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Abstract: The narrow-headed vole complex includes two cryptic species, Lasiopodomys raddei and
L. gregalis, and three allopatrically-distributed lineages with obscure taxonomic ranks within the
latter. Based on the RNA-seq data of 12 specimens, the current study aims to find the molecular
mechanisms of intraspecies differentiation and, in particular, reproductive isolation between analyzed
groups. According to the results of the GO-enrichment analysis, about a hundred biological processes
associated with genes with contrasting SNPs for L. gregalis and L. raddei were identified. Among
them, processes of interspecific interactions, defense responses, responses to external stimuli, and
the perception of chemical stimuli and smell were identified, indicating the likely existence of
pre-copulatory behavioral and physiological mechanisms that contribute to reproductive isolation
between cryptic species. An evaluation of the ratio of non-synonymous substitutions to synonymous
ones showed evidence of selection in L. raddei compared to L. gregalis for a large part of the analyzed
genes. Among the analyzed genes, genes with both weakening and intensifying selection were found.

Keywords: RNA-seq; transcriptome; SNP; speciation; reproductive isolation; selective pressure;
Stenocranius; Lasiopodomys gregalis; Lasiopodomys raddei

1. Introduction

Narrow-headed vole Lasiopodomys (Stenocranius) gregalis Pallas, 1779 is a wide-ranged
Palearctic species inhabiting various open landscapes in tundra, steppe, and alpine zones.
Many studies considered morphological differentiation among populations of this
species [1–3], and more than a dozen subspecies have been described [4–6], but, before the
use of molecular markers, the integrity of the species was not questioned.

Cytochrome b analysis identified four major mitochondrial (mt) lineages of the narrow-
headed vole (named as A, B, C, and D) with genetic distances between 6.9–11.4% [7], with
lineage D from Southeastern Transbaikalia being the most distant. However, a thorough
study of the craniometric characters of the narrow-headed voles from the Transbaikal
Region [8] revealed no differences between representatives of lineages D (Southeastern
Transbaikalia) and B (neighboring populations of Northwestern Transbaikalia and Eastern
Mongolia), but the following comprehensive study based on the multilocus analysis of six
nuclear markers, morphological analysis of first lower (m1) and third upper (M3) molar
dental traits, and breeding experiments [9] showed that the populations from Southeast-
ern Transbaikalia (lineage D) represent a cryptic species within the narrow-headed vole
complex, Lasiopodomys raddei Poljakov, 1881.
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Although only a few hybridization experiments have been performed, no offspring
were obtained in any variant when crossing L. raddei with representatives of lineage A (the
nominative subspecies of L. gregalis) and lineage C. In various reciprocal combinations
of three mt lineages (A, B, and C) of L. gregalis sensu stricto and between the lineage B of
L. gregalis and L. raddei, offspring were obtained, but in several combinations compared
with the control groups, the fertility and survival of the cubs were decreased [9,10].

According to the results of a microsatellite loci analysis, three mt lineages A, B, and
C of L. gregalis s. str. were well isolated from each other genetically (gene flow between
them was strongly limited and traces of hybridisation were found in only the contact zone
of lineages B and C). A species distribution modeling analysis predicted the presence of
barriers between the lineages that correspond to landscape heterogeneity and only a small
number of potential contact zones [11]. These results suggested that these three genetic
lineages of L. gregalis s. str. may be recognised as a separate taxa, probably of the lowest
taxonomic rank.

Speciation mainly occurs due to the accumulation of mechanisms of prezygotic and
postzygotic isolation between genetically divergent lineages [12]. Distinct populations
may be subject to various selective forces, and these differences may contribute to eco-
logical and adaptive divergence and, possibly, further reproductive isolation between
populations [13,14]. The genetic mechanisms that underpin the initial stages of species
differentiation and trigger reproductive isolation and subsequent speciation remain ob-
scure despite being the focus of many studies [15–20]. The development of next-generation
sequencing (NGS) tools provides an opportunity to search for traces of these processes at
the genomic level. Genome-wide association studies (GWAS) can highlight the mechanisms
of interspecific differentiation, showing which biological processes involve multiple genes
with contrasting species-specific SNPs [21–23].

The application of landscape genomics approaches makes it possible to infer the local
adaptation of populations under varying environmental and selective pressures [24–28].
At the molecular level, traces of the selective pressure can be detected by comparing the
number of non-synonymous substitutions to synonymous ones [29,30].

In the current study, we analyzed transcriptomic data to seek out signatures of specia-
tion with particular attention to one that may facilitate reproductive isolation among the
narrow-headed vole species complex including L. raddei and three lineages of L. gregalis. We
searched for species-specific SNPs with special attention for genes that are potentially in-
volved in lineage differentiation. We also looked for genes with traces of selection changes
in each of the cryptic species.

2. Materials and Methods
2.1. Sampling

We used 12 individuals for the transcriptome analysis—three specimens of L. raddei
and nine of L. gregalis (three per each genetic lineage). The representatives of L. raddei
were collected from the laboratory colony maintained at St. Petersburg State University,
which were bred from animals caught in two localities, Adon-Chelon and Nizhny Tsasuchey
(Borzinsky District, Transbaikal Region, Russia). The representatives from L. gregalis lineage
A were taken from the laboratory colony maintained in the Severtsov Institute of Ecology
and Evolution RAS, which were bred from animals caught in the vicinity of Novosibirsk
(Novosibirsk Region, Russia). Animals from lineages B and C were caught in the wild from
two localities, Kuduktug-Khem River and Tapsa River in the Tuva Republic, Russia—see
Figure 1 and Table S1 for details. Both males and females were analyzed for each lineage.
Tissue mix (muscles, liver, heart, lungs, and testes for males) was fixed in an intactRNA
buffer (Evrogen, Russia) to avoid RNA degradation. The belonging of animals to certain
lineages was checked using mt cytochrome b genotyping. The study was conducted
according to the guidelines of the Declaration of Helsinki and was approved by the Ethics
Committee of the Zoological Institute of the Russian Academy of Sciences (permission
#1-17, 7 April 2022).
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Figure 1. Distribution ranges of L. raddei and three lineages of L. gregalis (according to Batsaikhan
et al. [31] with changes). Localities where animals for RNA-seq were sampled are marked with
colored circles.

2.2. RNA Isolation, Library Preparation, and Sequencing

The total RNA was isolated from the tissue mix with an RNeasy mini kit (Qia-
gen) using the animal cells/spin protocol. RNA quality was quantified using a Bioan-
alyzer2100 (Agilent Genomics) with a minimum of 7.0 for the RNA Integrity Number
score. A combined protocol of the NEBNext Poly(A) mRNA Magnetic Isolation Mod-
ule and the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina was used
to isolate intact poly(A)+ RNA from the total RNA fraction and further prepare the
DNA libraries. Sample concentrations were measured using a Qubit fluorometer. Li-
braries were sequenced to generate paired-end reads with an average length of 75 bp
on the Illumina HiSeq 4000 sequencing platform. RNA isolation, library preparation,
and sequencing were performed using Skoltech Genomics Core Facility resources (https:
//www.skoltech.ru/research/en/shared-resources/gcf-2/, accessed on 3 June 2022).

Raw sequence data are available at the NCBI Sequence Read Archive: SRR12765436–
SRR12765441, SRR17971092–SRR17971097 (BioProject № PRJNA591473).

2.3. De Novo Transcriptome Assembly

The sequence quality of each RNA-seq sample was assessed by FastQC [32]. Low-
quality bases were trimmed in Trimmomatic [33], Illumina adapters were cut with a fastp
tool [34], and reads with contamination were filtered with Bowtie 2.3.5.1 [35]. We have
assembled the transcriptome de novo in several variants: (1) 12 individual transcriptomes;
(2) 4 united transcriptomes per species or lineage (combining reads from 3 specimens)
for the dN/dS calculation (see Section 2.6), and (3) a hybrid assembly of the subgenus,
Stenocranius, with all 12 libraries from both L. raddei and L. gregalis for subsequent use as a
reference for the SNP calling (see Section 2.4). The transcriptomes were assembled using
Trinity [36] with default settings.

Assembly quality was assessed in BUSCO [37]. ORFs in the assembled transcriptomes
were predicted by Transdecoder (https://github.com/TransDecoder/TransDecoder/, ac-
cessed on 3 June 2022). The hybrid assembly was aligned against the nr NCBI database
(downloaded March 2020) by DIAMOND [38]. The contigs that matched (the only one
match with the best score was chosen) to any Mammalian gene with E-value < 10 were set as
the reference for the SNP calling. Orthologous genes were detected with Proteinortho [39].

https://www.skoltech.ru/research/en/shared-resources/gcf-2/
https://www.skoltech.ru/research/en/shared-resources/gcf-2/
https://github.com/TransDecoder/TransDecoder/
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2.4. SNP Calling and Search of Associations

Pair-end trimmed filtered reads from 12 individuals were separately aligned against
the reference transcriptome by the bwa-mem algorithm [40] with default options. The
resulting bam-files were sorted and filtered in Picard (http://broadinstitute.github.io/
picard/, accessed on 3 June 2022). Low-quality SNPs with a read depth below 3 or a
genotype quality below 20 were removed from the final vcf-file. Only contrasting SNPs
(those where, at a certain position, all specimens from the first group have one nucleotide in
homozygous state and all specimens of the second group have an alternative nucleotide in
homozygous state) were left. Therefore, the intralineage variation was left behind the scope
of this study. The search for associations was performed in the GATK HaplotypeCaller [41].
The SNPs were annotated using eggNOG mapper [42]. GO terms annotation of contigs
having associations (p-value < 0.05) was performed using the Gene Ontology Resource in
PANTHER software [43]. Correction for multiple testing was carried out by the Bonferroni
and FDR methods.

2.5. Phylogenetic Reconstruction

To further assess the selective pressure, we constructed a phylogeny of the narrow-
headed vole species complex using single-copy orthologs that were found in 12 individual
transcriptomes of L. raddei and L. gregalis. Individual ortholog files were generated from
assemblies using a Python script followed by alignment using MAFFT 7.222 [44]. Multiple
alignments were edited (gene-like sequences were cropped according to the position of
start- and stop-codons) using a Python script (https://github.com/mkviatkovskii/bioutils,
accessed on 3 June 2022).

Phylogenetic reconstruction based on the concatenated alignment of 1340 single-copy
orthologs with a total length of 1039,800 bp was performed with a Maximum Likelihood
(ML) analysis using the IQ-TREE web server [45] with 10,000 ultrafast bootstrap repli-
cates [46].

2.6. Natural Selection Estimation

Since we sought to identify genes that may be involved in species differentiation,
we estimated the ratio (ř) of non-synonymous (dN) and synonymous (dS) substitutions
in separate genes. We used both pooled transcriptomes for each lineage, because such
assemblies are more complete, and individual transcriptomes, which provide us with
more accurate results. Selective pressures were estimated using the classical codeml
program [47,48] with the ete-toolkit interface [49]. The branch model assumes significance
of the tree (background). The branch model-based approach allows for the estimation of the
selection level for separate species compared with phylogenetically close taxa. We marked
L. gregalis as the foreground branches and L. raddei as the background branches (Figure 2).
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Table S1 for details.

Also, for each species (and lineages of L. gregalis), an analysis was implemented with a
free-branch model, where the foreground and background branches evolve with free rates,
and an M0 model, where all the branches evolve at the same rate. A likelihood ratio test

http://broadinstitute.github.io/picard/
http://broadinstitute.github.io/picard/
https://github.com/mkviatkovskii/bioutils
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was calculated to compare the models; this shows whether the foreground branches differ
significantly from the rest of the tree. Values using Bonferroni and Holm methods in R
software ver. 3.0.2 (R Core Team, Vienna, Austria) of 999 and 0001 were considered errors.
Multiple testing was corrected [50].

RELAX software [51] was employed to test for changes in the selection intensity
(relaxation or intensification) in phylogenetic branches. A significant estimate of K > 1
indicates the intensification of selection strength along the test branches, while a significant
K < 1 indicates its relaxation. We marked L. gregalis as the foreground branches and L. raddei
as the background branches (Figure 2). Multiple testing was corrected using Bonferroni
and Holm methods in R software ver. 3.0.2 (R Core Team, Vienna, Austria) [50].

3. Results
3.1. Transcriptome Assembly

Between 34750–165598 contigs per species/genetic lineage were generated, and for
individual transcriptomes, the number of contigs ranged from 35,774–98,867 ones (Table S2).
The N50 length consisted of 2542–3571 bp for pooled assemblies and 1392–2835 bp for
individual ones, whereas the mean contig length was about 1340 and 990 bp, respectively.

The software BUSCO identified between 34.5–69.7% of the complete orthologs out
of the 9226 mammalian genes for individual assemblies. For the pooled assemblies, the
number of complete orthologs varied from 5271 (57.1%) in L. gregalis lineage A to 7154
(77.6%) in L. gregalis lineage B, and reached 8290 (89.9%) in the hybrid Stenocranius assembly
(Table S2).

3.2. Phylogenetic Reconstruction

Phylogeny based on the concatenated alignment of 1340 single-copy orthologs with
a total length of 1039800 bp was identical to those constructed on the mitochondrial
cytochrome b sequences [7] and on a small set of nuclear genes [9]—lineage A L. gregalis
being sister to a pair of B and C lineages (Figure 2).

3.3. Variation Calling

We looked for contrasting SNPs between cryptic species and compared each of the
L. gregalis lineages with L. raddei. For combinations of L. raddei and lineages A, B, and C of
L. gregalis, 9370, 14069, and 13481 SNPs were detected, respectively. In addition, we com-
pared the combined L. gregalis data with L. raddei, which resulted in 5018 contrasting SNPs.

As variation calling is a more sensitive method than assessing selective pressure, we
tried to identify contrasting SNPs within L. gregalis. Comparing three L. gregalis lineages in
pairs with each other, we found 5029 SNPs for lineages A and B, 5184 SNPs for lineages A
and C, and 3372 SNPs for lineages B and C. According to the results of eggNOG-mapper,
122–159 genes with contrasting SNPs between the three lineages of L. gregalis and L. raddei
and 74–101 genes within L. gregalis were revealed (Figure 3).

Comparing L. raddei with the three lineages of L. gregalis (separately), GO annotation
revealed an enrichment in about one hundred terms; including a large number of general
regulatory processes, over one-third of the terms were related to various immune system
processes (Table S3). Some biological functions potentially underlying species differentia-
tion were also identified, such as the biological processes involved in interspecies interac-
tion between organisms (GO:0044419), defense responses (GO:000695, GO:0098542) and re-
sponses to stress (GO:0006950), and responses to different stimuli (GO:0048583, GO:0048584,
GO:0050896, GO:0009605, GO:0009607, GO:0043207, GO:0051707), including the sensory
perception of chemical stimuli and smell (GO:0007600, GO:0007606, GO:0007608). For
genes involved in enriched biological processes listed above, see Table 1. Despite that,
we did not observe the enrichment of the categories associated with reproduction, and
genes involved in various reproductive processes were found among the genes with SNPs:
AATF, CITED1, CNOT6L, EXOC6, FNBP1L, HERC2, KMT2D, NFIX, RPS6KA4, PTK7, STK3,
and TAF9B.
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Table 1. The list of genes that could potentially be related to speciation processes found when
comparing L. gregalis and L. raddei.

Enriched GO-Terms Genes Involved

interspecies interaction between organisms
(GO:0044419) UBB, NUP43, VPS4B, ARF1

defense response, defense response to other
organism (GO:0006952, GO:0098542)

VAMP7, DDX41, EXOSC2, FADD, CITED1,
SSC5D, CD40, COLEC12

response to biotic stimulus, external biotic
stimulus, and to other organism (GO:0009607,
GO:0043207, GO:0051707)

TPT1, DDX41, EXOSC2, FADD, CITED1,
GSTA2, SSC5D, CD40, ARF1, ATG10

regulation of response to stimulus, positive
regulation of response to stimulus
(GO:0048583, GO:0048584)

PIAS1, YAF2, KMT2D, STK3, TPT1, SCUBE2,
UBQLN2, RNF43, VAMP7, PDGFC, ZFAND6,
MYLK, USP12, SKI, NUDT6, FADD, TNNT1,
PTK7, RB1, SRI, SLC35C2, RASGEF1B, TAF9B,
EIF4A3, MAP3K1, MYH7, CD40, TJP2,
COLEC12, UBA2

response to external stimulus (GO:0009605)

TPT1, RBP1, POU6F1, MYBBP1A, DDX41,
EXOSC2, EXOC6, FADD, CITED1, PTK7,
ATG14, NRP2, MAP3K1, SSC5D, SIK3, CD40,
PLXNA4, TTC8, ARF1

response to stress (GO:0006950)

PIAS1, AATF, STK3, TPT1, ISY1, UBQLN2,
HPS6, UBA6, VAMP7, GNAO1, PDGFC,
FAM129A, CNOT6L, MYLK, HK2, MYBBP1A,
ND1, ZRANB3, DDX41, PITHD1, POLR2C,
EXOSC2, FADD, CITED1, PTK7, ATG14,
RCSD1, EHD1, HERC2, MAP3K1, SSC5D,
MYH7, SIK3, CD40, TJP2, ALDOC, COLEC12,
ATG10

sensory perception of chemical stimulus and
smell (GO:0007600, GO:0007606, GO:0007608) ITGB2, SLC24A3, POU6F1, TTC8

The genes also involved in reproduction-related processes are marked in bold.

In addition, we compared all three lineages of L. gregalis with each other. In the case of
lineages A and B, we did not reveal any enriched GO terms with statistical support, but
a search among the GO categories detected terms related to reproductive isolation: male
meiosis cytokinesis (SHCBP1L), negative regulation of meiotic nuclear division (RPS6KA2),
oocyte growth и oocyte differentiation (KMT2D), regulation of cell differentiation involved
in embryonic placenta development (STK3), development of secondary female sexual
characteristics (IRF2BPL), and a list of genes associated with cellular responses to chemical
stimuli and sensory perception (KMT2D, PDGFC, MYLK, RPS6KA2, SKI, POLR2C, CITED1,
PTK7, RPS6KA4, CACNA2D3, MAOA, EHD1, EIF4A3, NRP2, MAP3K1, CES1, MYH7, CD40,
TJP2, DAB2IP, POU6F1, and TTC8).
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In the case of lineages A and C, there were genes associated with the regulation of
the reproductive process (RPS6KA2, FNBP1L, and NFIX), including its positive (FNBP1L)
and negative regulation (RPS6KA2); and various developmental processes involved in
sexual reproduction (AATF, KMT2D, FNBP1L, CNOT6L, RPS6KA2, EXOC6, CITED1, PTK7,
RPS6KA4, TAF9B, and HERC2), including spermatogenesis (HERC2), oocyte development,
growth and maturation (KMT2D, RPS6KA2), and the sensory perception of smell (SLC24A3,
TTC8), which were identified.

Bonferroni correction revealed only unclassified terms and cellular component biogen-
esis (GO:0044085) for lineages B and C. However, some genes involved in the reproduction
associated processes were identified, such as KMT2D and NUP155, which were involved
in oocyte growth and differentiation; PCK1, MAU2, and NLGN4X, which were associated
with reproductive behavior; TTC8, which was associated with the sensory perception of
smell; as well as a list of others (AATF, FNBP1L, EXOC6, NFIX, SLC24A3, TAF9B, MAOA,
NRP2, and POU6F1) that were also associated with reproductive and sensory processes.
Of course, it is worth bearing in mind that such results (when special GO terms are not
enriched) may be random and result in false positives, especially considering the extremely
small amount of material analyzed.

3.4. Signatures of Natural Selection

The complete set of single copy orthologs for the four pooled assemblies was 3786
(and 1340 for the 12 individual assemblies), but the majority of them had omega 0001 and
999 values because of the conservatism of most of the genes analyzed; these genes were
removed as erroneous. Thus, 814 genes for pooled assemblies and 234 genes for individual
assemblies remained in the two final sets of the genes included in the analysis of the dN/dS
ratio estimation. Bonferroni correction for multiple comparisons (taking 814 and 234 genes
used as the number of comparisons) showed that all corrected p-values exceeded 0.05.

The difference between M0 and b_free models by LRT (p-value < 0.05) before the
multiple testing correction was shown for only 9 genes when using pooled assemblies and
for 14 genes when using individual assemblies (Table S4; Figure 4). None of these were
corrected for multiple comparisons, thus this result may be a false positive; nevertheless,
we considered their functions. In both versions of the analysis, we observed a general trend
in the selection level bias towards L. raddei. All the genes were identified, both in the pooled
assemblies analysis (ATP2A3, DSG2, EFL1, FBX034, GALNT15, GNL3L, MANBA, MRPS31,
and XDH) and in the individual assemblies analysis (AARS, CPT2, DHRS4, FH, GFM1,
MTMR6, PITRM1, SAC3D1, TCEA3, TOM1, TRAPPC12, VPS11, VWA8, and ZNF768), which
refer to the general regulatory and metabolic processes.
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Genes with p-value less than 0.05 (before the Bonferroni correction) are highlighted in red. Genes
potentially involved in various reproductive processes and associated with adaptations to environ-
mental conditions are marked with corresponding icons.

A RELAX analysis showed no significant p-values after the Bonferroni and Holm
corrections (Table S5) for both variants of assemblies. A p-value < 0.05 before the multiple
testing correction was shown for 53 genes (for pooled assemblies) and for 29 genes (for
individual assemblies). The number of genes under the intensification of selection (K > 1)
tends to be slightly higher than the number of genes under its relaxation (K < 1) (Figure 5).
All revealed genes were involved in the general regulatory and metabolic processes.
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4. Discussion
4.1. Molecular Mechanisms Underlying Speciation between Cryptic Species L. gregalis and L. raddei

The results of experimental breeding [9,10] showed no posterity when crossing
L. raddei and representatives of the A and C L. gregalis lineages. Thus, we aimed to check
whether any genes involved in reproductive processes have any signatures of selection.
The dN/dS estimation revealed 23 genes with traces of selective pressure changes (Figure 4)
for both L. gregalis and L. raddei. However, none of them passed the correction for mul-
tiple comparisons. Since the divergence time of L. gregalis and L. raddei is estimated to
be approximately 800 thousand years [7], it is possible that there was not enough time
for the accumulation of significant selection differences, especially considering the rate of
evolution of nuclear genomes [52].

According to the UniProt database, all the genes identified with codeml (which passed
the initial test with a p-value < 0.05) are involved in general regulatory and metabolic
processes, but seven were also found to be associated with various reproductive processes.
According to our data, three genes associated with reproductive processes were under
positive selection (with dN/dS > 1): two in L. raddei—DSG2, which is associated with sper-
matogonial differentiation [53], and ATP2A3, which takes part in the elaborate courtship
evolution in Manakin birds, Passeriformes [54] and is also possibly associated with oxida-
tive defense and the semen quality factor in cocks [55]; and one in L. gregalis—FBXO34,
which plays a critical role in oocyte meiosis [56]. Two genes under positive selection in
L. raddei were associated with different kinds of environmental adaptations—MRPS31,
which is probably related to the ability to adapt to temperature gradients [57], and DSG2,
which may be helpful for high-altitude adaptation [58] (Figure 4).
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Four genes were under weakening of negative selection (dN/dS < 1, but biased
between species): two of them in L. raddei—GNL3L, which inhibits estrogen-related receptor
activity [59], and DHRS4, which is involved in altering hormone-associated reproductive
traits [60–64]; and two in L. gregalis—EFL1, which is associated with oogenesis and early
embryogenesis [65], and CPT2, which is involved in oocyte maturation [66,67] and embryo
developmental competence [68]. Interestingly, all three genes under selective pressure
distinguished for L. gregalis are related to various aspects of oogenesis.

Mostly, the dN/dS values were below 1, indicating the presence of stabilizing selection
in both cryptic species (Figure 4). L. raddei is probably characterized by stronger selective
pressure than L. gregalis, since the dN/dS values were mostly higher in L. raddei, thereby
analyzing both the pooled lineage and individual transcriptome assemblies. We understand
the limitations imposed by a small sample size and its geographical representation; however,
we hypothesize that this asymmetry may be caused by the fact that L. raddei is the most
ancient species within the group and, in addition, is characterized by a very narrow
distribution range and extremely low genetic variability [7].

The RELAX analysis revealed a large number of genes with a p-value < 0.05 before
the multiple testing correction (Table S5). It is noteworthy that among these genes, there
were DSG2 and VWA8 genes that passed the first confidence threshold during the codeml
analysis, and EXOC6 was revealed as a result of the SNP calling. MRPS9 was revealed in
both variants of the RELAX analysis.

In both variants of the assemblies, a large number of genes associated with repro-
ductive processes were identified, demonstrating the intensification of selection. ABCD3,
EHBP1L1, IDE, IP6K3, NSUN2, and MSH2 were potentially involved in spermatogene-
sis [69–75]; ASMT was involved in oocyte maturation [76,77]; and GGH was associated
with the biosynthesis of folic acid regulation [78].

The relaxation of selection was demonstrated with CST3, DNAJB4, DSG2, MRTO4,
MFSD14A, NOSTRIN, PSPC1, and VWA8, which were potentially involved in various
aspects of spermatogenesis [53,79–85]; ITGB5, which played a role in male fertility [86–88];
IPO13, which was involved in meiosis of germ cells [89]; and GTPBP1, MRPS5, and
PSPC1, which were involved in oogenesis [90–92]. CST3 regulated proteolysis in the male
reproductive system [93], NOSTRIN was involved in placenta development [94], CA4 and
ITM2B were differentially expressed in female and male reproductive tissues [95–98].

The list of genes with contrasting SNPs associated with different reproductive pro-
cesses included CITED1 (participates in the development of the placenta, as well as in the
growth and survival of embryos [99]), CNOT6L (involved in the meiotic cell cycle in mouse
oocytes [100]), FNBP1L (associated with male fertility [101]), HERC2 (mutations in this gene
lead to sperm acrosome defects, other developmental abnormalities, and juvenile lethality
of mice [102]), KMT2D (expressing in male germ cells and regulating spermatogonial dif-
ferentiation [103]), NFIX (involved in the formation of the synaptonemal complex during
male meiosis [104]), PTK7 (involved in the sexually dimorphic development of the genital
tract [105]), STK3 (involved in the regulation of dynamic uterine epithelium during the
estrous cycle [106]), and TAF9B (involved in mice embryonic germ cell development [107]).

According to the results of the GO-enrichment analysis of genes with contrasting
SNPs, a huge number of various immune system processes were revealed that could be
caused by the fact that immune genes are characterized by a higher evolutionary rate in
various animal groups [108–110]. Albeit no biological processes associated with reproduc-
tion were detected with GO-enrichment analysis, the list of enriched biological processes
included such categories as the sensory perception of chemical stimuli, perception of smell,
interspecies interaction between organisms, defense responses, and responses to stress
(Table S3). Thus, we may suggest that reproductive isolation between cryptic species L. gre-
galis and L. raddei is formed not only by the occurrence of any violations of the reproductive
processes itself, but also at the behavioral level. Our results are consistent with the Species
Recognition Concept [111], focusing on a specific mate recognition system (SMRS), which
is responsible for finding a suitable mating partner using prezygotic mechanisms such as
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gamete design features, co-adapted signals and receivers of mating partners (in particular,
chemical communication), and their co-adapted gamete delivery and reception organs.

Interestingly, the maximum number of genes with SNPs (Figure 3), which can be
considered a simplified measure of the genetic distance between groups, was found for
a pair of parapatric L. gregalis lineage B and L. raddei (Figure 1). Although the samples
we analyzed were not directly from the zone of parapatry, a similar pattern was observed
when analyzing CYTB differentiation using a wide geographical sample [7], with the
maximum p-distances between L. raddei and adjacent populations of L. gregalis lineage
B from Northwestern Transbaikalia and Eastern Mongolia compared with more distant
subclades of L. gregalis [112], which was consistent with the theory of Reinforcement (the
so-called Wallace effect), thereby implying the emerging selection against hybrids in groups
formed in allopatry during the further formation of the secondary contact zone [113]. A
subsequent study of the structural changes in the identified genes is necessary to determine
the specific mechanisms of isolation.

4.2. Traces of Molecular Differentiation at the Early Stages of Speciation within L. gregalis

The results of experimental breeding showed the presence of posterity in all combina-
tions of A, B, and C L. gregalis lineages; however, it was shown that not every reciprocal
combination had posterity that was numerous and viable [9,10]. Using a microsatellite
loci analysis [11] we found traces of hybridisation in the two most phylogenetically close
lineages, B and C, which, according to our estimates [7], separated about 250 thousand
years ago. Despite the absence of continuous geographical barriers in nature between the
lineage distribution ranges, we did not find any traces of hybridization from lineage A
with lineages B and C, separation from which probably occurred about 400 thousand years
ago. The number of detected SNPs, as expected, correlates with the age of separation of the
lineages—so for comparisons of lineages A and B and A and C, it is about 5000, and for
sister lineages B and C, it is a half as less.

Within L. gregalis, EggNOG-mapper revealed the list of genes involved in processes of
reproduction (including male meiosis cytokinesis, spermatogenesis, negative regulation of
meiotic nuclear division, oocyte development, growth and maturation, regulation of cell
differentiation involved in embryonic placenta development, development of secondary
female sexual characteristics, and male courtship behavior) and those associated with
responses to chemical stimuli and the sensory perception of smell. No enriched GO
categories were found for the reproduction processes, which can be explained by the low
number of genes with contrasting SNPs. The genes that were revealed were mostly the
same as those found when comparing L. gregalis and L. raddei.

It is assumed that the degree of development of reproductive isolation mechanisms is
related to the time of taxa divergence. A study of speciation on a phylogenetically close
group—hamsters of the subfamily Cricetinae [114]—showed that the sterility of F1 males
and conspecific preferences were formed in Phodopus species (separated about 0.8–1.0 mya),
wherein postzygotic isolation mechanisms and specific preferences have been formed
partially, although fertile F1 and F2 hybrids were obtained in the laboratory in Allocricetulus
species (diverged 0.3–0.4 mya), while the reproductive barriers were less pronounced
between groups of the superspecies Cricetullus barabensis sensu lato (which diverged only
160–200 kya). This relationship of the degree of reproductive isolation on the age of the
group is very similar to the pattern that we observe in the subgenus Stenocranius. In the
previous experiments, the narrow-headed voles mated, but they were not given the choice
of a conspecific partner. Further work on experimental hybridization is needed by taking
into account the possible existence of prezygotic isolation mechanisms.

5. Conclusions

Based on the RNA-seq data of the narrow-headed vole species complex, we revealed
the list of biological processes associated with various pre-copulatory behavioral and
physiological mechanisms that may contribute to the emergence of reproductive isolation
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between cryptic species. The analysis of the selective pressure at individual orthologs has
also detected the list of genes that may be potentially involved in reproductive processes
and ecological adaptations. Although at this stage it is premature to draw conclusions on
the molecular mechanisms of reproductive isolation between L. raddei and L. gregalis (and
especially between lineages with obscure taxonomic rank within the latter), based on tran-
scriptomic data, we can outline a direction for further molecular and physiological research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d14070512/s1, Table S1: Material used in the study, Table S2:
Quality of de-novo assembled transcriptomes, Table S3: Genes potentially related to speciation
processes detected by comparison L. gregalis and L. raddei, Table S4: Estimation of omega values
in ete-toolkit using a branch model, Table S5: Estimation of natural selection intensity using the
RELAX approach.
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21. Janoušek, V.; Wang, L.; Luzynski, K.; Dufková, P.; Vyskočilová, M.M.; Nachman, M.W.; Munclinger, P.; Macholán, M.; Piálek, J.;
Tucker, P.K. Genome-Wide Architecture of Reproductive Isolation in a Naturally Occurring Hybrid Zone between Mus Musculus
Musculus and M. m. Domesticus: Reproductive Isolation in House Mouse. Mol. Ecol. 2012, 21, 3032–3047. [CrossRef]

22. Turner, L.M.; Harr, B. Genome-Wide Mapping in a House Mouse Hybrid Zone Reveals Hybrid Sterility Loci and Dobzhansky-
Muller Interactions. eLife 2014, 3, e02504. [CrossRef]

23. Malinsky, M.; Challis, R.J.; Tyers, A.M.; Schiffels, S.; Terai, Y.; Ngatunga, B.P.; Miska, E.A.; Durbin, R.; Genner, M.J.; Turner,
G.F. Genomic Islands of Speciation Separate Cichlid Ecomorphs in an East African Crater Lake. Science 2015, 350, 1493–1498.
[CrossRef]

24. Nosil, P.; Egan, S.P.; Funk, D.J. Heterogeneous Genomic Differentiation between Walking-Stick Ecotypes: “Isolation by Adaptation”
and Multiple Roles for Divergent Selection. Evolution 2008, 62, 316–336. [CrossRef]

25. Schmidt, P.S.; Serrão, E.A.; Pearson, G.A.; Riginos, C.; Rawson, P.D.; Hilbish, T.J.; Brawley, S.H.; Trussell, G.C.; Carrington, E.;
Wethey, D.S.; et al. Ecological Genetics in the North Atlantic: Environmental Gradients and Adaptation at Specific Loci. Ecology
2008, 89, S91–S107. [CrossRef]

26. Stinchcombe, J.R.; Hoekstra, H.E. Combining Population Genomics and Quantitative Genetics: Finding the Genes Underlying
Ecologically Important Traits. Heredity 2008, 100, 158–170. [CrossRef]

27. Vincent, B.; Dionne, M.; Kent, M.P.; Lien, S.; Bernatchez, L. Landscape Genomics in Atlantic Salmon (Salmo Salar): Searching for
Gene-Environment Interactions Driving Local Adaptation. Evolution 2013, 67, 3469–3487. [CrossRef] [PubMed]

28. Manthey, J.D.; Moyle, R.G. Isolation by Environment in White-Breasted Nuthatches (Sitta Carolinensis) of the Madrean Archipelago
Sky Islands: A Landscape Genomics Approach. Mol. Ecol. 2015, 24, 3628–3638. [CrossRef] [PubMed]

29. Delport, W.; Scheffler, K.; Seoighe, C. Models of Coding Sequence Evolution. Brief. Bioinform. 2008, 10, 97–109. [CrossRef]
[PubMed]

30. Anisimova, M.; Kosiol, C. Investigating Protein-Coding Sequence Evolution with Probabilistic Codon Substitution Models. Mol.
Biol. Evol. 2009, 26, 255–271. [CrossRef]

31. Batsaikhan, N.; Tsytsulina, K.; Formozov, N.; Sheftel, B. Microtus Gregalis. In The IUCN Red List of Threatened Species 2016; The
International Union for Conservation of Nature (IUCN): Cambridge, UK, 2016.

32. Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data. 2010. Available online: https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 10 April 2020).

33. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A Flexible Trimmer for Illumina Sequence Data. Bioinformatics 2014, 30,
2114–2120. [CrossRef]

34. Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. Fastp: An Ultra-Fast All-in-One FASTQ Preprocessor. Bioinformatics 2018, 34, i884–i890.
[CrossRef]

35. Langmead, B.; Trapnell, C.; Pop, M.; Salzberg, S.L. Ultrafast and Memory-Efficient Alignment of Short DNA Sequences to the
Human Genome. Genome Biol. 2009, 10, R25. [CrossRef]

http://doi.org/10.1111/zsc.12176
http://doi.org/10.1007/s42991-020-00099-7
http://doi.org/10.1016/S0169-5347(02)02579-X
http://doi.org/10.1111/j.1461-0248.2008.01176.x
http://doi.org/10.1073/pnas.0501893102
http://doi.org/10.1534/genetics.105.052993
http://www.ncbi.nlm.nih.gov/pubmed/16510787
http://doi.org/10.1111/j.1420-9101.2006.01150.x
http://www.ncbi.nlm.nih.gov/pubmed/17040396
http://doi.org/10.1086/338369
http://www.ncbi.nlm.nih.gov/pubmed/18707372
http://doi.org/10.1093/cz/zow093
http://www.ncbi.nlm.nih.gov/pubmed/29491951
http://doi.org/10.1038/hdy.2013.68
http://doi.org/10.1111/j.1365-294X.2012.05583.x
http://doi.org/10.7554/eLife.02504
http://doi.org/10.1126/science.aac9927
http://doi.org/10.1111/j.1558-5646.2007.00299.x
http://doi.org/10.1890/07-1162.1
http://doi.org/10.1038/sj.hdy.6800937
http://doi.org/10.1111/evo.12139
http://www.ncbi.nlm.nih.gov/pubmed/24299401
http://doi.org/10.1111/mec.13258
http://www.ncbi.nlm.nih.gov/pubmed/26037653
http://doi.org/10.1093/bib/bbn049
http://www.ncbi.nlm.nih.gov/pubmed/18971241
http://doi.org/10.1093/molbev/msn232
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://doi.org/10.1093/bioinformatics/btu170
http://doi.org/10.1093/bioinformatics/bty560
http://doi.org/10.1186/gb-2009-10-3-r25


Diversity 2022, 14, 512 13 of 16

36. Haas, B.J.; Papanicolaou, A.; Yassour, M.; Grabherr, M.; Blood, P.D.; Bowden, J.; Couger, M.B.; Eccles, D.; Li, B.; Lieber, M.; et al.
De Novo Transcript Sequence Reconstruction from RNA-Seq Using the Trinity Platform for Reference Generation and Analysis.
Nat. Protoc. 2013, 8, 1494–1512. [CrossRef]

37. Manni, M.; Berkeley, M.R.; Seppey, M.; Simão, F.A.; Zdobnov, E.M. BUSCO Update: Novel and Streamlined Workflows along
with Broader and Deeper Phylogenetic Coverage for Scoring of Eukaryotic, Prokaryotic, and Viral Genomes. Mol. Biol. Evol. 2021,
38, 4647–4654. [CrossRef]

38. Buchfink, B.; Xie, C.; Huson, D.H. Fast and Sensitive Protein Alignment Using DIAMOND. Nat. Methods 2015, 12, 59–60.
[CrossRef] [PubMed]

39. Lechner, M.; Findeiß, S.; Steiner, L.; Marz, M.; Stadler, P.F.; Prohaska, S.J. Proteinortho: Detection of (Co-)Orthologs in Large-Scale
Analysis. BMC Bioinform. 2011, 12, 124. [CrossRef] [PubMed]

40. Li, H.; Durbin, R. Fast and Accurate Short Read Alignment with Burrows-Wheeler Transform. Bioinformatics 2009, 25, 1754–1760.
[CrossRef] [PubMed]

41. Van der Auwera, G.A.; O’Connor, B.D. Genomics in the Cloud: Using Docker, GATK, and WDL in Terra; O’Reilly Media: Sebastopol,
CA, USA, 2020.

42. Cantalapiedra, C.P.; Hernández-Plaza, A.; Letunic, I.; Bork, P.; Huerta-Cepas, J. EggNOG-Mapper v2: Functional Annotation,
Orthology Assignments, and Domain Prediction at the Metagenomic Scale. Mol. Biol. Evol. 2021, 38, 5825–5829. [CrossRef]

43. Mi, H.; Ebert, D.; Muruganujan, A.; Mills, C.; Albou, L.-P.; Mushayamaha, T.; Thomas, P.D. PANTHER Version 16: A Revised
Family Classification, Tree-Based Classification Tool, Enhancer Regions and Extensive API. Nucleic Acids Res. 2021, 49, D394–D403.
[CrossRef]

44. Katoh, K.; Standley, D.M. MAFFT Multiple Sequence Alignment Software Version 7: Improvements in Performance and Usability.
Mol. Biol. Evol. 2013, 30, 772–780. [CrossRef]

45. Trifinopoulos, J.; Nguyen, L.-T.; von Haeseler, A.; Minh, B.Q. W-IQ-TREE: A Fast Online Phylogenetic Tool for Maximum
Likelihood Analysis. Nucleic Acids Res. 2016, 44, W232–W235. [CrossRef]

46. Hoang, D.T.; Chernomor, O.; von Haeseler, A.; Minh, B.Q.; Vinh, L.S. UFBoot2: Improving the Ultrafast Bootstrap Approximation.
Mol. Biol. Evol. 2018, 35, 518–522. [CrossRef]

47. Yang, Z.; Nielsen, R.; Goldman, N.; Pedersen, A.-M.K. Codon-Substitution Models for Heterogeneous Selection Pressure at
Amino Acid Sites. Genetics 2000, 155, 431–449. [CrossRef]

48. Yang, Z. PAML 4: Phylogenetic Analysis by Maximum Likelihood. Mol. Biol. Evol. 2007, 24, 1586–1591. [CrossRef]
49. Huerta-Cepas, J.; Serra, F.; Bork, P. ETE 3: Reconstruction, Analysis, and Visualization of Phylogenomic Data. Mol. Biol. Evol.

2016, 33, 1635–1638. [CrossRef] [PubMed]
50. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2021.
51. Wertheim, J.O.; Murrell, B.; Smith, M.D.; Kosakovsky Pond, S.L.; Scheffler, K. RELAX: Detecting Relaxed Selection in a Phyloge-

netic Framework. Mol. Biol. Evol. 2015, 32, 820–832. [CrossRef] [PubMed]
52. Lopez, J.V.; Culver, M.; Stephens, J.C.; Johnson, W.E.; O’Brien, S.J. Rates of Nuclear and Cytoplasmic Mitochondrial DNA

Sequence Divergence in Mammals. Mol. Biol. Evol. 1997, 14, 277–286. [CrossRef]
53. Von Kopylow, K.; Kirchhoff, C.; Jezek, D.; Schulze, W.; Feig, C.; Primig, M.; Steinkraus, V.; Spiess, A.-N. Screening for Biomarkers

of Spermatogonia within the Human Testis: A Whole Genome Approach. Hum. Reprod. 2010, 25, 1104–1112. [CrossRef]
54. Pease, J.B.; Driver, R.J.; de la Cerda, D.A.; Day, L.B.; Lindsay, W.R.; Schlinger, B.A.; Schuppe, E.R.; Balakrishnan, C.N.; Fuxjager, M.J.

Layered Evolution of Gene Expression in “Superfast” Muscles for Courtship. Proc. Natl. Acad. Sci. USA 2022, 119, e2119671119.
[CrossRef]

55. Elokil, A.A.; Abouzaid, M.; Magdy, M.; Xiao, T.; Liu, H.; Xu, R.; Li, S. Testicular Transcriptome Analysis under the Dietary
Inclusion of L-Carnitine Reveals Potential Key Genes Associated with Oxidative Defense and the Semen Quality Factor in Aging
Roosters. Domest. Anim. Endocrinol. 2021, 74, 106573. [CrossRef] [PubMed]

56. Zhao, B.-W.; Sun, S.-M.; Xu, K.; Li, Y.-Y.; Lei, W.-L.; Li, L.; Liu, S.-L.; Ouyang, Y.-C.; Sun, Q.-Y.; Wang, Z.-B. FBXO34 Regulates the
G2/M Transition and Anaphase Entry in Meiotic Oocytes. Front. Cell Dev. Biol. 2021, 9, 647103. [CrossRef] [PubMed]

57. Wollenberg Valero, K.C.; Garcia-Porta, J.; Irisarri, I.; Feugere, L.; Bates, A.; Kirchhof, S.; Jovanović Glavaš, O.; Pafilis, P.; Samuel,
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