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Abstract: Speciation is not always accompanied by morphological changes; numerous cryptic closely
related species were revealed using genetic methods. In natural populations of Ellobius tancrei
(2n = 54–30) and E. alaicus (2n = 52–48) of the Pamir-Alay and Tien Shan, the chromosomal variability
due to Robertsonian translocations has been revealed. Here, by comprehensive genetic analysis
(karyological analyses as well as sequencing of mitochondrial genes, cytb and COI, and nuclear
genes, XIST and IRBP) of E. alaicus and E. tancrei samples from the Inner Tien Shan, the Alay Valley,
and the Pamir-Alay, we demonstrated fast and independent diversification of these species. We
described an incompletely consistent polymorphism of the mitochondrial and nuclear markers, which
arose presumably because of habitat fragmentation in the highlands, rapid karyotype changes, and
hybridization of different intraspecific varieties and species. The most intriguing results are a low level
of genetic distances calculated from mitochondrial and nuclear genes between some phylogenetic
lines of E. tancrei and E. alaicus, as well significant species-specific chromosome variability in both
species. The chromosomal rearrangements are what most clearly define species specificity and
provide further diversification. The “mosaicism” and inconsistency in polymorphism patterns are
evidence of rapid speciation in these mammals.

Keywords: speciation; cryptic species; Robertsonian translocations; mitochondrial and nuclear gene
variability; Ellobius; Mammalia; Rodentia

1. Introduction

New species emergence is not a one-step process, even in cases of so-called sudden
speciation. Historically, the origin of a new species has been considered as a gradual process;
for a long time, it was thought that only one way was possible—geographically separated
populations gradually accumulate changes to some critical level, after which taxonomists
(with some degree of subjectivity) are able to describe them as distinct species [1,2]. The
concept that divergence increases linearly (i.e., at a constant rate over time) has practically
become a dogma; indeed, the molecular clock model is also based on this [3,4]. Linearity is
ensured by the interaction of selection and drift. Adopting this approach does not allow us
to hope to observe the appearance of new species in nature. However, models based on the
study of closely related species extend our understanding of the patterns of speciation [5].
Cases of “young” species with similar ecological and phenotypic peculiarities, compounded
by cases of hybridization due to secondary contact, are of particular interest.

In the middle of the 20th century, fossorial cricetid rodents of the Ellobius genus were
thought to be a rather old group with only one or two species [6]. Now the genus consists
of five species in two subgenera: Ellobius and Bramus. The subgenus Bramus is represented
by two species: the Transcaucasian mole vole, E. lutescens Thomas, 1897, and the southern
mole vole, E. fuscocapillus Blyth, 1843. The subgenus Ellobius includes the northern mole

Life 2023, 13, 1751. https://doi.org/10.3390/life13081751 https://www.mdpi.com/journal/life

https://doi.org/10.3390/life13081751
https://doi.org/10.3390/life13081751
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/life
https://www.mdpi.com
https://orcid.org/0000-0002-2106-3989
https://orcid.org/0000-0002-2607-4169
https://orcid.org/0000-0002-5808-7685
https://orcid.org/0000-0001-5914-1797
https://doi.org/10.3390/life13081751
https://www.mdpi.com/journal/life
https://www.mdpi.com/article/10.3390/life13081751?type=check_update&version=1


Life 2023, 13, 1751 2 of 21

vole, E. talpinus Pallas, 1770, the eastern mole vole, E. tancrei Blasius, 1884, and the Alay
mole vole, E. alaicus Vorontsov et al., 1969 [7,8]. Meanwhile, the subgenus Ellobius currently
includes three species, although it has previously been suggested that the forms from
Mongolia can be considered as independent species [8]. The northern mole vole E. talpinus
is characterized by high mtDNA variability and lack of chromosomal polymorphism [9].
The majority of phylogenetic lines of E. tancrei are chromosomally stable (2n = 54), while the
populations from the Surkhob Valley carry numerous Robertsonian translocations, which
have recently been described by Zoo-FISH in three low-chromosomal forms and numerous
hybrids with the original 54-chromosome form [10]. The Alay mole vole E. alaicus obtained
less Rbs (Robertsonian translocations) and, as we demonstrated previously, translocations
originated independently in these closely related species [11,12]. With no known fossil
record for mole voles in Tien Shan and Pamir-Alay, a very approximate divergence time
for E. tancrei and E. alaicus has been estimated as less than 180 kya by genetic data [8].
Chromosomal variability, as well as the specificity of different DNA markers in these
species, suggests extremely rapid diversification. Notably, within approximately 30 years,
i.e., one generation of researchers, it was possible to record the change and fixation of
the karyotype in E. alaicus population in Tajikistan [11]. Such rate of genetic changes
can be explained primarily by the subterranean lifestyle, sociality, and higher inbreeding
tolerance [13], which maintains a low effective population size in these species.

In this paper, we analyze extensive material from various parts of the range of the
two cryptic “young” species, including areas of secondary contacts in distinct mountain
systems. Closely related species of mole voles inhabit the Pamir-Alay, Alay Valley, and Tien
Shan, which are part of the high mountain systems of Central Asia, metaphorically called
the “roof of the world”. The objective of this study was to demonstrate that these two
closely related species of mole voles, E. tancrei and E. alaicus, evolve independently of each
other, in turn forming different phylogenetic lines due to rapid changes in chromosome
sets and geographical fragmentation.

2. Materials and Methods
2.1. Samples

In total, 26 mole voles were collected in 10 localities in the Tien Shan and the Alay
Valley (southeastern Kyrgyzstan) in 2022. Animals were treated according to conventional
international protocols according to the Guidelines for Humane Endpoints for Animals
Used in Biomedical Research. All the experimental protocols were approved by the Ethics
Committee for Animal Research of the Koltzov Institute of Developmental Biology RAS in
accordance with the Regulations for Laboratory Practice in the Russian Federation, the most
recent protocol being № 37-25.06.2020. Every possible care was taken to reduce the animal’s
suffering during capturing and sampling. Preliminary species identification was performed
by karyotyping. We also used previously studied specimens of E. alaicus and E. tancrei from
Kyrgyzstan and Tajikistan [12] for the species identification and determination of detailed
pattern of inter- and intraspecific genetic variability. All data samplings are presented in
Table S1 and the capture points of the mole voles are shown in Figure 1. The total number
of used samples was 82. Tissue samples and chromosome suspensions were obtained in our
expeditions in 2008, 2010, 2013, and 2015–2022 field seasons for the Large-Scale Research
Facility “Collection of wildlife tissues for genetic research” IDB RAS, state registration
number 3579666.



Life 2023, 13, 1751 3 of 21Life 2023, 13, x FOR PEER REVIEW 3 of 22 
 

 

 
Figure 1. Map of collection points. Collection localities of E. alaicus specimens are marked with white 
circles; collection localities of E. tancrei are marked with black circles. The names of the studied lo-
calities are given in Table S1. Points 35–37 are beyond the boundaries of this map fragment. 
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For almost all newly collected animals (25 specimens), we made chromosome analy-

sis (Table S1). Chromosomes were prepared from bone marrow according to [14]. G-band-
ing was achieved using trypsin digestion [15]. For identifying the chromosomes, espe-
cially the Robertsonian translocations, we used karyograms previously proved by Zoo-
FISH [11]. Routine stained and G-banded metaphase plates were captured with a CMOS 
camera, mounted on an Axioskop 40 microscope (Zeiss, Oberkochen, Germany). Images 
were processed in Paint Shop Pro X2 (Corel). 

2.3. Sequencing 
Total DNA from all 26 new samples was isolated by phenol-chloroform deprotein-

ization after treatment of shredded tissues (heart, muscle, or kidney) with proteinase K 
[16]. As in our previous publication [12], we analyzed the complete mitochondrial cyto-
chrome b gene (cytb), two overlapping fragments of the nuclear interphotoreceptor retin-
oid-binding protein gene, exon 1 (IRBP), and two non-overlapping fragments of the nu-
clear X-inactive specific transcript gene (XIST); primers and conditions for polymerase 
chain reaction (PCR) were the same as those described in the [12]. Moreover, in the total 
sample (in all 82 animals), we sequenced most of the mitochondrial cytochrome c oxidase 
subunit 1 gene (COI) for the first time. For the COI fragment amplification, we used the 
specially designed primers: COI-AF (5′-CCT-CTG-TGC-TTA-GAT-TTA-CAG-TC-3′) and 
R1182-Etal (5′-CCT-GTG-AAT-AGT-GGG-AAT-CAG-TG-3′). PCR was conducted in ABI 
Veriti 96 thermal cycler (Applied Biosystems, Waltham, MA, USA) in a mixture contain-
ing 25 ng DNA, 3 μL 10×Taq Red buffer, 0.3 μL 10 mM dNTP solution, 4 pM of each 
primer, 0.15 μL of Taq polymerase (5 units/μL), and deionized water to a final volume of 

Figure 1. Map of collection points. Collection localities of E. alaicus specimens are marked with
white circles; collection localities of E. tancrei are marked with black circles. The names of the studied
localities are given in Table S1. Points 35–37 are beyond the boundaries of this map fragment.

2.2. Karyotyping

For almost all newly collected animals (25 specimens), we made chromosome analysis
(Table S1). Chromosomes were prepared from bone marrow according to [14]. G-banding
was achieved using trypsin digestion [15]. For identifying the chromosomes, especially the
Robertsonian translocations, we used karyograms previously proved by Zoo-FISH [11].
Routine stained and G-banded metaphase plates were captured with a CMOS camera,
mounted on an Axioskop 40 microscope (Zeiss, Oberkochen, Germany). Images were
processed in Paint Shop Pro X2 (Corel).

2.3. Sequencing

Total DNA from all 26 new samples was isolated by phenol-chloroform deproteiniza-
tion after treatment of shredded tissues (heart, muscle, or kidney) with proteinase K [16].
As in our previous publication [12], we analyzed the complete mitochondrial cytochrome b
gene (cytb), two overlapping fragments of the nuclear interphotoreceptor retinoid-binding
protein gene, exon 1 (IRBP), and two non-overlapping fragments of the nuclear X-inactive
specific transcript gene (XIST); primers and conditions for polymerase chain reaction
(PCR) were the same as those described in the [12]. Moreover, in the total sample (in all
82 animals), we sequenced most of the mitochondrial cytochrome c oxidase subunit 1 gene
(COI) for the first time. For the COI fragment amplification, we used the specially designed
primers: COI-AF (5′-CCT-CTG-TGC-TTA-GAT-TTA-CAG-TC-3′) and R1182-Etal (5′-CCT-
GTG-AAT-AGT-GGG-AAT-CAG-TG-3′). PCR was conducted in ABI Veriti 96 thermal
cycler (Applied Biosystems, Waltham, MA, USA) in a mixture containing 25 ng DNA, 3 µL
10×Taq Red buffer, 0.3 µL 10 mM dNTP solution, 4 pM of each primer, 0.15 µL of Taq
polymerase (5 units/µL), and deionized water to a final volume of 9.65 µL. Amplification
was as follows: preheating at 95 ◦C for 4 min, and then 5 cycles in a sequential mode of 40 s
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at 95 ◦C, 1 min at 63 ◦C, and 1 min at 72 ◦C; this was followed by 34 cycles in a sequential
mode of 40 s at 95 ◦C, 1 min at 62 ◦C, and 1 min at 72 ◦C. The reaction was completed
by a single final elongation of PCR products at 72 ◦C for 4 min. Automatic sequencing
was carried out using ABI PRISM® BigDyeTM Terminator v. 3.1 Kit with AB 3500 genetic
analyzer (Applied Biosystems, Waltham, MA, USA) at the Core Centrum of the Koltzov
Institute of Developmental Biology RAS.

Accession numbers of sequences deposited to the GenBank were as follows: OR231548–
OR231573 for the cytb gene, OR232598–OR232679 for the COI gene, OR231574–OR231599
for the IRBP gene, OR231600–OR231625 for the XIST gene first fragment, and OR231626–
OR231651 for the XIST gene second fragment. We took into account previously published
sequences [8,11,12], which were included in this study (MG264322, MG264324, MG264326–
MG264330, MG264345, MG264346, MK544901, MK544903, MK544904, MK544906–MK544917,
MT468380, ON333901–ON333931, MT478768–MT478770, ON333848–ON333900, MK544921–
MK544926, ON314941–ON314990, and ON314885–ON314940, see the Table S1). Preliminary
species identification was performed on the basis of the karyotyping results. A total of 82
specimens were used for the statistical analyses of variability of the cytb, COI, IRBP, and XIST
genes as well for building haplotype networks and phylogenetic trees.

2.4. Molecular Evolutionary Analyses

The alignments of DNA sequences were made with the MUSCLE algorithm [17]
in MEGA X software [18]. The lengths of studied sequences were 1143 bp for the cytb
gene, 1077 bp for the COI gene fragment, the IRBP gene fragment was 1404 bp, and
the two non-overlapping parts of the XIST gene consisted of 444–448 and 525–526 bp
(969–973 bp in total). Various lengths of the XIST gene fragments were due to deletions
in sequences of several specimens. Before statistical analysis, the non-extended deletions
were filled in by random nucleotides, which were absent in the total mole vole sample; this
solution was applied in our previous publication [12]. The aligned fragments of the XIST
gene were joined and analyzed as one sequence. The sequences of the protein-coding gene
fragments (COI and IRBP) were presented by entire codons, i.e., started from first nucleotide
and finished by third nucleotide of some codons. Sites, in which two overlapped peaks
reproducibly observed on the chromatograms of the nuclear genes, were coded and treated
as heterozygous. Single heterozygous sites were ignored in statistical treatment. If nuclear
sequence sample was represented by two distinct homozygous genotypes, differing in
several sites, as well genotypes, which were heterozygous in all these sites simultaneously,
separation of the heterozygous (“hybrid”) genotypes into haplotypes was carried out “by
hand” as it was described earlier [12]. Otherwise, the phasing of polymorphic loci in
heterozygous genotypes was carried out based on combinations of alleles in homozygotes.
For each case, we analyzed known haplotypes of the surrounding populations to exclude
random alternation of heterozygous sites [19].

The uncorrected mean and pairwise genetic p-distances (D) between mole vole species
and intraspecific groups as well within them were calculated using Mega X software
(https://www.megasoftware.net/) [18]. For all molecular markers, trees were built based
on the Maximum Likelihood (ML) method using IQ-Tree software, version 2.0-rc2 [20,21];
the ModelFinder option [22] was applied to get optimal model evaluation of nucleotide
substitutions for each gene. Along with study of each gene polymorphism separately, we
conducted an analysis of the concatenated cytb and COI sequences, partitioning the dataset
by gene and applying the gene-specific substitution models selected using ModelFinder [23];
each partition had its own set of branch lengths. Standard nonparametric bootstrapping
was conducted throughout 1000 pseudo replications for all reconstructions.

Furthermore, taking into account a quite high variability of both studied mitochondrial
genes and closeness of compared species, Bayesian inference for cytb and COI genes as well
their combined sequence was additionally evaluated in MrBayes software, version 3.2.7 [24,25]
to assess the similarity of ML and Bayesian tree topologies. Bayesian analyses were run for
1 million generations with Markov chains sampled every 1000 generations, and 25% of

https://www.megasoftware.net/
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trees were discarded (“burn-in”). Node support was calculated using posterior probability
values. The analysis included two independent runs. The Tracer 1.7.1 software [26] was
applied to check for convergence and determine the necessary burn-in fraction, which was
10% of the chain length. In all calculations, the effective sample size exceeded 200 for all
estimated parameters.

The images of phylogenetic trees were rendered in FigTree 1.4.4 (http://tree.bio.ed.
ac.uk/software/figtree/ (accessed on 25 November 2018)) and processed in Paint Shop
Pro X2 (Corel). All trees were rooted on the E. tancrei samples from Mongolia as the most
distant comparing with other populations.

Haplotype networks (haplowebs) were made using the HaplowebMaker (https://
eeg-ebe.github.io/HaplowebMaker/ (accessed on 11 July 2020)) [27]. The networks were
constructed using the median joining algorithm. The area of the circle corresponded to the
number of individuals carrying a particular haplotype. The curved lines denoted hybrid
individuals carrying two different haplotypes; the thickness of the curves was proportional
to the number of hybrid individuals. Mutations are indicated by dashes on the straight
lines connecting the haplotypes.

3. Results
3.1. Karyological Study

Among mole voles from the Inner Tien Shan, chromosome analysis demonstrated a
presence of animals with two karyotypes predominately. All specimens from the northern
shore of the Song Kel Lake (#30, 31), and localities to the east, in the northern Naryn
district (#32, 33) had 2n = 54 (Figure 1, Table S1), as E. tancrei over most of the species’
range. Locality #32 was a repeat of the same location, where we previously described mole
voles with 2n = 53, 1 Rb (1.3), which were treated as possible hybrids of E. tancrei and
E. alaicus [11]. In the Fergana Ridge (to the south of Kazarman, the left bank of the Naryn
River, #1) and two points of the Naryn district (Bosogo, #2, and At-Bashy, #4), we revealed
mole voles with typical for E. alaicus 2n = 52, 2 Rb (2.11) (Figures 1 and S1a, Table S1).
However, one of the specimens collected in #4 had 51 chromosomes in its karyotype with
2 Rb (2.11), 1 Rb (1.3) (Figures 1 and S1b, Table S1). Furthermore, in Naryn district, on the
left bank of the Small Naryn River (#3), we found a mole vole with 2n = 48, 2 Rb (2.11), 2 Rb
(1.3), 1 Rb (6.8), 1 Rb (5.12) (Figures 1 and 2; Table S1).
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Figure 2. Karyotype of E. alaicus 27527, 2n = 48, #3; G-banding.

3.2. Molecular Study
3.2.1. Variability of Mitochondrial Genes

The analysis of mitochondrial cytb gene in the total sample of mole voles (including
previously studied ones) demonstrated high differentiation within E. tancrei and E. alaicus,
and those samples from Tien Shan, representing divergent intraspecific genetic forms, made
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significant contribution to genetic variability of both species. Both ML and Bayesian trees
(Figures S2 and S3) show distribution of specimens into three major clades. First clade
(M), most divergent from the other two (D = 0.041–0.044, see Table S2), is represented by
E. tancrei from Mongolia. Second clade consists of E. tancrei from Central Asia; the clade is
differentiated into two sister subclades: the one (T) includes E. tancrei with 2n = 30–54 from
Tajikistan, the other (TS) joins specimens with 2n = 54 from the Inner Tien Shan and the
flanked branch, corresponding to an E. tancrei specimen from #34, Tashkent. Third clade is
divided into two sister subclades too: the first (TS) consists of E. alaicus from the Inner Tien
Shan, and the other comprises specimens from the Alay Valley and northeastern Tajikistan
as well as interspecific E. alaicus-E. tancrei hybrids from #5 (Gulcha vicinities in the north
to the Pamir Highway). It is noteworthy that genetic distances between the subclades in
the limits of the second and third clades (0.022–0.023) are comparable with the differences
between E. alaicus and E. tancrei from Central Asia (0.026).

The trees built on the basis of the COI gene fragment analysis (Figures S4 and S5)
show the same main clades and branches as those, which were identified in the cytb gene
study, with the exclusion of an “unstable” position of clade, joining E. alaicus specimens
from Inner Tien Shan, in the Bayesian and ML trees. Polytomy in ML tree built on the COI
analysis data is discussed below. In the Bayesian reconstruction, this clade is sister in the
relation to E. alaicus populations from the Alay Valley and Tajikistan that is similar to the
cytb gene analysis data. However, in the ML tree, it demonstrates polytomy along with
E. alaicus from the Pamir-Alay and Central Asian E. tancrei populations. The analysis of
the concatenated sequences of both mitochondrial genes leveled the inconsistency and
produced Bayesian and ML trees with similar topologies (Figures 3 and S6), like those
in the cytb gene study (Figures S2 and S3). Despite this, it should be concluded that a
clusterization pattern for the intraspecific forms of E. alaicus and E. tancrei may significantly
vary, depending on the different mitochondrial markers.

Likewise for the cytb gene, the average genetic distances, which were calculated
using the COI gene fragment and joined sequence of two mitochondrial markers between
E. alaicus and E. tancrei from Central Asia (0.020 for the COI gene and 0.023 for concatenated
mitochondrial sequence, see Table S2), insignificantly excess the differences determined
between the major subclades within E. alaicus (maximally 0.017 for the COI gene and 0.020
for concatenated mitochondrial sequence) and E. tancrei from Central Asia (maximally
0.015 and 0.019, respectively).

It is notable that the average genetic distance values calculated within the subclades of
E. alaicus and E. tancrei from Central Asia (Table S3) show some decline of genetic polymor-
phism in populations from northeastern Tajikistan in comparison with those from Tien Shan
in both species. Based on the parameter, the COI gene variability, for example, is the same
(D = 0.003) in the E. alaicus sample from Tien Shan and in the vast group, joining conspe-
cific populations from northeastern Tajikistan and the Alay Valley as well hybrids from #5.
Populations of E. alaicus from the Alay Valley have one COI gene haplotype only (D = 0.000).

Haplotype networks visualized a picture of the cytb and COI sequence diversity
(Figures S7 and S8; for concatenated sequences see Figure 4). Haplotypes of E. tancrei were
shown in shades of green and cyan while shades of purple-pink and orange-brown marked
haplotypes of E. alaicus. Blue circles corresponded to individuals from previously described
E. tancrei-E. alaicus hybrid zone [11,12]. A haploweb based on cytb and COI sequences made it
possible to demonstrate numerous mutational steps between intraspecific forms and species
along with the high level of their polymorphism. Like patterns in ML and Bayesian trees, we
observed that specimens of E. tancrei from Mongolian localities (#35–37, Table S1) had been
separated from Central Asian mole vole populations of both species by more considerable ge-
netic distances than Central Asian populations of E. tancrei and E. alaicus from each other. The
populations of both E. tancrei and E. alaicus to the north of the Fergana Ridge were separated
from the southern groups of conspecific populations by a greater distance than the southern
groups of populations from the common node. The level of haplotypic polymorphism is
relatively comparable in Central Asian E. tancrei and E. alaicus populations.
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Figure 3. The maximum-likelihood tree based on joined cytb gene and COI gene sequences of
82 specimens of E. tancrei and E. alaicus. Samples from E. tancrei Mongolian populations were used
as an outgroup. Numbers above the nodes correspond to bootstrap support; values <70 are not
specified. Sample names are presented as “locality number—individual number”. The color selection
corresponds to haplowebs: cyan marks Mongolian (M) E. tancrei (#35–37); deep green marks E. tancrei
specimens from Tajikistan (T) (#19–29); bright green marks Tien Shan (TS) E. tancrei (#30–34); blue
marks probable interspecific hybrids from (#5); pink marks Tien Shan (TS) E. alaicus (#1–4); purple
and orange mark “E” (#6–10) and “W” (#14–18) haplotypes of E. alaicus, respectively. Populations
##11–13 belong to “E” group but demonstrated some features (IRBP alleles).
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Figure 4. Haplotype network constructed by HaplowebMaker based on the joined sequences of
two mitochondrial genes (cytb and COI). Data from the entire sample are used (82 specimens of
E. tancrei and E. alaicus, see Table S1). A sample from each locality is colored with its own color; close
shades unite species/intraspecific forms according to investigated taxonomic hypotheses. The circles
represent haplotypes; the curves between them indicate hybrid individuals carrying both connected
haplotypes. The area of the circles and the thickness of the curves are proportional to the number
of individuals carrying the haplotype; nucleotide substitutions are indicated by dashes. Dotted line
indicates probable interspecific hybrids (#5).

3.2.2. Variability of the Nuclear XIST Gene

According to our previous results [12], the analysis of the XIST gene made it possible
to clearly discriminate Mongolian populations of E. tancrei only (#35–37, Table S1). Other
specimens and population groups of E. alaicus and E. tancrei as well interspecific hybrids
from #5 (Gulcha vicinities) formed an unresolved polytomy. However, distinct differentia-
tion in E. alaicus into two intraspecific groups (“eastern” and “western”) was obvious on
this gene: two haplotypes, differing by a three-nucleotide deletion and several substitutions,
were revealed in E. alaicus from the Alay Valley in both homozygotic and heterozygotic
states. The addition of new material from the Inner Tien Shan did not fundamentally
change the overall pattern of ML tree topology (Figure 5). At the same time, E. tancrei
specimens from this area were characterized by the unique XIST haplotype that led to their
clusterization to separate group, close to E. tancrei from the Pamir-Alay. All E. alaicus from
the Inner Tien Shan had the XIST haplotype with deletion in homozygotic state, like the
“eastern form” of this species.

A haplotype network based on XIST sequences (Figure 6) demonstrated that represen-
tatives of Mongolian populations of E. tancrei (#35–37, Table S1) form the clade, most distant
from the common node. Central Asian E. tancrei formed a compact clade, not including,
however, a specimen from Tashkent, Uzbekistan (#34). In comparison, the intraspecific
polymorphism of E. alaicus is much higher: the chromosomal form from the Pamir-Alay
with 2n = 48 (#14–18, Figure 1, Table S1) is represented by a specific haplotype, as well as
individuals from the Inner Tien Shan together with a number of individuals from the Alay
Valley. We observed the highest haplotypic polymorphism in the populations from the
eastern part of the Alay Valley (#6–10, Figure 1, Table S1) and from the previously described
hybrid zone in Gulcha vicinities, #5 [11,12].
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sentatives of Mongolian populations of E. tancrei (#35–37, Table S1) form the clade, most 
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Figure 5. The maximum-likelihood tree based on the XIST gene sequences of 82 specimens of
E. tancrei and E. alaicus. Samples from E. tancrei Mongolian populations were used as an outgroup.
Numbers above the nodes correspond to bootstrap support; values <70 are not specified. Sample
names are presented as “locality number—individual number”. The color selection and abbreviations
are denoted as specified in Figure 3. Haplotypes that were hypothetically derived from heterozygous
genotypes are indicated by asterisks: the haplotype with a deletion is marked by one asterisk, while
the other haplotype is marked by two asterisks.
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Figure 6. Haplotype network constructed by HaplowebMaker based on the XIST gene sequences of
82 specimens of E. tancrei and E. alaicus (see Table S1). A sample from each locality is colored with
its own color; close shades unite species/intraspecific forms, according to investigated taxonomic
hypotheses. The circles represent haplotypes; the curves between them indicate hybrid individuals,
carrying both connected haplotypes. The area of the circles and the thickness of the curves are
proportional to the number of individuals carrying the haplotype; nucleotide substitutions are
indicated by dashes.

The XIST gene analysis of these populations revealed nine heterozygous specimens:
in the hybrid zone #5, in the Alay Ridge (#6), and in the central part of the Alay Valley (#7,
8, 10) that is shown by the curves on the network. In counterpoint to our previous data [12],
the haplotypes of the possible backcrosses from the hybrid zone #5 are significantly skewed
toward E. alaicus.

3.2.3. Variability of the Nuclear IRBP Gene

The gene encoding the Interphotoreceptor Retinoid-Binding Protein (IRBP) was used to
resolve mammalian phylogeny at lower levels [8]. As we showed previously [12], the IRBP
genotypes in all specimens of E. alaicus and E. tancrei (including individuals from Mongolia)
differ by three fixed substitutions. Heterozygosity, if it took place, was observed in all these
sites simultaneously that allowed us to divide heterozygotic genotypes into haplotypes.
All studied E. tancrei and the majority of E. alaicus had different IRBP haplotypes but
in some E. alaicus specimens from the Alay Valley, like hybrid mole voles from #5, the
haplotype, typical for E. tancrei, was revealed in heterozygotic or even homozygotic states.
We proposed that the phenomenon might be the result of interspecific hybridization or
incomplete haplotype sorting, i.e., ancestral polymorphism manifestation.

As in our prior study, the ML tree built on the results of the IRBP gene analysis in the
total mole vole sample demonstrates a polytomy with some clusters (Figure 7). The first of
them includes Mongolian specimens of E. tancrei, while the second one, the most variable,
has the majority of E. tancrei from Central Asia and several E. alaicus. The third cluster is
represented by the majority of E. alaicus as well as some specimens of E. tancrei.
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Figure 7. The maximum-likelihood tree based on the IRBP gene sequences of 82 specimens of E. tancrei
and E. alaicus. Samples from E. tancrei Mongolian populations were used as an outgroup. Numbers
above the nodes correspond to bootstrap support; values <70 are not specified. Sample names
are presented as “locality number—individual number”. The color selection and abbreviations are
denoted as specified in Figure 3. The haplotypes that were hypothetically derived from heterozygous
genotypes are labeled as “hap 1” (haplotype, characteristic of most E. tancrei specimens) and “hap 2”
(haplotype, characteristic of most individuals of E. alaicus).

Despite the addition of new material from the Tien Shan, two main haplotype lines,
differing in three sites, are still distinctly identified in E. alaicus and E. tancrei, which makes
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it possible to reveal the untypical IRBP haplotypes in populations. The haplotype typical
for E. tancrei was additionally diagnosed in the heterozygotic state in E. alaicus from the
Fergana Ridge (#1), the eastern point in the Alay Valley (#8), and even from its central part
(#9), “terra typica” for E. alaicus. It is noteworthy that the “introgression” may happen in
the opposite direction: in two E. tancrei specimens from Naryn vicinities (#33), we found
the IRBP haplotype characteristic for E. alaicus in the heterozygotic state.

In accordance with the ML tree, the haplotype network demonstrated that the poly-
morphism of the IRBP gene was low (Figure 8). It was represented by two major haplotypes
in the studied sample. Only the haplotype of the low-chromosomal (2n = 30) population of
E. tancrei from the Pamir-Alay (#24, Figure 1, Table S1) was faintly different from the others.
The vast majority of animals had one of two haplotypes, but this distribution did not reflect
the species identity. Carriers of one of the haplotypes were predominantly E. alaicus, but the
haplotype was also identified in interspecific hybrids (possible backcrosses) from the hybrid
zone (#5) and in some representatives of E. tancrei with heterozygous genotypes, where we
previously described possible hybrids [11]. Both E. alaicus and E. tancrei individuals, in both
the homo- and heterozygous states, shared another haplotype. Homozygous carriers of this
haplotype characteristic of most E. tancrei among E. alaicus were mole voles with distinct
karyotypes inhabited remote localities #8 and #11. Hybrid genotypes among E. alaicus
were found in specimens from the hybrid zone (#5), the Alay Valley (#8, #10, #12), and the
Fergana Ridge (#1) (Figure 1, Table S1).
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Figure 8. Haplotype network constructed by HaplowebMaker based on the IRBP gene sequences of
82 specimens of E. tancrei and E. alaicus (see Table S1). A sample from each locality is colored with
its own color; close shades unite species/intraspecific forms, according to investigated taxonomic
hypotheses. The circles represent haplotypes; the curves between them indicate hybrid individuals,
carrying both connected haplotypes. The area of the circles and the thickness of the curves are
proportional to the number of individuals carrying the haplotype; nucleotide substitutions are
indicated by dashes.

4. Discussion

Analysis of chromosome (Robertsonian translocations) and gene variability (mito-
chondrial genes, cytb and COI, and nuclear genes, XIST and IRBP) in mole voles E. alaicus
and E. tancrei portrays these species as young and fast-evolving, with similar traits in their
radiation. Chromosome changes and habitat fragmentation are the leading factors since
the divergence occurs in mountain systems.
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The results of our study indicate that intensive genetic differentiation took place in
the populations of mole voles inhabiting the Tien Shan. Within E. tancrei, three major
lines were distinguished (Figure 3): M—individuals from Mongolian localities (#35–37,
Figure 1, Table S1), T—the main part of the sample from Tajikistan (#19–29), TS—a group
of specimens from Tien Shan (#30–33), which, according to mitochondrial variability data,
also includes a sample from Tashkent, Uzbekistan as a flanked branch (#34). The species
E. alaicus is also represented by three main lines: W—a group of populations from the
western part of the range (Pamir-Alay), corresponding to the 48-chromosome form (#14–18),
E—a group of populations from the Alay Valley (#6–10), TS—a sample from the Inner Tien
Shan (#1–4). Populations #11–13 belong to “E” group but demonstrate different features
(IRBP alleles) so we marked these samples by other colors in the nets. Possible hybrids of
E. tancrei and E. alaicus (#5) were marked as “hybrids?”.

A growing body of research on attempts to distinguish closely related species and
forms suggests that different datasets require different rather than standardized
approaches [28,29]. Haplotype network analysis, which allows us to work with both
single-locus and multilocus models at different sample sizes, is gaining popularity in
mammalian phylogenetic studies [30].

Joint haplotype network generated by HaplowebMaker for the concatenated sequences
of cytb and COI genes (Figure 4) shows that the populations of E. tancrei and E. alaicus
from Central Asia appeared to be represented by less compact clusters compared to the
previously obtained data [12]. The pattern was altered by the addition of data on mole vole
populations of both species from the Inner Tien Shen (#1–4, 30–33). The level of haplotypic
polymorphism, which we previously described as higher in Central Asian E. tancrei popu-
lations and lower in E. alaicus populations, appeared to be relatively comparable in light of
the new data.

The complex, multilevel character of the presented genetic polymorphism is clearly
seen in the multigenic net (see Figure S9 and Graphical abstract). This net demonstrates the
intermediate position of possible hybrids (#5), lineages, which we can identify as species
and intraspecific forms, and some genetic exchanges within the eastern (E) populations of
E. alaicus.

The karyotype was a key feature when we studied the Tien Shan (TS) populations of
both species because the external characteristics and the nuclear markers appeared to be
low specific. Inconsistencies in the topology of trees are present even when using only mito-
chondrial genes, cytb, and COI (Figures S2–S5) by which the most distinct differentiation of
intraspecific groups of E. tancrei and E. alaicus was observed. Thus, animals from the hybrid
zone in Gulcha (#5), relative to the “W” form of E. alaicus, and the Tien Shan populations of
this species, relative to its samples from Pamir-Alay, had an unstable position in the ML
trees built on the different mitochondrial genes. Haplotype networks constructed by cytb
and COI genes (Figures 4, S7 and S8) clearly demonstrate these differences too. In addition,
the genetic distances calculated within each species turned out to be comparable with the
interspecific differences (Table S2), without taking into account the significantly distant
Mongolian populations of E. tancrei, which were proposed to be treated as a different
species [8].

According to our hypothesis provided in a previous paper [12], E. alaicus might arise
in a territory to the north from the Alay Ridge. Indeed, comparable or even higher diversity
of the mitochondrial haplotypes in the Tien Shan populations of both species in comparison
with the Pamir-Alay ones (Table S3) may indicate the origin of E. alaicus and Central Asian
E. tancrei group in Tien Shan or in a territory adjacent on the south side, from where
they further moved to Pamir-Alay by different ways, taking into account an absence of
E. tancrei in the Kyzylsu–Muksu interfluve now. Difficulties in species diagnostics, which
we faced in the case of the Tien Shan mole vole populations, are an indirect support for
the proposition. Considering noticeable differences in the mitochondrial genes in the
Tien Shan and Pamir-Alay population groups in both E. tancrei and E. alaicus, the history
of these species was probably accompanied by the range gaps, rather than long period
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of isolation and independent evolution of their populations in these mountain systems.
This led to the formation of a divergent but haplotype-poor gene pool for each species in
Pamir-Alay; the very low COI gene polymorphism in E. alaicus sample from the Alay Valley
and northeastern Tajikistan reflects it most clearly. Independent mutation accumulation
and further cleavage of mitochondrial gene pools in Pamir-Alay populations of E. alaicus
and E. tancrei increased the differences between these species.

Recent studies revealed signatures of positive selection in the cytb and COI genes
associated with a subterranean lifestyle in some Arvicolinae, including mole voles [31,32].
COI Met73Ile, CYTB Thr56Ser, CYTB Ile338Val, and CYTB Ala357Thr were suggested as
sites under positive selection. In our samples, just two E. tancrei (#21) specimens obtained
CYTB Ile338Val mutation, and all studied animals got COI Met73Ile unlike the previously
studied individuals of E. talpinus, representatives of the third of the closely related species
of subgenus Ellobius [32]. Thus, our data support the hypothesis of positive selection and
selection advantage of this mutation in subterranean animals. The assumption of rapid
evolution of this group is further underlined by our data.

Diversification of E. tancrei and E. alaicus by karyotypic and studied nuclear markers
differs if compared with mitochondrial evolution; the mito-nuclear discordance was de-
scribed by us earlier [12]. The nuclear XIST gene does not allow reliable identification of
E. tancrei and E. alaicus, as well as their hybrids, probably due to the slower evolution of
nuclear genes compared to mitochondrial ones [33,34]. However, our previous study of
this gene unexpectedly revealed the existence of two distinct intraspecific forms within
E. alaicus and their hybridization in the Alay Valley [12]. Analysis of new samples of
E. alaicus from the Tien Shan showed that all of them are homozygous for a peculiar hap-
lotype with a deletion that has not yet been found in any other species of the subgenus
Ellobius (Figures 5 and 6). The variants of the XIST gene are spatially distributed as follows:
in the populations of the Tien Shan the haplotype with a deletion was fixed, while in the
populations of the northeastern Tajikistan the common haplotype was revealed only. This is
very similar to the picture observed for mitochondrial genes, but no traces of hybridization
were found by the cytb and COI analysis among E. alaicus individuals in the Alay Valley:
in any specimen from there we did not find yet a mitochondrial haplotype, characteristic
of the Tien Shan populations. This inconsistency can be explained in two ways. First, we
can assume that the form with specific mitochondrial haplotypes characteristic of the Tien
Shan populations and the form in which the XIST gene haplotype with a deletion was
revealed in the homozygous state are not the same, and they originated at different times
and in different regions. According to this hypothesis, the appearance of the XIST gene
haplotype with a deletion could be a relatively late event that occurred in any long-term
isolated E. alaicus populations in the Alay Valley or near it. Later, when climatic conditions
changed to more favorable ones that promoted active dispersal of mole voles, the carriers
of the XIST haplotype with a deletion spread in different directions. When migrating to
the Alay Valley, they formed mixed populations with another intraspecies form having
the usual XIST gene haplotype, and when moving north, they completely displaced all
other haplotypes of this gene from the populations. Since such a scenario seems difficult to
implement, another explanation is more likely: differentiation by mitochondrial DNA and
the XIST gene in E. alaicus occurred synchronously (moreover, separation of the Tien Shan
and Pamir-Alay population groups by this nuclear marker can also be traced in E. tancrei,
although less distinctly). Consequently, in this case we must admit that there are limited
contacts between Pamir-Alay and Tien Shan intraspecific forms of E. alaicus and partial
invasion of the Tien Shan form to the Alay Valley, and the absence of its mitochondrial
haplotypes in this area is caused by their displacement as a result of hybridization with
Pamir-Alay populations.

The results of the IRBP gene fragment analysis clearly demonstrate the existence in
E. tancrei (including populations from Mongolia) and E. alaicus of two groups of haplotypes
that can be detected in mole voles both in the homozygous and heterozygous states
(Figures 7 and 8). The haplotypes of these groups differ from each other by three fixed
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substitutions, and the study of additional material from the Tien Shan has not yet found
any “intermediate” variants of the IRBP gene and has not changed the general pattern of
its variability. The haplotypes of each of these two groups are characteristic of the majority
of individuals of either E. alaicus or E. tancrei, but not all. Earlier [12], we proposed two
alternative explanations for this gene variability, which could be due to either limited
hybridization of E. alaicus and E. tancrei or incomplete lineage sorting, that is, ancestral
polymorphism. The study of the Tien Shan mole vole populations does not allow us to make
an unambiguous choice in favor of one or the other hypothesis. Revealing heterozygous
genotypes in specimens from the Fergana Ridge (#1) and Naryn district (#33), as well as
in specimens from Gulcha vicinities (#5), where previously hybrids were identified by
karyotypes (27491, 2n = 53 and others, see [11]), may well be the result of interspecific
hybridization. However, the totally unexpected finding of the IRBP gene haplotype, typical
for the majority of E. tancrei, in specimens from the Alay Valley—from terra typica of
E. alaicus, #9, and in localities #8, #11, and #12—is more likely explained by the ancestral
polymorphism hypothesis. To resolve this dilemma, analysis of additional material from
numerous localities in the Alay Valley, surrounding territories, and Tien Shan, as well as
the use of other nuclear markers in the analysis, is necessary.

Karyotype 2n = 51, 2 Rb (2.11), 1 Rb (1.3) was previously described by us for E. alaicus
from the southern part of the Naryn district [11]. Translocations Rb (6.8), Rb (5.12) were
detected for the first time, and no such Rbs were found in E. alaicus or E. tancrei (Figure 2).
These Rbs indicate chromosome differentiation between E. alaicus populations from Tien
Shan and Pamir-Alay.

Considering the specific sets of Robertsonian translocations in E. alaicus and E. tancrei,
the karyotype rearrangement may have been the very first and perhaps even the initiating
evolutionary event that separated these two species. Rb (2.11) is typical for E. alaicus,
and this translocation was a main character for the species description [35]. The same
translocation was revealed in some E. tancrei populations from Tajikistan, but it was
never revealed in karyotypes alone, without other Rbs; we have previously suggested
the independent origin of this translocation in these species [10,11]. However, further
chromosomal rearrangements occurred independently and were recorded in E. alaicus and
E. tancrei locally and in different regions: in E. alaicus—in the western part of the Alay Valley
(2n = 50–51), in the interfluve of Kyzylsu and Muksu (2n = 48, 2 Rb (2.11), 2 Rb (4.9), 2 Rb
(3.10)), and also independently in the Naryn region (2n = 51–48, 2 Rb (2.11), 1–2 Rb (1.3),
Rb (6.8), Rb (5.12)), whereas in E. tancrei all variations were concentrated in Pamir-Alay
(2n = 54–30). Except for Rb (2.11), all other translocations, which are characteristic of
E. alaicus, are not found in E. tancrei. Interestingly, the appearance of chromosomal forms
with different composition and set of Rbs occurs in both species. With the same 2n, the
karyotypes turn out to be different in structure, which may lead to sterility or disorders in
possible interspecies hybrids due to partial (monobrachial) homology of Rbs. Translocations
of Rb(1.3), Rb(3.10), Rb(4.9), Rb (6.8), and Rb (5.12) are specific for E. alaicus and indicate
chromosome differentiation with E. tancrei.

It is noteworthy that chromosome contacts in meiosis have been described in E. alaicus
in some localities of the Alay Valley. They are considered as a possible mechanism of
Robertsonian translocations [36,37]. However, in none of Tien Shan mole vole populations
we were able to find individuals with such chromosome contacts in meiotic prophase I.
The discovery of contacts provides evidence of a process of Rbs genesis, which in turn
indicates intensive phylogenesis and is consistent with the assumption that E. alaicus is a
young species with significant differentiation.

Despite the mosaic pattern of karyotypic variability and the isolated pools of chromo-
somal rearrangements, it should be noted that Central Asian populations of E. tancrei and
E. alaicus apparently share a common predisposition to them, inherited from their ancestral
form. It is possible that this hypothetical ancestral form acquired some genetic feature
(mutation of one or several genes? changes in telomeres? activation of mobile elements?)
determining the potential capacity of the karyotype to Robertsonian translocations. Subse-
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quently, this feature might be realized in distinct population complexes of E. tancrei and
E. alaicus under the influence of some natural physical or biological factors, such as natural
radiation or some viral infection. Emergence of Rbs leads to changes of recombination
patterns and nuclear architecture and can cause meiotic irregularities in hybrids, which lead
to reproductive isolation [38–41]. Modeling studies determined that purifying selection
against changes in synteny manifests itself as selection against unbalanced gametes [42,43].
This purifying selection against chromosomal rearrangements disturbing meiosis can only
be overcome by drift in small or divided populations [44,45]. We observe exactly such type
of populations in mountain ranges of mole voles.

Chromosomal and nucleotide variability demonstrates a similar evolutionary pattern
in E. tancrei and E. alaicus, and their radiation is based on an ancestral genetic background,
similar to some other animal groups [46,47]. We believe that the initiating event in the
divergence of this group was chromosome rearrangements. Such mutations lead to changes
in linkage groups, recombination rate, and accelerate genomic evolution [40]. These mole
voles species reveal differences in their evolutionary paths, so we can consider them to be
distinct, though very young, which is consistent with the newest concept of cryptic species
and rapid radiation [48–50]. Recently, hybridization and its concomitant phenomena
have been increasingly considered not as evidence of incomplete differentiation of forms,
but as one of the factors contributing to the unique evolutionary pathway of the groups
involved [51,52]. Gene flow, localized or affecting a large part of the range, appears
to be possible even between species with significant chromosomal differences [53–55].
Nonetheless, the presence of limited gene flow does not have a destructive effect on the
integrity of gene pools of E. tancrei and E. alaicus. Instead, this restricted hybridization
emphasizes the distinctiveness of the cryptic species we are studying, which is in line with
modern views [56,57] because of geographic disunity and chromosomal changes, as in
butterflies [58–60]. If we compare the evolutionary patterns of E. tancrei and E. alaicus with
the Sorex species group, which is characterized by significant Rb polymorphism too, a
particularly rapid rate of evolution in “young” mole vole species becomes apparent, along
with the low role of hybridization [61,62].

The combination of multidirectional processes in the history of these species—rapid
formation of individual local populations with specific genetic features facilitated by the
unique traits of mole vole biology, allopatric formation of new large population groups,
and hybridization—makes E. tancrei and E. alaicus a very intriguing model for studying the
early stages of speciation.

5. Conclusions

The study of two cryptic species of the subgenus Ellobius, E. tancrei and E. alaicus,
which inhabit highlands, reveals to us an amazing combination of evolutionary trends:
mosaic pattern of chromosomal and molecular genetic variability; asynchronous changes
in different markers; exclusive chromosome contacts in meiosis in some populations as
the first step to form new Rb translocations; simultaneous representation of zones of
hybridization and plausible manifestation of ancestral polymorphism over a vast territory;
and parallel fast evolution of two species in separated parts of their ranges. Nevertheless,
we are sorely lacking the temporal axis. Paleontological data are virtually unavailable, in
addition to inconsistent variability of different molecular markers, making it difficult to
calibrate divergence times and to model clade divergence events. Therefore, the question
about the “ancestral homeland of mole voles” remains open for the time being. We expect
that other types of analysis (e.g., ecological modeling involving ancient climate change
data) will allow us to fill this white spot.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/life13081751/s1; Figure S1. Karyotypes of E. alaicus (a) 27522,
2n = 52, #1; (b) 27534, 2n = 51, #4; G-banding; Figure S2. The maximum-likelihood tree based on
cytb gene sequences of 82 specimens of E. tancrei and E. alaicus. Samples from E. tancrei Mongolian
populations were used as an outgroup. Numbers above the nodes correspond to bootstrap support;
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values <70 are not specified. Sample names are presented as “locality number—individual number”.
The color selection corresponds to haplowebs: cyan marks Mongolian E. tancrei (#35–37); deep green
marks E. tancrei from Tajikistan (#19–29); bright green marks Tien Shan E. tancrei (#30–34); blue
marks probable interspecific hybrids from Gulcha vicinities (#5); pink marks Tien Shan E. alaicus
(#1–4); purple and orange mark “E” (#6–10) and “W” (#14–18) haplotypes of E. alaicus, respectively.
Populations #11–13 belong to “E” group but demonstrated some features (IRBP alleles); Figure S3.
The Bayesian tree based on cytb gene sequences of 82 specimens of E. tancrei and E. alaicus. Samples
from E. tancrei Mongolian populations were used as an outgroup. Numbers to the right of the nodes
correspond to posterior probability values; values <0.70 are not specified. Sample names are presented
as “locality number—individual number”. The color selection corresponds to haplowebs: cyan marks
Mongolian E. tancrei (#35–37); deep green marks E. tancrei from Tajikistan (#19–29); bright green
marks Tien Shan E. tancrei (#30–34); blue marks probable interspecific hybrids from Gulcha vicinities
(#5); pink marks Tien Shan E. alaicus (#1–4); purple and orange mark “E” (#6–10) and “W” (#14–18)
haplotypes of E. alaicus, respectively. Populations #11–13 belong to “E” group but demonstrated
some features (IRBP alleles); Figure S4. The maximum-likelihood tree based on COI gene sequences
of 82 specimens of E. tancrei and E. alaicus. Samples from E. tancrei Mongolian populations were
used as an outgroup. Numbers above the nodes correspond to bootstrap support; values <70 are not
specified. Sample names are presented as “locality number—individual number”. The color selection
corresponds to haplowebs: cyan marks Mongolian E. tancrei (#35–37); deep green marks E. tancrei from
Tajikistan (#19–29); bright green marks Tien Shan E. tancrei (#30–34); blue marks probable interspecific
hybrids from Gulcha vicinities (#5); pink marks Tien Shan E. alaicus (#1–4); purple and orange mark
“E” (#6–10) and “W” (#14–18) haplotypes of E. alaicus, respectively. Populations #11–13 belong to “E”
group but demonstrated some features (IRBP alleles); Figure S5. The Bayesian tree based on COI gene
sequences of 82 specimens of E. tancrei and E. alaicus. Samples from E. tancrei Mongolian populations
were used as an outgroup. Numbers to the right of the nodes correspond to posterior probability
values; values <0.70 are not specified. Sample names are presented as “locality number—individual
number”. The color selection corresponds to haplowebs: cyan marks Mongolian E. tancrei (#35–37);
deep green marks E. tancrei from Tajikistan (#19–29); bright green marks Tien Shan E. tancrei (#30–34);
blue marks probable interspecific hybrids from Gulcha vicinities (#5); pink marks Tien Shan E. alaicus
(#1–4); purple and orange mark “E” (#6–10) and “W” (#14–18) haplotypes of E. alaicus, respectively.
Populations #11–13 belong to “E” group but demonstrated some features (IRBP alleles); Figure S6.
The Bayesian tree based on joined cytb gene and COI gene sequences of 82 specimens of E. tancrei and
E. alaicus. Samples from E. tancrei Mongolian populations were used as an outgroup. Numbers to the
right of the nodes correspond to posterior probability values; values <0.70 are not specified. Sample
names are presented as “locality number—individual number”. The color selection corresponds to
haplowebs: cyan marks Mongolian E. tancrei (#35–37); deep green marks E. tancrei from Tajikistan
(#19–29); bright green marks Tien Shan E. tancrei (#30–34); blue marks probable interspecific hybrids
from Gulcha vicinities (#5); pink marks Tien Shan E. alaicus (#1–4); purple and orange mark “E”
(#6–10) and “W” (#14–18) haplotypes of E. alaicus, respectively. Populations #11–13 belong to “E”
group but demonstrated some features (IRBP alleles); Figure S7. Haplotype network constructed by
HaplowebMaker based on cytb gene sequences of 82 specimens of E. tancrei and E. alaicus (see Table
S1). A sample from each locality is colored with its own color; close shades unite species/intraspecific
forms, according to investigated taxonomic hypotheses. The circles represent haplotypes; the curves
between them indicate hybrid individuals, carrying both connected haplotypes. The area of the circles
and the thickness of the curves are proportional to the number of individuals, carrying the haplotype;
nucleotide substitutions are indicated by dashes. Dotted line indicates probable interspecific hybrids
(#5); Figure S8. Haplotype network constructed by HaplowebMaker based on COI gene sequences of
82 specimens of E. tancrei and E. alaicus (see Table S1). A sample from each locality is colored with
its own color; close shades unite species/intraspecific forms, according to investigated taxonomic
hypotheses. The circles represent haplotypes; the curves between them indicate hybrid individuals,
carrying both connected haplotypes. The area of the circles and the thickness of the curves are
proportional to the number of individuals carrying the haplotype; nucleotide substitutions are
indicated by dashes. Dotted line indicates probable interspecific hybrids (#5); Figure S9. Haplotype
network constructed by HaplowebMaker based on the sequences of two mitochondrial (cytb and
COI) and two nuclear (XIST and IRBP) genes of 82 specimens of E. tancrei and E. alaicus (see Table S1).
A sample from each locality is colored with its own color; close shades unite species/intraspecific
forms, according to investigated taxonomic hypotheses. The circles represent haplotypes; the curves
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between them indicate hybrid individuals, carrying both connected haplotypes. The area of the circles
and the thickness of the curves are proportional to the number of individuals carrying the haplotype;
nucleotide substitutions are indicated by dashes. Dotted line indicates probable interspecific hybrids
(#5); Table S1: Material, localities, and GenBank accession numbers; Table S2: mean p-distance values
calculated between different intraspecific groups of E. alaicus and E. tancrei, as well between these
species in total, on the basis of analysis of the cytb gene (the upper line in each table cell), the COI gene
fragment (the intermediate line), and joined sequences of them (the bottom line). Intraspecific groups
of E. alaicus and E. tancrei correspond to those given in Figure S2; Table S3: The mean p-distance
values calculated within different intraspecific groups of E. alaicus and E. tancrei, as well within these
species in total, on the basis of analysis of the cytb gene (the upper line in each table cell), the COI
gene fragment (the intermediate line), and joined sequences of them (the bottom line). Intraspecific
groups of E. alaicus and E. tancrei correspond to those given in Figure S2.

Author Contributions: Conceptualization, A.B., V.T., S.M. and I.B.; methodology, A.B., V.T. and I.B.;
software, V.T. and A.B.; validation, A.B., V.T. and I.B.; formal analysis, A.B., V.T. and I.B.; investigation,
A.B., V.T., S.M. and I.B.; resources, A.B., V.T., S.M. and I.B.; data curation, A.B.; writing—original
draft preparation, A.B., V.T., S.M. and I.B.; writing—review and editing, A.B., V.T., S.M. and I.B.;
supervision, I.B.; project administration, I.B.; funding acquisition, A.B., V.T., S.M. and I.B. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Koltzov Institute of Developmental Biology Russian
Academy of Sciences Government Basic Research Program, No. 0088-2021-0019 (A.B., V.T. and I.B.),
and VIGG RAS State Assignment Contract No. 0092-2022-0002 (S.M.).

Institutional Review Board Statement: Animals were treated according to the Guidelines for Hu-
mane Endpoints for Animals Used in Biomedical Research. All the experimental protocols were
approved by the Ethics Committee for Animal Research of the Koltzov Institute of Developmental
Biology RAS in accordance with the Regulations for Laboratory Practice in the Russian Federation,
the most recent protocol was № 37-25.06.2020. All efforts were made to minimize animal suffering.

Informed Consent Statement: Not applicable.

Data Availability Statement: GenBank accession numbers were as follows: OR231548–OR231573 for
cytb gene, OR232598–OR232679 for the COI gene, OR231574–OR231599 for the IRBP gene, OR231600–
OR231625 for the XIST gene first fragment, and OR231626–OR231651 for the XIST gene second fragment.

Acknowledgments: The research was conducted using equipment of the Core Centrum of Koltzov
Institute of Developmental Biology RAS. We are grateful to Ainura Kasylova and Azamat Kasylov
for their enthusiastic cooperation and management of our expeditions.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript or
in the decision to publish the results.

References
1. Darwin, C. On the Origin of Species by Natural Selection; Murray: London, UK, 1859.
2. Ghiselin, M.T. Species concepts, individuality, and objectivity. Biol. Philos. 1987, 2, 127–143. [CrossRef]
3. Kimura, M.; Ohta, T. On the rate of molecular evolution. J. Mol. Evol. 1971, 1, 1–17. [CrossRef]
4. Bromham, L.; Penny, D. The modern molecular clock. Nat. Rev. Genet. 2003, 4, 216–224. [CrossRef] [PubMed]
5. Struck, T.H.; Feder, J.L.; Bendiksby, M.; Birkeland, S.; Cerca, J.; Gusarov, V.I.; Kistenich, S.; Larsson, K.H.; Liow, L.H.; Nowak,

M.D.; et al. Finding evolutionary processes hidden in cryptic species. Trends Ecol. Evol. 2018, 33, 153–163. [CrossRef] [PubMed]
6. Ognev, S.I. Mammals of the USSR and Adjacent Countries: Rodents; (Continued); [A Translation of S.I. Ognev, 1950]; Israel Program

for Scientific Translations: Jerusalem, Israel, 1964; Volume 7.
7. Musser, G.G.; Carleton, M.D. Superfamily Muroidea. In Mammal Species of the World. A Taxonomic and Geographic Reference, 3rd ed.;

Wilson, D.E., Reeder, D.M., Eds.; Johns Hopkins University Press: Baltimore, MD, USA, 2005; pp. 894–1531.
8. Lebedev, V.; Bogdanov, A.; Brandler, O.; Melnikova, M.; Enkhbat, U.; Tukhbatullin, A.; Abramov, A.; Surov, A.; Bakloushinskaya,

I.; Bannikova, A. Cryptic variation in mole voles Ellobius (Arvicolinae, Rodentia) of Mongolia. Zool. Scr. 2020, 49, 535–548.
[CrossRef]

9. Bogdanov, A.S.; Lebedev, V.S.; Zykov, A.E.; Bakloushinskaya, I.Y. Variability of cytochrome b gene and adjacent part of tRNA-Thr
gene of mitochondrial DNA in the northern mole vole Ellobius talpinus (Mammalia, Rodentia). Russ. J. Genet. 2015, 51, 1243–1248.
[CrossRef]

https://doi.org/10.1007/BF00057958
https://doi.org/10.1007/BF01659390
https://doi.org/10.1038/nrg1020
https://www.ncbi.nlm.nih.gov/pubmed/12610526
https://doi.org/10.1016/j.tree.2017.11.007
https://www.ncbi.nlm.nih.gov/pubmed/29241941
https://doi.org/10.1111/zsc.12440
https://doi.org/10.1134/S1022795415120042


Life 2023, 13, 1751 19 of 21

10. Romanenko, S.A.; Lyapunova, E.A.; Saidov, A.S.; O’Brien, P.; Serdyukova, N.A.; Ferguson-Smith, M.A.; Graphodatsky, A.S.;
Bakloushinskaya, I. Chromosome translocations as a driver of diversification in mole voles Ellobius (Rodentia, Mammalia). Int. J.
Mol. Sci. 2019, 20, 4466. [CrossRef]

11. Bakloushinskaya, I.; Lyapunova, E.A.; Saidov, A.S.; Romanenko, S.A.; O’Brien, P.C.; Serdyukova, N.A.; Ferguson-Smith, M.A.;
Matveevsky, S.; Bogdanov, A.S. Rapid chromosomal evolution in enigmatic mammal with XX in both sexes, the Alay mole vole
Ellobius alaicus Vorontsov et al., 1969 (Mammalia, Rodentia). Comp. Cytogenet. 2019, 13, 147–177. [CrossRef]

12. Tambovtseva, V.; Bakloushinskaya, I.; Matveevsky, S.; Bogdanov, A. Geographic mosaic of extensive genetic variations in
subterranean mole voles Ellobius alaicus as a consequence of habitat fragmentation and hybridization. Life 2022, 12, 728.
[CrossRef]

13. Smorkatcheva, A.V. Weakened inbreeding avoidance in a monogamous subterranean vole, Ellobius tancrei. Mamm. Biol. 2021,
101, 601–607. [CrossRef]

14. Ford, C.E.; Hamerton, J.L. A colchicine, hypotonic citrate, squash sequence for mammalian chromosomes. Stain. Technol. 1956, 31,
247–251. [CrossRef] [PubMed]

15. Seabright, M. A rapid banding technique for human chromosomes. Lancet 1971, 2, 971–972. [CrossRef] [PubMed]
16. Sambrook, J.; Fritsch, E.F.; Maniatis, T. Molecular Cloning: A Laboratory Manual; Cold Spring Harbor Lab. Press: New York, NY,

USA, 1989.
17. Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 2004, 32,

1792–1797. [CrossRef] [PubMed]
18. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across Computing

Platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]
19. Huang, J.; Bennett, J.; Flouri, T.; Leaché, A.D.; Yang, Z. Phase resolution of heterozygous sites in diploid genomes is important to

phylogenomic analysis under the multispecies coalescent model. Syst. Biol. 2022, 71, 334–352. [CrossRef]
20. Nguyen, L.; Schmidt, H.A.; von Haeseler, A.; Minh, B.Q. IQ-TREE: A fast and effective stochastic algorithm for estimating

Maximum-Likelihood phylogenies. Mol. Biol. Evol. 2015, 32, 268–274. [CrossRef]
21. Minh, B.Q.; Trifinopoulos, J.; Schrempf, D.; Schmidt, H.A. IQ-TREE Version 2.0: Tutorials and Manual Phylogenomic Software by

Maximum Likelihood. 2019. Available online: http://www.iqtree.org (accessed on 15 August 2019).
22. Kalyaanamoorthy, S.; Minh, B.Q.; Wong, T.K.F.; von Haeseler, A.; Jermiin, L.S. ModelFinder: Fast model selection for accurate

phylogenetic estimates. Nat. Methods 2017, 14, 587–589. [CrossRef]
23. Chernomor, O.; von Haeseler, A.; Minh, B.Q. Terrace aware data structure for phylogenomic inference from supermatrices. Syst.

Biol. 2016, 65, 997–1008. [CrossRef]
24. Ronquist, F.; Huelsenbeck, J.P.; Teslenko, M.; Nylander, J.A.A. MrBayes Version 3.2 Manual: Tutorials and Model Summaries.

2020. Available online: https://github.com/NBISweden/MrBayes (accessed on 10 January 2020).
25. Ronquist, F.; Teslenko, M.; van der Mark, P.; Ayres, D.L.; Darling, A.; Höhna, S.; Larget, B.; Liu, L.; Suchard, M.A.; Huelsenbeck,

J.P. MrBayes 3.2: Efficient Bayesian phylogenetic inference and model choice across a large model space. Syst. Biol. 2012, 61,
539–542. [CrossRef]

26. Rambaut, A.; Drummond, A.J.; Xie, D.; Baele, G.; Suchard, M.A. Posterior summarization in Bayesian phylogenetics using Tracer
1.7. Syst. Biol. 2018, 67, 901–904. [CrossRef]

27. Spöri, Y.; Flot, J.F. HaplowebMaker and CoMa: Two web tools to delimit species using haplowebs and conspecificity matrices.
Methods Ecol. Evol. 2020, 11, 1434–1438. [CrossRef]

28. Dellicour, S.; Flot, J.F. Delimiting species-poor data sets using single molecular markers: A study of barcode gaps, haplowebs and
GMYC. Syst. Biol. 2015, 64, 900–908. [CrossRef] [PubMed]

29. Hinckley, A.; Hawkins, M.T.; Maldonado, J.E.; Leonard, J.A. Evolutionary history and patterns of divergence in three tropical east
Asian squirrels across the Isthmus of Kra. J. Biogeogr. 2023, 50, 1090–1102. [CrossRef]

30. Petzold, A.; Hassanin, A. A comparative approach for species delimitation based on multiple methods of multi-locus DNA
sequence analysis: A case study of the genus Giraffa (Mammalia, Cetartiodactyla). PLoS ONE 2020, 15, e0217956. [CrossRef]
[PubMed]

31. Bondareva, O.V.; Potapova, N.A.; Konovalov, K.A.; Petrova, T.V.; Abramson, N.I. Searching for signatures of positive selection in
cytochrome b gene associated with subterranean lifestyle in fast-evolving arvicolines (Arvicolinae, Cricetidae, Rodentia). BMC
Ecol. Evol. 2021, 21, 92. [CrossRef]

32. Bondareva, O.; Genelt-Yanovskiy, E.; Petrova, T.; Bodrov, S.; Smorkatcheva, A.; Abramson, N. Signatures of adaptation in
mitochondrial genomes of Palearctic subterranean voles (Arvicolinae, Rodentia). Genes 2021, 12, 1945. [CrossRef]

33. Brown, W.M.; George, M.; Wilson, A.C. Rapid evolution of animal mitochondrial DNA. Proc. Natl. Acad. Sci. USA 1979, 76,
1967–1971. [CrossRef]

34. Wilson, A.C.; Cann, R.L.; Carr, S.M.; George, M.; Gyllensten, U.B.; Helm-Bychowski, K.M.; Higuchi, R.G.; Palumbi, S.R.; Prager,
E.M.; Sage, R.D.; et al. Mitochondrial DNA and two perspectives on evolutionary genetics. Biol. J. Linn. Soc. 1985, 26, 375–400.
[CrossRef]

35. Vorontsov, N.N.; Lyapunova, E.A.; Zakarjan, G.G.; Ivanov, V.G. The karyology and taxonomy of the genus Ellobius (Microtinae,
Rodentia). In Mammals: Evolution, Karyology, Faunistics, Systematics; Vorontsov, N.N., Ed.; Nauka: Novosibirsk, Russia, 1969;
pp. 127–129. (In Russian)

https://doi.org/10.3390/ijms20184466
https://doi.org/10.3897/CompCytogen.v13i2.34224
https://doi.org/10.3390/life12050728
https://doi.org/10.1007/s42991-021-00131-4
https://doi.org/10.3109/10520295609113814
https://www.ncbi.nlm.nih.gov/pubmed/13380616
https://doi.org/10.1016/S0140-6736(71)90287-X
https://www.ncbi.nlm.nih.gov/pubmed/4107917
https://doi.org/10.1093/nar/gkh340
https://www.ncbi.nlm.nih.gov/pubmed/15034147
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/sysbio/syab047
https://doi.org/10.1093/molbev/msu300
http://www.iqtree.org
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/sysbio/syw037
https://github.com/NBISweden/MrBayes
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1111/2041-210X.13454
https://doi.org/10.1093/sysbio/syu130
https://www.ncbi.nlm.nih.gov/pubmed/25601944
https://doi.org/10.1111/jbi.14598
https://doi.org/10.1371/journal.pone.0217956
https://www.ncbi.nlm.nih.gov/pubmed/32053589
https://doi.org/10.1186/s12862-021-01819-4
https://doi.org/10.3390/genes12121945
https://doi.org/10.1073/pnas.76.4.1967
https://doi.org/10.1111/j.1095-8312.1985.tb02048.x


Life 2023, 13, 1751 20 of 21

36. Matveevsky, S.; Kolomiets, O.; Bogdanov, A.; Alpeeva, E.; Bakloushinskaya, I. Meiotic chromosome contacts as a plausible
prelude for Robertsonian translocations. Genes 2020, 11, 386. [CrossRef]

37. Matveevsky, S.; Bakloushinskaya, I.; Tambovtseva, V.; Atsaeva, M.; Grishaeva, T.; Bogdanov, A.; Kolomiets, O. Nonhomologous
chromosome interactions in prophase I: Dynamics of bizarre meiotic contacts in the Alay mole vole Ellobius alaicus (Mammalia,
Rodentia). Genes 2022, 13, 2196. [CrossRef]

38. Tambovtseva, V.G.; Matveevsky, S.N.; Kashintsova, A.A.; Tretiakov, A.V.; Kolomiets, O.L.; Bakloushinskaya, I.Y. A meiotic
mystery in experimental hybrids of the eastern mole vole (Ellobius tancrei, Mammalia, Rodentia). Vavilov J. Genet. Breed. 2019, 23,
239–243. [CrossRef]

39. Bikchurina, T.; Pavlenko, M.; Kizilova, E.; Rubtsova, D.; Sheremetyeva, I.; Kartavtseva, I.; Torgasheva, A.; Borodin, P. Chromosome
asynapsis is the main cause of male sterility in the interspecies hybrids of east Asian voles (Alexandromys, Rodentia, Arvicolinae).
Genes 2023, 14, 1022. [CrossRef] [PubMed]

40. Yoshida, K.; Rödelsperger, C.; Röseler, W.; Riebesell, M.; Sun, S.; Kikuchi, T.; Sommer, R.J. Chromosome fusions repatterned
recombination rate and facilitated reproductive isolation during Pristionchus nematode speciation. Nat. Ecol. Evol. 2023, 7,
424–439. [CrossRef]

41. Berrios, S. Nuclear architecture of mouse spermatocytes: Chromosome topology, heterochromatin, and nucleolus. Cytogenet.
Genome Res. 2017, 151, 61–71. [CrossRef] [PubMed]

42. Wright, S. On the probability of fixation of reciprocal translocations. Am. Nat. 1941, 75, 513–522. [CrossRef]
43. Lande, R. Effective deme sizes during long-term evolution estimated from rates of chromosomal rearrangement. Evolution 1979,

33, 234–251. [CrossRef]
44. Charron, G.; Leducq, J.B. Chromosomal variation segregates within incipient species and correlates with reproductive isolation.

Mol. Ecol. 2014, 23, 4362–4372. [CrossRef]
45. Guerrero, R.F.; Kirkpatrick, M. Local adaptation and the evolution of chromosome fusions. Evolution 2014, 68, 2747–2756.

[CrossRef]
46. Rubin, C.J.; Enbody, E.D.; Dobreva, M.P.; Abzhanov, A.; Davis, B.W.; Lamichhaney, S.; Pettersson, M.; Sendell-Price, A.T.; Sprehn,

C.G.; Valle, C.A.; et al. Rapid adaptive radiation of Darwin’s finches depends on ancestral genetic modules. Sci. Adv. 2022, 8,
eabm5982. [CrossRef]

47. Mills, K.K.; Everson, K.M.; Hildebrandt, K.B.P.; Brandler, O.V.; Steppan, S.J.; Olson, L.E. Ultraconserved elements improve
resolution of marmot phylogeny and offer insights into biogeographic history. Mol. Phylogenetics Evol. 2023, 184, 107785.
[CrossRef]

48. Fišer, C.; Robinson, C.T.; Malard, F. Cryptic species as a window into the paradigm shift of the species concept. Mol. Ecol. 2018,
27, 613–635. [CrossRef] [PubMed]

49. Huang, J.P. Is population subdivision different from speciation? From phylogeography to species delimitation. Ecol. Evol. 2020,
10, 6890–6896. [PubMed]

50. Martin, C.H.; Richards, E.J. The paradox behind the pattern of rapid adaptive radiation: How can the speciation process sustain
itself through an early burst? Annu. Rev. Ecol. Evol. Syst. 2019, 50, 569–593. [CrossRef]

51. Abbott, R.; Albach, D.; Ansell, S.; Arntzen, J.W.; Baird, S.J.; Bierne, N.; Boughman, J.; Brelsford, A.; Buerkle, C.A.; Buggs, R.; et al.
Hybridization and speciation. J. Evol. Biol. 2013, 26, 229–246. [CrossRef]

52. Fontsere, C.; de Manuel, M.; Marques-Bonet, T.; Kuhlwilm, M. Admixture in mammals and how to understand its functional
implications: On the abundance of gene flow in mammalian species, its impact on the genome, and roads into a functional
understanding. Bioessays 2019, 41, 1900123. [CrossRef] [PubMed]

53. Castiglia, R.; Annesi, F.; Capanna, E. Contact zones between chromosomal races of Mus musculus domesticus. 3. Molecular
and chromosomal evidence of restricted gene flow between the CD race (2n = 22) and the ACR race (2n = 24). Heredity 2002, 89,
219–224. [CrossRef]

54. Britton-Davidian, J.; Caminade, P.; Davidian, E.; Pagès, M. Does chromosomal change restrict gene flow between house mouse
populations (Mus musculus domesticus)? Evidence from microsatellite polymorphisms. Biol. J. Linn. Soc. 2017, 122, 224–240.
[CrossRef]

55. Potter, S.; Bragg, J.G.; Turakulov, R.; Eldridge, M.D.; Deakin, J.; Kirkpatrick, M.; Edwards, R.J.; Moritz, C. Limited introgression
between rock-wallabies with extensive chromosomal rearrangements. Mol. Biol. Evol. 2022, 39, msab333. [CrossRef]

56. Petit, R.J.; Excoffier, L. Gene flow and species delimitation. Trends Ecol. Evol. 2009, 24, 386–393. [CrossRef]
57. Feder, J.L.; Egan, S.P.; Nosil, P. The genomics of speciation-with-gene-flow. Trends Genet. 2012, 28, 342–350. [CrossRef]
58. Mackintosh, A.; Vila, R.; Laetsch, D.R.; Hayward, A.; Martin, S.H.; Lohse, K. Chromosome fissions and fusions act as barriers to

gene flow between Brenthis fritillary butterflies. Mol. Biol. Evol. 2023, 40, msad043. [CrossRef] [PubMed]
59. Lukhtanov, V.A.; Dincă, V.; Friberg, M.; Šíchová, J.; Olofsson, M.; Vila, R.; Marec, F.; Wiklund, C. Versatility of multivalent

orientation, inverted meiosis, and rescued fitness in holocentric chromosomal hybrids. Proc. Natl. Acad. Sci. USA 2018, 115,
E9610–E9619. [CrossRef] [PubMed]

60. de Vos, J.M.; Augustijnen, H.; Bätscher, L.; Lucek, K. Speciation through chromosomal fusion and fission in Lepidoptera. Philos.
Trans. R. Soc. B 2020, 375, 20190539. [CrossRef]

https://doi.org/10.3390/genes11040386
https://doi.org/10.3390/genes13122196
https://doi.org/10.18699/VJ19.488
https://doi.org/10.3390/genes14051022
https://www.ncbi.nlm.nih.gov/pubmed/37239382
https://doi.org/10.1038/s41559-022-01980-z
https://doi.org/10.1159/000460811
https://www.ncbi.nlm.nih.gov/pubmed/28494440
https://doi.org/10.1086/280996
https://doi.org/10.2307/2407380
https://doi.org/10.1111/mec.12864
https://doi.org/10.1111/evo.12481
https://doi.org/10.1126/sciadv.abm5982
https://doi.org/10.1016/j.ympev.2023.107785
https://doi.org/10.1111/mec.14486
https://www.ncbi.nlm.nih.gov/pubmed/29334414
https://www.ncbi.nlm.nih.gov/pubmed/32760499
https://doi.org/10.1146/annurev-ecolsys-110617-062443
https://doi.org/10.1111/j.1420-9101.2012.02599.x
https://doi.org/10.1002/bies.201900123
https://www.ncbi.nlm.nih.gov/pubmed/31664727
https://doi.org/10.1038/sj.hdy.6800129
https://doi.org/10.1093/biolinnean/blx053
https://doi.org/10.1093/molbev/msab333
https://doi.org/10.1016/j.tree.2009.02.011
https://doi.org/10.1016/j.tig.2012.03.009
https://doi.org/10.1093/molbev/msad043
https://www.ncbi.nlm.nih.gov/pubmed/36810615
https://doi.org/10.1073/pnas.1802610115
https://www.ncbi.nlm.nih.gov/pubmed/30266792
https://doi.org/10.1098/rstb.2019.0539


Life 2023, 13, 1751 21 of 21

61. Raspopova, A.A.; Lebedev, V.S.; Searle, J.B.; Bannikova, A.A. Discordant phylogenies in the Sorex araneus group (Soricidae,
Mammalia): Footprints of past reticulations? Zool. Scr. 2023, in press. [CrossRef]

62. Kunerth, H.D.; Tapisso, J.T.; Valente, R.; Mathias, M.D.L.; Alves, P.C.; Searle, J.B.; Vega, R.; Paupério, J. Characterising mitochon-
drial capture in an Iberian shrew. Genes 2022, 13, 2228. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/zsc.12590
https://doi.org/10.3390/genes13122228
https://www.ncbi.nlm.nih.gov/pubmed/36553495

	Introduction 
	Materials and Methods 
	Samples 
	Karyotyping 
	Sequencing 
	Molecular Evolutionary Analyses 

	Results 
	Karyological Study 
	Molecular Study 
	Variability of Mitochondrial Genes 
	Variability of the Nuclear XIST Gene 
	Variability of the Nuclear IRBP Gene 


	Discussion 
	Conclusions 
	References

