito populations within 
each species (Figure S1). For example, the gradual increase in 2R1 
chromosome inversion polymorphism in the An. messeae from south 
to north was observed. In southern populations, all mosquitoes car-
ried the standard variant of chromosome 2R0, but with increasing 
latitude, the frequencies of the standard karyotype decreased and 
in some northern populations, such as Surgut in the north of West-
ern Siberia and Palevitsy in the north of Europe, this variant was 
represented only in a small number of heterozygous individuals. In 
contrast, the inverted karyotype was prevalent in the north with a 
frequency of more than 90% suggesting an involvement of this in-
version in adaptations for cold weather conditions and overwinter-
ing. Similarly, the gradual decrease in the diversity in chromosome 
3 from east to west was determined. The proportions of standard 
karyotypes 3R0 and 3L0 steadily decreased as one goes eastward. 
A similar, but less pronounced, pattern of these inversion frequen-
cies was found in An. daciae. Endemic inversions X2, X3 and X4 were 
found in Western Siberia, Latvia and the Moscow region, respec-
tively. In addition, frequencies of the major inversions varied greatly 
among the geographical regions (Figure S1). To statistically identify 
the relationship between the frequencies of inversions and the 
geographical location of the mosquito collections, we constructed 
a correlation matrix (Table 2). A significant dependence was found 
for the latitude distribution of inversions on the 2R chromosome in 

F I G U R E  4  Frequencies of the chromosomal inversion variants in Anopheles messeae, Anopheles daciae and their hybrids for all 
populations. To exclude differences related to the hemizygous males, frequencies of allelic chromosome variants are shown for the 
chromosome X but frequencies of diploid karyotypes are demonstrated for autosomes by different colours. Frequencies of rare inversions 
(samples count <5) are not shown. An. messeae, An. daciae and hybrids demonstrated significant differences in frequencies of chromosomal 
inversions.
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    |  5617BRUSENTSOV et al.

An. messeae. The longitude dependence of inversion polymorphism 
was found for both arms of chromosome 3.

3.3 | Genetic differentiation and population 
structure of An. messeae and An. daciae

Hardy– Weinberg equilibrium within An. messeae, An. daciae and 
their hybrids was estimated separately. The statistical analysis dem-
onstrated that the frequencies of homo-  and heterokaryotypes, in 
general, did not deviate from the Hardy– Weinberg equilibrium sug-
gesting random mating within the populations (Table S4). The ex-
ceptions were found in Petergof for the 2R and 3R inversions in the 
An. messeae population (deficiency of heterozygotes in both chromo-
somal arms), in Solnechnogorsk for the 2R inversion in the An. daciae 
population (absence of heterozygotes) and in hybrids for the 3R in-
version from Berdsk (a significant excess of heterozygotes).

To clarify the genetic differentiation between An. messeae and 
An. daciae, the Hendrik's G'st indices were calculated (Table 3). Sig-
nificant differentiations of 0.330 and 0.349 were found between 
An. messeae and An. daciae and between An. daciae and hybrids, 

respectively. At the same time, the differentiation within An. messeae 
and between An. messeae and hybrids was moderate (0.140). Chro-
mosomal arms X, 2R and 3R contributed the most to interspecific 
differentiation (FST were 0.409, 0.308 and 0.492, respectively) but 
the difference for the 3L arm was modest (0.128). Hybrids differed 
moderately from either species in the X chromosomes (<1.5). The 
2R arm was the main contributor to the difference between An. mes-
seae and hybrids (0.301) but not between An. daciae and hybrids (0). 
Chromosome arms 3R and 3L differed greatly in An. daciae and hy-
brids (0.639 and 0.430) but not between An. messeae and hybrids 
(0.033 and 0.162; Table 3).

Further statistics analysis demonstrated a higher genetic diver-
sity in An. messeae and hybrids than in An. daciae (Table 4). For ex-
ample, Menhinick indices were 3.23 in An. messeae, 4.04 in hybrids, 
but only 1.12 in An. daciae. Simpson indices were 0.96, 0.97 and 0.85 
and Shannon indices were 3.65, 3.65 and 2.20 in An. messeae, hy-
brids and An. daciae, respectively. An AMOVA test revealed a clear 
population structure in An. messeae with differences between the 
populations and FDs/countries of 22.08% and 16.68%, respec-
tively, but weak differences in An. daciae of 7.78% and 3.73%, re-
spectively. The rest of the variance fell at the intrapopulation level 
of 61.23% in An. messeae and 88.49% in An. daciae (Table 5). In ad-
dition, we performed the isolation by distance test to estimate the 
genetic isolation between populations. The degree of differentiation 
between the populations of An. messeae was strongly depended on 
the distance between them (r = .808, p < .001; Figure 5). At the same 
time, this dependence among An. daciae was less than half weaker 
(r = .381, p < .001). PCA and hierarchical clustering based on the 
frequency of inversions in samples were performed to reliably sep-
arate the two species (Figure 6). This analysis indicated that pop-
ulations of An. messeae did not form one distinct group. Based on 
K- means method, we assumed that the optimal number of clusters 
in the studied populations equals 4 (Figure S2), in which An. messeae 
populations formed three distinct group: European, Asian and North 
Eurasian (Figure 6). At the same time, An. daciae populations were 
grouped into one additional compact clade. The exception was the 
population from Dombarovka that grouped together with the clade 
of An. messeae from Asia. When PCA test was conducted separately 
for each species, chromosome 3 contributed equally to the diversity 
of both species (Figure S3A). High dispersion along the chromosome 
2 axis was seen in An. messeae (Figure S3A), while in An. daciae high 
dispersion along the X chromosome axis was detected (Figure S3B). 
Thus, we determined significant differences between species at 
both the level of individual chromosomes and karyotypes and at the 
population level.

TA B L E  2  Clinal variability of inversion polymorphisms in 
Anopheles messeae and Anopheles daciae.

Latitude Longitude

An. messeae An. daciae An. messeae An. daciae

X −0.18** −0.03 −0.01 −0.14**

2R −0.35** −0.09* 0.27** −0.03

3R 0.00 −0.10* −0.55** −0.25**

3L −0.01 0.09* −0.50** −0.13**

*p- value < .05; **p- value < .001.

TA B L E  3  Genetic differentiation (Hedrick's G'st) between 
Anopheles messeae, Anopheles daciae and hybrids.

An. daciae/An. messeae
An. daciae/
hybrids

An. messeae/
hybrids

X 0.409* 0.143* 0.128*

2R 0.308* 0.000 0.301*

3R 0.492* 0.639* 0.033*

3L 0.128* 0.430* 0.162*

Total 0.330* 0.349* 0.140*

*Significant difference (p- values < .05).

Species

Number of 
sampled 
individuals

Number of 
multilocus 
genotypes

Menkhinik 
index

Corrected 
Simpson index 
(𝛌 ×

n

n− 1
)

Shannon– 
Wiener 
index

An. messeae 830 93 3.23 0.96 3.65

An. daciae 923 34 1.12 0.85 2.20

Hybrid 179 54 4.04 0.97 3.65

TA B L E  4  Genetic diversity in Anopheles 
messeae, Anopheles daciae and hybrids.
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When analysing paired FST between the populations, most of 
the An. messeae populations differed from each other, suggesting 
restriction of gene flow between them (Table S5). Interestingly, the 
three most northern populations of An. messeae from Europe (Palev-
itsy) and Asia (Surgut and Krivosheino) located 1200 km between 
each other, were slightly different from each other but significantly 
distinct from the rest of the populations of this species. A different 
picture was observed for An. daciae. Analysis of paired FST within the 
species (Table S5) showed insignificant differences between popu-
lations throughout its range. The only exception was the population 
from Dombarovka (Orenburg region), which differed sharply from 
the rest of the populations (FST > 0.25). These data were consistent 
with the above results of hierarchical clustering analysis in which all 
mosquito populations clustered into 4 large groups.

In addition to An. messeae and An. daciae, our study revealed two 
distinct groups of hybrids: southern Eurasian (Semey/Dombarovka) and 
Asian (Berdsk/Tomsk) that were practically identical within the group 
(Figure 6). Interestingly, the southern Eurasian group of hybrids was clus-
tered together with the Asian populations of An. messeae, whereas the 
Asian group of hybrids clustered together with An. daciae populations.

4  |  DISCUSSION

4.1  |  The role of the chromosomal inversions in 
mosquito evolution

In this study, we attempted to better understand the role of chro-
mosomal inversions in the evolution of two closely related species 
from the Maculipennis group, An. messeae and An. daciae. For the 

first time, chromosomal inversions were analysed separately in the 
two species. Among 11 polymorphic inversions, the most indicative 
differences between An. messeae and An. daciae were associated 
with the X sex chromosome (Figure 3). The standard arrangement 
X0 was present with an extremely low frequency of 2%, in total, or 
was almost absent in the An. messeae populations, while the inverted 
arrangement X1 was found in very high frequency of 94% in the 
populations of this species (Table 1). In contrast, both standard X0 
and inverted X1 arrangements were found in almost equal frequen-
cies of 48% and 52%, respectively, along the An. daciae distribution. 
The frequencies of other inversions were significantly less abundant 
than X1 inversions in the An. messeae populations and almost absent 
in the An. daciae populations. The endemic Siberian X2 inversion and 
the rare X4 inversion were only found in An. messeae populations. 
The Latvian endemic X3 inversion (Figure S1) was found in low fre-
quencies in both species (<1%) and was present in An. messeae only 
in males, while in An. daciae it was only found in heterozygous fe-
males. Interestingly, all chromosomal inversions found in An. messeae 
were formed based on the inverted X11 arrangement, suggesting 
that this karyotype is ancestral for An. messeae (Figure 3). Thus, we 
conclude that arrangement X1 was originally fixed in An. messeae, 
whereas the endemic or rare inversions on the X chromosome origi-
nated later after the two species split. Interestingly, in addition to 
five polymorphic inversions in the X chromosome of An. messeae 
and An. daciae, five fixed chromosomal inversions have been identi-
fied among the Palearctic species of the Maculipennis group (Steg-
niy, 1991) suggesting their potential role in the process of speciation.

All the widespread autosomal inversions identified by this 
study in natural populations of An. messeae and An. daciae were 
present in both species, indicating that their polymorphism is 

Levels An. messeae (%) An. daciae (%)

Variations between FDs/countries 22.08* 3.73*

Variations between populations within FDs/countries 16.68* 7.78*

Variations within populations 61.23* 88.49*

*Significant difference (p- values < .05).

TA B L E  5  Assessment of genetic 
diversity and population differentiation in 
Anopheles messeae and Anopheles daciae 
based on Analysis of Molecular Variance.

F I G U R E  5  Isolation by distance within 
populations of Anopheles messeae and 
Anopheles daciae. The graph of the linear 
regression model is shown in red; r stands 
for the correlation coefficient between 
the pairwise FST and the pairwise distance 
between populations. The x- axis shows 
the distance between populations in 
kilometres. The y- axis indicates FST/(1−FST) 
parameter. The degree of differentiation 
between populations of An. messeae 
strongly depends on the distance between 
them, while this dependence is much 
weaker among An. daciae populations.
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ancestral in both cases (Figure 3). However, the frequencies 
of the inverted variants 2R1, 3R1 and 3L1 were significantly 
higher in An. messeae versus An. daciae (0.26 vs. <0.01, 0.45 vs. 
0.06, 0.17 vs. 0.03, respectively). The rare inversions 2R4 and 
2R3 were found only in An. daciae from Riga and in the Moscow 

region (Yegoryevsk), respectively, and the 3R2 and 3L4 inversions 
were found in the An. messeae northern populations of Surgut and 
Severodvinsk, respectively (Figure S1). The presence of endemic 
chromosomal inversions suggests their involvement in local ad-
aptations of mosquitoes. A latitude gradient was determined for 
2R1 inversions with higher frequencies of inverted arrangements 
in northern populations (Figure S1). This result strongly supports 
the idea of the involvement of 2R1 inversion in adaptation to low 
temperatures and possibly in the development of diapause and 
overwintering under cold weather conditions in northern popu-
lations (Stegniy, Kabanova, Novikov, et al., 1976). Longitude gra-
dient were determined for the inversions in the 3R and 3L arms. 
Gradients were more pronounced in populations of An. messeae 
than in An. daciae. Presence of large- scale geographical gradients 
of the autosomal inversions suggests their associations either 
with climatic adaptations of the mosquito populations or with a 
genetic drift. More studies are required to better understand the 
involvement of the chromosomal inversions in ecological and cli-
mate adaptations.

It is interesting to compare our data with the analyses of the chro-
mosomal inversions conducted on African malaria mosquitoes from 
the An. gambiae complex. In this complex, seven species were differ-
entiated by 10 fixed chromosomal inversions (Coluzzi et al., 2002) 
but unlike in An. messeae and An. daciae, five fixed chromosomal 
inversions located on the X chromosome in the An. gambiae com-
plex have no polymorphic variants in any species within the com-
plex (Coluzzi et al., 2002). Similar to the X1 inversion in An. messeae 
and An. daciae, an autosomal inversion 2La is highly polymorphic in 
An. gambiae but is fixed in its sister taxa An. arabiensis and An. merus. 
Detailed analyses demonstrated the ancestral state of the 2La in-
verted arrangement for this species complex (Kamali et al., 2012; 
Sharakhov et al., 2006). Intensive studies of inversion polymorphism 
within An. gambiae species identified five chromosomal forms re-
lated to the inversions in the 2R arm: Bamako, Savanna, Mopti, For-
est and Bissau (Touré, 1989; Touré et al., 1994). In An. gambiae, the 
2La inversion frequencies change depending on the aridity gradient 
of the environment (Ayala et al., 2017, 2019; Cheng et al., 2012). Au-
tosomal chromosomal inversions have been shown to be involved 
in ecological specialization of the incipient species An. gambiae and 
An. coluzzii (Costantini et al., 2009; Simard et al., 2009) and play a 
role in ecotypic adaptation of four Anopheles species: An. gambiae, 
An. coluzzii, An. arabiensis and An. funestus (Ayala et al., 2017).

4.2  |  Distinct phylogeographic history of 
An. messeae and An. daciae

The study provides some insights into phylogeographical differ-
ences between An. messeae and An. daciae in Eurasia. First of all, 
we determined distinct geographical distribution of the species 
with An. messeae absent in south Europe and An. daciae absent 
in eastern Siberia (Figure 1). Then, PCA and hierarchical cluster 
analysis, conducted based on the frequencies of the chromosomal 

F I G U R E  6  Interpopulation PCA plot (a) and hierarchical 
clustering dendrogram (b) based on the frequencies of the 
chromosomal inversions in Anopheles messeae, Anopheles daciae and 
their hybrids. Species are indicated by different colours. Arrows 
on panel (a) indicate coordinate axes in space of frequencies of 
inversions X0, X1, X2, 2R0, 2R1, 3R0, 3R1, 3L0 and 3L1. Positions 
of populations from four locations Dzerzhinskoe, Berdsk, Semey 
and Dombarovka, where most of the hybrids were found, are 
indicated. Three major clades of An. messeae— North Eurasian, 
European and Asian— are shown by light grey colour in panel (a) and 
by brackets in panel (b). Based on statistical analysis, An. messeae 
is subdivided into three major clades, whereas An. daciae is 
represented by only a single population.

(a)

(b)
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inversions, separated An. messeae and An. daciae into distinct clus-
ters (Figure 6). Three additional clusters were identified within 
populations of An. messeae: Northern Eurasian, European and 
Asian. In contrast, populations of An. daciae clustered all together 
demonstrating no distinct population structure among locations 
in Eurasia. Moreover, the analysis of isolation by distance revealed 
a stronger correlation between the genetic differentiations of the 
populations and distances between them in An. messeae than in 
An. daciae. Because this analysis was carried out only within over-
lapping geographical ranges of the two species, this result sug-
gests that An. messeae settled in this territory much earlier and 
was able to accumulate much stronger genetic differences be-
tween the populations while An. daciae colonized the studied area 
relatively recently and quickly. Indeed, fluctuations in frequen-
cies in the X0 chromosomal variant (Stegniy et al., 2016), which 
is associated with An. daciae, indicate dramatic dynamics of the 
redistribution of the species in Eurasia during the last 40 years. 
In Western Siberia (Tomsk), frequencies of the X0 chromosome 
variant increased from 5% to 55% from 1974 to 2013. In Eastern 
Siberia (Krasnoyarsk), in 1974, the X0 variant was absent (0%) 
but in 2008 the frequency of this variant increased to 30%. At 
the same time, a tendency towards the increase in the frequency 
of the X0 chromosome variant was observed in a northern loca-
tion (Syktyvkar). In southern Asia (Almaty), the X0 chromosome 
variant, which in 1974– 1977 was absent (0%), had reached a fre-
quency of 70% by 2014. In contrast, in Europe (Moscow) the X0 
frequency declined from 50% (1975) to 10%. These data suggest a 
recent dramatic expansion of An. daciae in the northern, southern 
and eastern territories of Eurasia with some westward expansion 
of An. messeae in Europe.

According to our preliminary estimation, the split between 
An. messeae and An. daciae occurred ~2 Mya (Yurchenko et al., 2022) 
and thus overlapped with the glaciation period in Eurasia (Torsvik & 
Cocks, 2017). Thus, we hypothesize that the glaciation event can po-
tentially result in a long period of disruption of an original population 
of the ancestral species into different southern refugia whereas one 
population of mosquitoes was isolated in the Asian location and an-
other in the European location. As a potential outcome of such iso-
lation, the two species accumulated genetic differences, which are 
especially pronounced in the chromosomal inversions and overall 
differentiation in the X chromosome (Naumenko et al., 2020). Later, 
when the climate became warmer, distribution of the species over-
lapped again but they became partially incompatible because they 
acquired postzygotic or prezygotic isolation barriers. In fact, the dif-
ferences in acoustic signalling of adult mosquitoes were observed 
between mosquitoes with different chromosomal karyotypes po-
tentially associated with An. messeae and An. daciae (Perevozkin 
et al., 2012). These differences may contribute to the reproductive 
isolation between the species.

Geographical or allopatric speciation is considered a classical 
form of speciation commonly present in nature (Mayr, 1963). The 
role of the climate oscillations in speciation and population genetic 
processes of European and North American species was highlighted 

in several reviews (Emerson & Hewitt, 2005; Hewitt, 2001, 2004). 
The influence of glaciation on species evolution has been shown 
for mammals (Berggren et al., 2005), fish (Aguilar et al., 2019), in-
sects (Baird et al., 2021) and plants (Tzedakis et al., 2013). Among 
mosquitoes, the presence of two groups of An. claviger in France, 
which represent unclear genetic entities, was considered as allopat-
ric divergence in southern refugia during the last glaciation period 
(Schaffner et al., 2003). In another study, data from the microsatel-
lite analysis of populations of the West Nile vector mosquito Culex 
tarsalis suggest that this species underwent a range expansion across 
the western United States within the last 375,000– 560,000 years, 
which may have been associated with the Pleistocene glaciation 
events that occurred in the Midwestern and Western United States 
between 350,000 and 1 Mya (Venkatesan et al., 2007).

In addition to the differences in population structure between 
An. messeae and An. daciae, we found high variations in the frequen-
cies of their hybrids among the locations in areas where distribu-
tions of the two species were overlapped (Figure 1). The frequencies 
of hybrids were very low in northern Europe from 0% (Severod-
vinsk) to 1.59% (Solnechnogorsk) but higher, up to 7%, in southern 
Europe (Voronezh). In contrast, in two locations in south- western 
Siberia (Berdsk and Dzerzhinskoe), one Southern Urals location 
(Dombarovka) and one Kazakhstan location (Semey), the hybrid fre-
quencies were very high (49.43%, 8.89%, 78.13% and 54.26%, re-
spectively). Surprisingly, only An. messeae, in addition to the hybrids, 
was present in the Semey location and only An. daciae, in addition 
to the hybrids, was present in the Dombarovka location. These data 
could have multiple potential interpretations from just the simple 
presence of recombinants in rDNA sequences in one or in both 
species in some geographical areas to an existence of an additional 
cryptic taxon in Central Asia that is ancestral to both An. messeae and 
An. daciae. Southern Eurasia can also be considered as a hybrid zone 
between the two species. In the past, low frequencies of the hetero-
zygote X01, which may represent potential hybrids between the two 
species, were always observed in the western part of the species 
distribution but were interpreted as disruptive selection that favours 
the X00 and X11 homozygotes at different times of the breeding and 
wintering seasons (Stegniy et al., 2016).

Hybridization between closely related species has been shown to 
be variable in other mosquitoes. For example, the number of hybrids 
between two incipient species, An. gambiae and An. coluzzii, from the 
An. gambiae complex varies among the locations from 0.2% in Coastal 
areas of Africa to 24% in Guinea- Bissau (Oliveira et al., 2008) and even 
up to 42% in some surrounding areas (Nwakanma et al., 2013). Patterns 
of interspecies hybridization vary in Culex mosquitoes. For example, 
massive hybrid zones were found between mosquitoes from the Culex 
pipiens complex. Diapausing in winter Cx. pipiens and nondiapausing 
Cx. quinquefasciatus form large hybrid zones where their distribution 
overlaps in North America, Africa and Asia (Aardema et al., 2022; 
Farajollahi et al., 2011). Two eco- physiological forms or subspecies, 
Cx. p. pipiens and Cx. p. molestus, are behaviourally divergent and truly 
isolated in northern Europe, but are gradually becoming well- mixed, 
intermediate populations in North Africa (Haba & McBride, 2022). A 

 1365294x, 2023, 20, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.17127 by L
.N

. G
um

ilyov E
urasian N

ational U
niversity, W

iley O
nline L

ibrary on [05/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  5621BRUSENTSOV et al.

number of studies suggest that Cx. p. pipiens and Cx. p. molestus rep-
resent different evolutionary entities (Fonseca et al., 2004; Gomes 
et al., 2015; Yurchenko et al., 2020).

We think that additional whole- genome sequencing approach of 
multiple individuals of An. messeae, An. daciae and their hybrids from 
different locations in Eurasia has to be considered for the future 
studies. This analysis will help to better understanding population 
structure, patterns of their diversification in Eurasia and the nature 
of hybrids between them. Similar studies were very productive 
for the African malaria mosquitoes (Anopheles gambiae 1000 Ge-
nomes Consortium, 2020). Another interesting future direction of 
this study is to explore the potential functional role of the chromo-
somal inversions in speciation, ecological and climatic adaptation of 
the An. messeae, An. daciae and other species from the Maculipennis 
group in Eurasia.

5  |  CONCLUSIONS

This study evaluates the potential role of chromosomal inversions 
in genetic divergence of two closely related species An. messeae 
and An. daciae that were previously considered as a single species. 
Existence of species- specific inversions in the X chromosome in 
both species implies their potential involvement in speciation. The 
presence of longitude and latitude gradients in Eurasia associated 
with frequencies of the autosomal inversions suggests their role in 
adaptation to different climate conditions. We demonstrated that 
An. messeae and An. daciae represent distinct evolutionary entities, 
which differ from each other by their geographical distribution, 
population structure and patterns of their divergence in Eurasia. The 
study determined that An. messeae has much higher diversity and a 
more complex population structure, while An. daciae has low diver-
sity and a more homogeneous structure of its populations. We hy-
pothesize that glaciation events in Eurasia may have contributed to 
the original split between An. messeae and An. daciae and explain the 
higher genetic diversity within An. messeae. Our data suggest that 
An. messeae populated Eastern Eurasia earlier, whereas An. daciae 
spread in Asia more recently. Detailed knowledge of the population 
structure and phylogeographic history of the important malaria vec-
tors An. messeae and An. daciae will help to predict the patterns of 
malaria transmission in Eurasia.
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