
Genomes of Microtus Rodents Highlight the Importance 
of Olfactory and Immune Systems in Their Fast Radiation
Alexandre Gouy  1,2,†, Xuejing Wang  1,2,†, Adamandia Kapopoulou  1,2, 

Samuel Neuenschwander  3, Emanuel Schmid  3, Laurent Excoffier  1,2,*, Gerald Heckel  1,2,*

1Institute of Ecology and Evolution, University of Bern, Bern, Switzerland
2Swiss Institute of Bioinformatics, Lausanne, Switzerland
3Vital-IT, Swiss Institute of Bioinformatics, Lausanne, Switzerland

†Equal contribution.

*Corresponding authors: E-mails: laurent.excoffier@unibe.ch; gerald.heckel@unibe.ch.

Accepted: October 07, 2024

Abstract

The characterization of genes and biological functions underlying functional diversification and the formation of species is a 
major goal of evolutionary biology. In this study, we investigated the fast radiation of Microtus voles, one of the most speciose 
group of mammals, which shows strong genetic divergence despite few readily observable morphological differences. We 
produced an annotated reference genome for the common vole, Microtus arvalis, and resequenced the genomes of 10 dif
ferent species and evolutionary lineages spanning the Microtus speciation continuum. Our full-genome sequences illustrate 
the recent and fast diversification of this group, and we identified genes in highly divergent genomic windows that have likely 
particular roles in their radiation. We found three biological functions enriched for highly divergent genes in most Microtus 
species and lineages: olfaction, immunity and metabolism. In particular, olfaction-related genes (mostly olfactory receptors 
and vomeronasal receptors) are fast evolving in all Microtus species indicating the exceptional importance of the olfactory 
system in the evolution of these rodents. Of note is e.g. the shared signature among vole species on Olfr1019 which has 
been associated with fear responses against predator odors in rodents. Our analyses provide a genome-wide basis for the 
further characterization of the ecological factors and processes of natural and sexual selection that have contributed to 
the fast radiation of Microtus voles.
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Significance
The explosive radiation of Microtus voles has resulted in probably more than 65 species within less than 2 million years 
that display remarkably little morphological differences. The sequencing of a high-quality reference genome of the 
European common vole M. arvalis and resequencing of 10 different species and evolutionary lineages showed that 
genes related to olfaction, immunity and metabolism evolved particularly fast in this radiation. These analyses provide 
a genome-wide basis for the further characterization of the ecological factors and processes of natural and sexual se
lection that have contributed to the particularly rapid diversification of Microtus voles.
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Introduction
Understanding the processes leading to the formation of 
new species remains a major challenge in evolutionary biol
ogy. The speciation rates among different lineages are highly 
imbalanced, with certain lineages gaining exceptional diver
sity through species radiation (Losos 2010; Rabosky et al. 
2013). Many factors contribute to the speed of diversifica
tion, including sexual selection (Coyne and Orr 2004; 
Wagner et al. 2012), ecological opportunities (Wagner 
et al. 2012), and the capacity to adapt to such opportunities 
(Rabosky et al. 2013). The theory of speciation predicts the 
evolution of pre and postzygotic reproductive barriers 
between species (Dobzhansky 1937; Mayr 1942). These bar
riers can evolve through genetic drift, when isolated taxa ac
cumulate differences in traits contributing to reproductive 
isolation, but natural selection also plays a role in the forma
tion of new species, e.g. by adaptation to different environ
ments (Hatfield and Schluter 1999; Rundle and Nosil 2005; 
Nosil et al. 2009; Comeault et al. 2015; Meier et al. 2018; 
Marques et al. 2019) or by selection against hybrids reducing 
cross-fertilization between taxa (Haldane 1922; Naisbit et al. 
2001; Price and Bouvier 2002; Coyne and Orr 2004; Turelli 
and Moyle 2007; Svedin et al. 2008; Stelkens et al. 2010). 
Major functions involved in both pre and postzygotic isola
tion have been determined. Sensory systems seem to play 
a key role both through ecological adaptation and sexual se
lection, e.g. in cichlid fishes (Stelkens et al. 2010), fruit flies 
(Grillet et al. 2012; Yukilevich et al. 2016), stick insects 
(Nosil 2007), or the house mouse (Smadja et al. 2004; 
Hurst et al. 2017).

Genome sequencing of different species recently led to a 
better understanding of the genetic architecture and bio
logical functions underlying the speciation process 
(Martin et al. 2013; Wolf and Ellegren 2017; Meier et al. 
2018; Marques et al. 2019). Genome scans to detect highly 
divergent regions have identified many candidate genes 
potentially involved in reproductive isolation (Ellegren 
et al. 2012; Poelstra et al. 2014; Wolf and Ellegren 2017). 
However, genomic divergence is not just shaped by repro
ductive isolation, but also depends on intrinsic features 
such as recombination and mutation rates, or the density 
of variants under purifying selection (Cruickshank and 
Hahn 2014; Burri 2017). It remains a challenge to control 
the false-positive rate for genome scans (Teshima et al. 
2006; Thornton and Jensen 2007; Soni et al. 2023). It is 
therefore important to consider the interplay between 
these forces when interpreting landscapes of genomic di
vergence (Wang and Heckel 2024).

Rodents of the Cricetidae family are among the most 
species-rich mammals. The genus Microtus is particularly in
teresting for studying diversification because its explosive 
radiation generated at least 65 species across the world in 
less than 2 million years (Jaarola et al. 2004; Fink et al. 

2010; Beysard and Heckel 2014; Lischer et al. 2014). 
Indeed, despite their morphological similarity, they present 
much higher levels of genetic differentiation than other 
fast-radiating vertebrates, suggesting ongoing speciation 
processes and the presence of cryptic species (Heckel 
et al. 2005; Bastos-Silveira et al. 2012; Beysard et al. 
2012; Paupério et al. 2012; Sutter et al. 2013). 
Furthermore, complete or partial reproductive isolation 
has been observed both between (De Jonge and Ketel 
1981; Pierce et al. 1989; Soares 2013; Torgasheva and 
Borodin 2016) and within species, e.g. in the common 
vole Microtus arvalis (Heckel et al. 2005; Beysard and 
Heckel 2014; Beysard et al. 2015). It has been suggested 
that mechanisms such as sexual selection based on olfac
tory signals (Soares 2013; Duarte et al. 2016; Cerveira 
et al. 2019) played a central role in vole species divergence, 
but the genomic bases of these speciation processes remain 
unclear as no full-genome study has been performed so far 
in Microtus rodents.

In this study, we sequence and assemble de novo a 
high-quality, chromosome-scale, reference genome of the 
common vole, M. arvalis, which is used to resequence 12 in
dividuals from 10 vole species and evolutionary lineages span
ning the divergence continuum of the genus and an 
outgroup, Myodes. We characterize patterns of diversity 
and divergence along these genomes and use a new ap
proach to identify regions of high divergence between spe
cies, as well as fast-evolving genes which are likely of 
particular relevance for the radiation of Microtus voles. Our re
sults indicate an exceptional role of olfaction in the fast diver
gence of Microtus rodents, together with immunity and 
metabolic processes.

Results

A Chromosome-level Reference Genome for 
Microtus arvalis

We generated a reference genome of common vole 
M. arvalis (MicArv1.0) using Chicago and Hi-C scaffolding 
approaches (see Materials and Methods). We obtained a 
chromosome-scale assembly with 5 scaffolds larger than 
150 megabases (Mb), and 17 smaller ones, shorter than 
100 Mb (Fig. 1, supplementary fig. S1, Supplementary 
Material online), which is in very good agreement with 
the species’ known karyotype showing 5 large and 17 smal
ler autosomes (Gamperl 1982). Note that X and Y sex chro
mosomes are both absent from the assembly of this male 
individual because the coverage was too low compared 
to the rest of the genome to be included in the initial scaf
folding and assembly. Hereafter, we will therefore focus on 
the 22 largest scaffolds corresponding to the 22 autosomes 
and we will number them according to their sizes from 1 
(largest) to 22 (smallest).
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We compared the genome of M. arvalis (MicArv1.0) to that 
of two rodent species for which reference genomes were 
available: the prairie vole Microtus ochrogaster (MicOch1.0) 
and the house mouse Mus musculus (GRCm38.p6). We pre
sent in supplementary table S1, Supplementary Material on
line assembly metrics for these three species. Overall, the 
quality of the novel M. arvalis genome assembly is very high 
along the genome: the proportion of ambiguous nucleotides 
(Ns) is similar among scaffolds (with low values ranging from 
2.4% to 5.5%, supplementary table S2, Supplementary 
Material online), and the average mappability per scaffold ran
ged from 84% to 90% (supplementary table S2, 
Supplementary Material online). Even though a few regions 

in the genome had lower mapping quality, which are likely 
highly repetitive regions in the chromosomes (e.g. possibly 
the centromere region on scaffold 1, or telomere at the end 
of scaffold 22, Fig. 1), different quality metrics such as cover
age and mappability remained good all along the genome 
(Fig. 1). BUSCO (Simão et al. 2015) searches for 303 conserved 
eukaryotic orthologs as an assessment of the quality of our as
sembly identified 83.8% of the orthologs in a complete state 
(compared to 91.1% for the M. ochrogaster and 90.8% for 
the Mus musculus genome) and 3.0% in a fragmented state 
(M. ochrogaster: 2.3%; Mus musculus: 3.3%). About 13.2% 
of the BUSCO orthologs are missing (M. ochrogaster: 6.6%; 
Mus musculus: 5.9%).

Fig. 1. Circos plot representing basic metrics along the M. arvalis genome computed over 1 Mb windows (except for gene density that is represented 
over 5 Mb windows). The outer track a) represents genomic position in Mb along the 22 largest scaffolds. Then, from the most external to the most internal 
track, we report: the mappability b), the number of genes per 5 Mb bins c), GC content d), proportion of repeats e), and depth of coverage of the sequenced 
individual f).
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Analysis of syntenic blocks detected numerous 
chromosomal rearrangements between rodent species 
(supplementary fig. S2, Supplementary Material online). 
There were chromosome fusion/fission events (e.g. 
M. arvalis 4th scaffold corresponds to chromosomes 6 and 
8 of M. ochrogaster, supplementary fig. S2, Supplementary 
Material online) but also evidence of large inversions (e.g. 
between scaffold 9 of M. arvalis and chromosome 17 of 
M. ochrogaster, supplementary fig. S2, Supplementary 
Material online). Finally, some regions seemed to contain 
more rearrangements between the three species than others, 
such as the center of scaffold 5 in M. arvalis (supplementary 
fig. S2, Supplementary Material online).

Genomic Evolution of the Microtus Genus

To study the genome-wide patterns of diversity and diver
gence between different Microtus vole species, we 
sequenced 12 individuals from 10 different vole species 
(see Methods, supplementary table S3, Supplementary 
Material online) that we aligned to the reference M. arvalis 
individual. In addition to the sample used to assemble the 
reference, our data set included three other M. arvalis indi
viduals as well as samples of eight species from the 
Microtus genus and one Myodes (Clethrionomys) glareolus 
from a related genus (supplementary table S3, 
Supplementary Material online). The four M. arvalis indivi
duals belonged to four previously described evolutionary 
lineages in Europe potentially undergoing speciation pro
cesses: the Central lineage (C), the Western lineage (W), 
the Eastern lineage (E), and the Italian lineage (I) (Beysard 
and Heckel 2014; Lischer et al. 2014; Saxenhofer et al. 
2019). We obtained a mean sequence depth of about 
20× (the depth mode varied from 8 to 28 ×  depending 
on the sample, supplementary fig. S3 and table S4, 
Supplementary Material online).

Broad Patterns of Diversity and Divergence

Reference-based alignment and SNP calling identified 
75,413,767 polymorphic sites among all 13 newly se
quenced vole genomes (see Materials and Methods). The 
overall levels of genomic diversity assessed from nucleotide 
diversity (Nei and Li 1979) differed widely between species 
(Fig. 2a and supplementary fig. S4, Supplementary Material
online). The My. glareolus genome showed about twice as 
much genetic diversity as any Microtus species (Fig. 2a and 
supplementary fig. S4, Supplementary Material online). 
Contrastingly, M. levis, which is M. arvalis’ sister species, 
showed the lowest overall diversity.

We then used the Pairwise Sequentially Markovian 
Coalescent (PSMC) (Li and Durbin 2011) to infer changes 
in effective population size over time. The inference sug
gested that many of the vole species with suitable data 
showed a recent decrease in their population size (starting 

around 30 to 70 kya depending on the species, Fig. 2b and 
supplementary fig. S5, Supplementary Material online). 
Populations of M. arvalis were potentially largest before 
the Last Glacial Maximum, around 30 kya, and declined 
since then except for the Eastern lineage (Fig. 2b). 
However, the recent decrease in population size inferred 
by PSMC corresponds to a recent increase in rate of coales
cence, which may be linked to the population structure of 
Microtus species (Mazet et al. 2016). Indeed, if we assume 
that individuals are taken from subdivided metapopula
tions, a progressive decrease in coalescence rate going 
backward in time could simply be due to the scattering 
(Wakeley 2001) of lineages in different surrounding demes 
(Mazet et al. 2016; Chikhi et al. 2018). While only inter
genic regions (see Materials and Methods) were used in 
this analysis to mitigate the potential effects of nondemo
graphic processes such as background selection (Johri 
et al. 2022), masking genic and flanking regions may affect 
the accuracy of the estimates (Nadachowska-Brzyska et al. 
2016; Mather et al. 2020). For example, the high variance in 
population size estimates observed in recent times (after 
5 kya, supplementary fig. S5, Supplementary Material on
line) are likely artifacts resulting from reduced power in 
the estimation of Ne (see Wang et al. 2023 for comparison).

We inferred the species’ phylogenetic relationships 
(Fig. 2c) via maximum-likelihood using RAxML (Stamatakis 
2014). As expected, genomic divergence within the 
Microtus genus was relatively shallow compared to the out
group My. glareolus but consistent with the expected taxo
nomic relationships (Jaarola et al. 2004; Fink et al. 2010; 
Martínková and Moravec 2012; Barbosa et al. 2018), e.g. 
evolutionary lineages within M. arvalis clustering together 
or sibling species M. lusitanicus–M. duodecimcostatus in 
sister relationship).

Identification of Fast Evolving Genomic Regions in Each 
Species

In order to detect genomic regions potentially involved in 
adaptations linked to diversification, we identified genomic 
regions that have been recently evolving rapidly in each 
species. To do this, we used a novel statistic (RNDsp) similar 
to the PBS statistic (Yi et al. 2010) classically used in genome 
scans, except that it is based on molecular divergence (dxy) 
instead of FST. RNDsp measures the relative length of the ter
minal branch leading to each species since its common an
cestor with its closest sister species (based on the topology 
shown in Fig. 2c). Note that we scaled RNDsp relative to the 
average divergence to the outgroup, My. glareolus, in order 
to correct dxy for its sensitivity to variations in mutation rate 
along the genome (Burri 2017) (see Materials and 
Methods). Note also that RNDsp absolute values cannot 
be compared between species, but they are meaningful 
to evidence fast-evolving regions within each species. 
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Interestingly, we observed systematic variations of RNDsp 

along each scaffold in species with short terminal branches 
(such as in M. arvalis individuals, Fig. 3). This is particularly 
striking around centromeric regions where we observed 
slower evolution, potentially due to the impact of 
background selection in these low recombination 
regions. When considering a larger evolutionary time scale 
(i.e. in species with longer terminal branch length, 
supplementary figs. S6 and S7, Supplementary Material on
line), the genomic distribution of RNDsp is smoother, which 
is consistent with a main effect of background selection 
over short time periods (Charlesworth 2012; Nicolaisen 
and Desai 2013) and the dilution of its effect over longer 
evolutionary times. Alternatively, the smoothing could be 
due to a change in the recombination landscapes of species 
very divergent from the reference genome.

Functional Associations of the Vole Radiation

For each species, we identified the genes found in regions 
associated with the highest 1% RNDsp values, which should 

be enriched for fast diverging and potentially adaptive 
genes. Among the four M. arvalis lineages undergoing in
cipient speciation, we identified many olfactory receptors 
(OR) among outlier genes (Fig. 3). In M. arvalis C lineage, 
we found eight such receptors on three different scaffolds 
(Olfr56, and two clusters: Olfr147-149-158-1509 and 
Olfr497-464-510). In M. arvalis W lineage, we identified 
six other ORs on three separate scaffolds (Olfr18-19-867, 
Olfr140, Olfr688, and Or51a2). In M. arvalis I lineage, we 
found a single cluster of four highly divergent ORs 
(Olfr1019-1030-1044-1052). Finally, in M. arvalis E lineage, 
three genomic islands of divergence contain ORs on three 
different scaffolds (Olfr15-1019-1020-1030, Olfr183-186, 
and Olfr1509). We note that outlier ORs were not the 
same in different M. arvalis lineages, suggesting that adap
tive processes in closely related but parapatric lineages have 
taken different routes. Other genes commonly represented 
in regions of high divergence among M. arvalis lineages 
were involved in immunity. This is the case of H2-e 
genes (Histocompatibility-2, also known as Major 
Histocompatibility Complex [MHC] class II genes), which 

Fig. 2. Broad patterns of diversity and divergence of resequenced individuals. Panel a) corresponds to the average nucleotide diversity (shown as heterozy
gosity) value per individual. PSMC-inferred effective population size evolution of five samples including the 4 M. arvalis lineages is also represented b). This 
population size estimated assumes a mutation rate of 8.7 × 10−9 per base pair per generation and a generation time of 0.5 yr. Finally, in panel c) we 
show the maximum-likelihood phylogenetic tree obtained with RAxML. The number of bootstrap replicates supporting this tree topology out of 100 is in
dicated next to each ancestral node.
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Fig. 3. Genome scan for regions of high divergence in M. arvalis individuals and M. cabrerae (for other species, see supplementary fig. S6, Supplementary 
Material online and S7). For each sample, RNDsp values computed along 50 kb nonoverlapping windows are represented along the 22 largest scaffolds (gray 
and black colors indicate the alternance between scaffolds) against its closest relative which has the lowest dxy. The red line corresponds to a loess smoothing of 
RNDsp values. Red dots identify 50 kb windows found in stretches where at least two out of three consecutive windows have an RNDsp value in the top 1% of 
all values. Genes overlapping with such windows are mentioned along vertical pink lines.
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were an outlier in two M. arvalis lineages (Fig. 3). Other 
fast-evolving genes involved in immune response included 
CD200, CD200r4, CD200r1 l, Lypd8, Cfh, and Igkv7-33. 
Finally, other genes that have been linked to specific bio
logical functions included Ros1 and Catsper2 (both in
volved in fertility), Avpr1a involved in memory and 
olfactory learning, as well as a cluster of genes coding for 
keratins (Krt10-25-26-17).

Genes found in regions of high divergence in M. levis, the 
sister species of M. arvalis, also included olfactory receptors 
(eight genes in three clusters on three different scaffolds, 
supplementary fig. S6, Supplementary Material online). 
We also found a spermatogenesis-associated protein 
(Spata31), a cluster of three genes involved in development 
(Foxo1, Slco1a4, and Iapp), and two protocadherin-beta 
genes (Pcdhb14 and Pcdhb18) that are involved in the estab
lishment of interneural connections (supplementary fig. S6, 
Supplementary Material online). Highly divergent regions 
for the two sister species from the Iberian Peninsula, 
M. lusitanicus and M. duodecimcostatus, contained genes 
involved in functions similar to those identified in M. arvalis 
and M. levis, i.e. several clusters of olfactory receptors, MHC 
genes such as H2-Ea and H2-Eb1, other immunity-related 
genes like Clec2e and Clec2h (C-lectin type receptors) as 
well as Skint1-2-7, a cluster of genes specifically involved in 
skin immunity (supplementary fig. S6, Supplementary 
Material online). Other outlier genes have a specific role in 
the neuronal system: the Doublecortin domain-containing 
protein 2 (Dcdc2), and a cluster of three protocadherin-alpha 
(Pchda7-4-10) genes coding for neural adhesion proteins, 
playing a role in the establishment of specific cellular connec
tions in the brain (supplementary fig. S6, Supplementary 
Material online). In M. cabrerae, we also identified highly di
vergent ORs in three clusters as well as highly divergent 
metabolism-related genes such as B3galt5, Kynu, or Atp11a 
(Fig. 3).

We also identified several OR clusters among more 
divergent species: four clusters in M. agrestis 
(Olfr1019-1044-1052-1030, Olfr24-15, Olfr150-1537- 
148-958-149, and Olfr56), one cluster in M. brandtii 
(Olfr1086-1020-481-491-497-510-484), and four clusters 
in M. pennsylvanicus (Olfr148-958-149, Olfr147, Olfr18, 
and Olfr1509) (supplementary fig. S7, Supplementary 
Material online). Immunity-related genes are also fast evolv
ing in these species: they include Cdk5rap2 in M. agrestis, 
C-type lectin receptors (Clec2e and Clec2h in both 
M. agrestis and M. pennsylvanicus) that are involved in 
innate immunity (supplementary fig. S7, Supplementary 
Material online), Cd200r4 and Cd200r1l in M. pennsylvani
cus. In M. agrestis, genes involved in immunity included Cfh 
(Complement factor H) and Gbp4 (Guanylate Binding 
Protein 4). Other outlier genes in this species are involved 
in metabolism, such as Cyp3a13 (member of the cyto
chrome P450 family), the serine protease 2 (Prss2), and 

the Kynurenine Aminotransferase 3 (Kyat3). The further 
species had also outlier genes involved in metabolic func
tions, such as the extended synaptotagmin-1 (Esyt1) in 
M. oeconomus; an aldehyde dehydrogenase (Aldh1l2) 
in M. brandtii; and a cluster of three Glutathione 
S-transferase A (Gsta1-2-4) in M. pennsylvanicus 
(supplementary fig. S7, Supplementary Material online). 
Finally, other outlier genes with specific functions are in
volved in cell proliferation and development (Erbb3, 
Foxo1) in M. oeconomus, and are sometimes tissue- 
specific, such as melanoregulin (Mreg) in M. pennsylvani
cus, specifically expressed in melanocytes (supplementary 
fig. S7, Supplementary Material online).

Gene Ontology Analysis

Gene Ontology (GO) enrichment tests allowed us to iden
tify biological functions that were overrepresented among 
the top 1% divergent regions in each vole genome 
(supplementary table S5, Supplementary Material
online). Significant GO terms (FDR < 0.05, supplementary 
table S5, Supplementary Material online) found in at least 
two species are shown in Fig. 4. In line with our results 
above, many GO terms related to olfaction (e.g. sensory 
perception of smell, detection of chemical stimulus involved 
in sensory perception, G-protein coupled receptor signaling 
pathway) were significant after correction for multiple test
ing in every species we studied. Two other groups of GO 
terms were recurrently enriched in several species, although 
at a lesser extent than olfaction-related genes. These are 
immunity-related GO terms, such as immune response in 
most species, innate immune response in M. lusitanicus, 
M. agrestis, and M. pennsylvanicus or MHC GO terms 
(e.g. antigen processing and presentation of peptide 
antigen via MHC class I in M. levis, M. lusitanicus, and 
M. duodecimcostatus). The second group contained GO 
terms linked to metabolism (particularly lipid metabolism, 
e.g. fatty acid derivative metabolic process in M. oeconomus, 
M. cabrerae, and M. pennsylvanicus or oxido-reduction pro
cess in M. cabrerae, M. agrestis, and M. oeconomus). The 
strong representation of olfaction-related terms was con
firmed even when performing the test on a conservative re
stricted set of genes found in islands of divergence, i.e. in 
regions where at least 150/250 kb were significantly diver
gent (see Materials and Methods). In that case, olfaction- 
related GO terms remained significant in 10 out of 12 species 
(supplementary fig. S8, Supplementary Material online).

Highly Divergent Olfaction-related Genes Show Little 
Diversity Within Species

As ORs in vole species showed exceptional patterns of di
vergence and fast evolution, we more specifically investi
gated the species distribution and genetic diversity of 
olfaction-related genes in the top 1% divergent regions 
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(Fig. 5a). As olfaction-related genes, we considered here 
both ORs (expressed in the olfactory epithelium) and vo
meronasal receptors (expressed in the vomeronasal organ). 
Many of these genes were outliers in several vole species. 
Interestingly, most of these outlier genes presented very 
low diversity in the species where they were outlier (Figs. 
5a and 6a, 6b), suggesting that divergence is driven by 
the fixation of beneficial mutations during selective sweeps. 
Note however that a very few divergent genes presented 
both high and low diversity patterns within focal species, 
such as Olfr49, Olfr1019, or Olfr1020 (Fig. 5a). In order 
to assess more quantitatively how the intraspecific diversity 
of ORs compares to other genes, we compared the distribu
tion quantiles of diversity values for different sets of genes: 

outlier ORs, outlier genes that are not ORs, and randomly 
sampled genes (supplementary figs. S9 and S10, 
Supplementary Material online). We found that, in all spe
cies, levels of intraspecific diversity were lower in highly di
vergent regions containing ORs than in randomly selected 
regions. OR outlier regions had also lower levels of 
diversity than non-OR outliers in most species, except in 
M. oeconomus and M. levis, where ORs and non-OR out
liers had similarly low levels of diversity, and in M. brandtii 
and M. agrestis where ORs had higher diversity than other 
outlier genes (Fig. 5, supplementary figs. S9 and S10, 
Supplementary Material online). Most outlier genes includ
ing ORs did not show exceptionally high heterozygosity but 
rather fell into the distribution of the genomic background 

Fig. 4. GO terms enriched for highly divergent genes found in more than one Microtus vole species. Each dot represents a significant GO term (FDR < 0.05) in 
a given species. Dot size is proportional to the number of outlier genes within this GO term, and darker colors indicate more significant enrichment tests (lower 
q-value). Enrichment tests have been performed using all genes found in the top 1% divergent genomic windows (see Materials and Methods). Each row is 
labeled with the GO term description and numbers between parentheses indicating i) the number of highly divergent genes that are specific to any genome, ii) 
is total number of highly divergent genes in this GO term, and iii) the total number of genes in this GO term that have been tested.
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(supplementary fig. S11, Supplementary Material online), 
which supports that these diversity patterns were little im
pacted by the potential mapping of paralogous OR 
sequences.

We performed a similar analysis on immune-related 
genes (Fig. 5b) present in our top 1% highly divergent re
gions. While the most divergent genes presented reduced 
diversity relative to other genes in the genome (see e.g. 
gene Cd200 in Fig. 6d), two histocompatibility genes 
(H2-Ea and H2-Eb1) clearly showed higher diversity than 
average (as shown in Fig. 6c), compatible with some form 
of balancing selection.

Discussion
The chromosome-scale assembly of a vole reference gen
ome and the sequencing of additional genomes represent
ing the explosive radiation in the Microtus genus has 
enabled us to identify several evolutionary processes advan
cing divergence among species. Using whole genomes of 
12 individuals from 10 different species, we showed that 

olfaction played a particular role in the genomic diversifica
tion of Microtus, but that immunity and metabolic pro
cesses are also unusually fast evolving in most studied 
species. This suggests that adaptation to environmental 
pressure but also sexual selection and kin recognition may 
have important roles in the radiation of voles.

Fast Evolution of the Olfactory Pathway in the Vole 
Radiation

Sensory systems play a fundamental role in species isola
tion, particularly through behavioral processes (Smadja 
and Butlin 2009). Visual cues are often positively selected 
in diverse taxa, leading for example to the particular evolu
tion of opsin genes in fish (Gaither et al. 2015), wing pig
mentation in Heliconius butterflies (Martin et al. 2013; 
Mazo-Vargas et al. 2017), or an enormous color diversity 
in cichlids (Meier et al. 2018). Chemosensory systems are 
also commonly involved in behavioral isolation of many 
taxa, particularly in insects such as moths and fruit flies 
but also in rodents (Smadja and Butlin 2009). For example, 

Fig. 5. Patterns of diversity at a) olfactory and vomeronasal receptors and b) immunity genes found in the top 1% divergent windows of multiple or single 
Microtus species. The color of the square corresponds to the nucleotide diversity of the outlier window, expressed as the quantile of the focal genome’s di
versity distribution (low diversity is pink, high diversity is green).
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studies of hybrid zones revealed the importance of olfac
tory cues in mate preference in the house mouse (Smadja 
et al. 2004, 2015) or pine voles (Cerveira et al. 2019). In 
Microtus, partial or complete reproductive isolation has 
been shown to depend on behavioral factors, and olfaction 
can play a key role in mate recognition (Soares 2013; 
Duarte et al. 2016; Cerveira et al. 2019). Given the absence 
of major morphological differentiation and often subterra
neous lifestyles in voles, olfaction may play an essential role 
in the detection and maintenance of species differences in 
Microtus species, e.g. through mate choice (Smadja and 
Butlin 2009).

Our study shows that the fast Microtus radiation was ac
companied by particularly rapid evolution of genes in the 
olfactory pathway. Overall, fast-evolving genes were in
volved in different stages of the olfactory response: odorant 
production (e.g. pheromones), reception (through 

olfactory receptor neurons), and the downstream process
ing of olfactory information (e.g. through the olfactory 
bulb, memory and behavioral response). Olfaction-related 
genes are among the most divergent regions of the gen
ome in all species we studied (Fig. 3; supplementary figs. 
S6 and S7, Supplementary Material online), and some of 
these genes such as ORs and vomeronasal receptors are 
outliers in multiple species (Fig. 6). It is important to note 
that the deeper evolutionary history of ORs in mammals is 
characterized by extensive gene duplication and reduction 
(Hughes et al. 2018), and it is plausible that this has contin
ued within the Microtus radiation. Even though some of the 
ORs may not be orthologous in all the analyzed Microtus 
species, generally low diversity and nonelevated heterozy
gosity of outlier genes (Figs. 5 and supplementary fig. S9 
to S11, Supplementary Material online) suggests that their 
detection as fast evolving was not driven by erroneous 

Fig. 6. Zooms on patterns of diversity and divergence among three of the most significantly divergent windows in M. arvalis individuals and M. cabrerae: a) the 
Olfr140 region on scaffold 3, b) the Olfr1019 region on scaffold 3 c) the Histocompatibility-2 (H2) cluster region on scaffold 15 and d) the CD200 region on 
scaffold 3. For each of the five selected individuals (four M. arvalis lineages and M. cabrerae), window-based average nucleotide diversity (π) and RNDsp are 
represented along a 1 Mb region surrounding the most divergent window on average (indicated with a dashed gray vertical line).
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mapping of paralogous sequences. Of course, high rates of 
potential gene expansion or loss in the history of diversifica
tion would also be consistent with fast evolution of ORs in 
the Microtus genomes. Fast evolution of genes can be a re
sult of either adaptation or relaxed purifying selection un
der suitable conditions, which has been found especially 
in island populations of birds and rodents (Bliard et al. 
2020; Wang and Heckel 2024). However, for our analyses 
spanning multiple species, relaxation of selection would 
have needed to occur in continental populations of differ
ent species with overall very high effective population sizes, 
so it is more parsimonious that the observed pattern of fast 
evolution is a result of adaptation.

ORs are not the only olfaction-related genes presenting 
high levels of divergence. We also identified several other 
genes that could be directly involved in the production 
and the decoding of olfactory signals. For instance, some 
nonvolatile pheromones known to be involved in social rec
ognition in mice are peptide ligands of the MHC encoded 
by the Histocompatibility-2 (H2) genes, which are outliers 
in multiple species. Other types of pheromones can be 
the target of selection in some species: Kyat3, which is an 
outlier gene in M. agrestis, encodes for an enzyme involved 
in the metabolism of the kynurenine pheromone. Finally, 
some genes that are involved downstream in the olfactory 
pathway through neuronal processes are among the most 
divergent genes. As an example, some proteins are involved 
in establishing specific cellular connections in the brain and 
play a role in regulating learning and memory functions 
(e.g. Dcdc2, the protocadherin-alpha cluster, or Avpr1a). 
Knock-out experiments on mice have revealed the impact 
on learning and behavioral response for these genes 
(Caldwell et al. 2008).

Signatures of Environmental Pressures in Patterns of 
Divergence

Ecological adaptations are also central to the formation of 
new species when reproductive isolation evolves as a result 
of divergent selection (Rundle and Nosil 2005). Besides sex
ual selection, other selective pressures could induce a re
sponse in olfaction-related traits, for example habitat and 
diet preferences (Hughes et al. 2018; Auer et al. 2020), or 
predator sensing. The only gene found to be an outlier in 
all the species, Olfr1019, is known for its important role 
in the behavioral reactions to a fox urine odorant, 
2,4,5-trimethylthiazoline (Saito et al. 2017), which elicits 
strong fear responses in mice (Endres and Fendt 2009). 
This suggests a strong selective pressure of innate odor re
sponse on voles which are preyed upon by a wide range of 
mammalian predators (Klemola et al. 1997). We detected 
also two divergent genes that are involved in positive re
sponse to odorants commonly found in plants (de March, 
et al. 2020): Olfr19 in the response to whiskey lactone, 

common in oak trees (Doussot et al. 2002); Olfr183 to iso
amyl acetate, naturally produced by ripening fruit. As voles 
are largely herbivorous, they might present specific adapta
tions to diet as they depend on the availability of annual 
plants, often grasses, throughout the year. Even though 
voles prefer feeding on annual plants, they also consume 
perennials when the ecological conditions require it 
(Rosário et al. 2008). As slow-growing plants typically con
tain more toxic secondary metabolites, being able to detox
ify these molecules could confer a strong selective 
advantage (Francis et al. 2005; Bock 2016; Johnson et al. 
2018). This could explain the presence of metabolism- 
related genes, particularly detoxification enzymes such as 
Glutathione S-transferase A or cytochrome P450, among 
highly divergent windows. Metabolism-related genes 
might also play a role in adaptation to various temperature 
conditions as Microtus species cover vast latitude and alti
tude ranges (Carleton and Musser 2005). Thermal adapta
tion can occur through reduced metabolic rate (Bozinovic 
et al. 2005), or changes in energy metabolism and stress re
sponse (Quina et al. 2015; Monarca et al. 2019).

In addition, several genes and GO terms related to im
munity were observed among divergent genomic windows 
in most species. The evolution of the immune system is of
ten the consequence of host–pathogens interactions and 
arms races, leading to diversifying selection and the main
tenance of polymorphisms. Long-term balancing selection 
has been inferred to act on immunity-related genes in vari
ous organisms, for example in primates (Maibach et al. 
2017; Bitarello et al. 2018), Drosophila (Croze et al. 2017; 
Chapman et al. 2019), or birds (O’Connor et al. 2016). In 
voles, immunity-related genes (e.g. H2, Skint, and Clec 
families) are commonly found in highly divergent genomic 
regions. H2 genes (Histocompatibility-2) are part of the 
MHC that is common to all jawed vertebrates (Klein 
1986). Beyond their role in response to pathogens, MHC 
genes are also potentially involved in sexual selection and 
kin recognition through mating preferences that promote 
the MHC diversity of offspring (Eizaguirre et al. 2009). 
We identified further immunity-related gene families that 
have been recently fast evolving in multiple species, such 
as the Skint gene family, which is likely unique to rodents 
(Sutoh et al. 2018), C-Type Lectin-Like Receptors, 
Immunoglobulins and 2′-5′-oligoadenylate synthetase 
genes.

Conclusion
Overall, our results show the fast evolution of genes related 
to the olfactory system, as well as immunity during vole spe
cies’ divergence, indicating the importance of selection in 
related traits for the radiation of the group. The striking 
morphological similarity in this highly speciose genus sug
gests that conspecific identification occurs through other 
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channels than visual cues, and our analyses indicate that ol
factory signals are among the key elements for this discrim
ination. These observations open several questions and 
perspectives for this study system. Future directions could, 
for example, include a more detailed characterization of 
the full repertoire of ORs in Microtus and their roles in the 
recognition of con- or heterospecific individuals or kin, 
functional validation of the importance of some candidate 
genes through experimental studies, or investigating the di
versity of odorant molecules. Additional genomic data of 
several individuals per species could provide further insights 
in differences in OR diversity within and between species to 
potentially characterize their role in ecological and evolu
tionary interactions. At last, our reference genome should 
facilitate the collection and genomic analysis of large sam
ples that would allow one to better investigate patterns of 
gene flow between closely related rodent taxa (e.g. 
Saxenhofer et al. 2022; Labutin and Heckel 2024), and to 
better understand the complex evolutionary processes as
sociated with vole species divergence (e.g. Baca et al. 
2023; Wang et al. 2023).

Materials and Methods

Microtus arvalis Genome Assembly

Assembly Generation

DNA was extracted from a male M. arvalis individual, the 
first-generation offspring of a cross between individuals 
sampled from the wild (Bize et al. 2018). DNA extraction 
and sequencing library preparation was performed by 
Dovetail Genomics (Santa Cruz, CA). Extracted DNA was 
used to produce long-range sequencing libraries using 
the “Chicago” (Putnam et al. 2016) and Hi-C (Belton 
et al. 2012) methods by Dovetail Genomics (Santa Cruz, 
CA). The M. arvalis genome was assembled in three phases: 
(i) a de novo assembly was generated based on 150 bp 
paired-end Illumina reads; (ii) the de novo assembly was 
scaffolded by Chicago libraries; (iii) the Chicago assembly 
was scaffolded by Hi-C libraries. Hi-C libraries allow the 
scaffolding to operate at a larger scale, potentially at the 
chromosome level. Additional RNAseq for genome annota
tion was performed by the Next Generation Sequencing 
Platform of the University of Bern using equimolar libraries 
of several tissues (muscle, liver, spleen, brain, and testes) 
from the same individual resulting in 302,714,054 
paired-end Illumina reads (2 × 150 bp).

Assembly Quality Assessment

Basic assembly metrics were computed using a script from 
assemblathon.org (http://assemblathon.org/post/4443193 
3387/assemblathon-2-basic-assembly-metrics). The me
trics NG50 and LG50 assume a genome size of 2.54 giga
bases, which was estimated using flow cytometry (Hare 

and Johnston 2011). The quality and completeness of the 
assembly were assessed by searching for universal single- 
copy orthologues implemented in BUSCO version 2.0 
(Simão et al. 2015) using the Eukaryota database contain
ing 303 orthologues. These numbers were put in relation 
to the same BUSCO analysis run on the assemblies of 
M. ochrogaster and Mus musculus. The quality and com
pleteness of the assembly were also inferred by mapping 
the Illumina raw reads used to assemble the genome 
back to the assembly. The mapper bowtie2 version 2.2.4 
(Langmead and Salzberg 2012) was used with default para
meters and a maximum allowed insertion size of 1000 bp, 
to exclude the presence of large mis-assemblies. We further 
assessed the quality and completeness of the assembly 
using RNAseq data. The RNAseq libraries were mapped to 
the genome using STAR version 2.5.3a (Dobin et al. 
2013) with default parameters. The evaluation of repeats 
and low complexity regions were assessed using 
RepeatModeler version 1.0.8 (Smit and Hubley 2008) and 
RepeatMasker version 4.0.7 (Smit et al. 2015) with default 
parameters.

Gene Prediction and Annotation

A model for gene prediction was trained as described in 
Tran et al. (2016). RNAseq expression data were mapped 
onto the assembly using STAR version 2.5.3a (Dobin et al. 
2013) and transcripts obtained with cufflinks version 
2.2.1 (Trapnell et al. 2012). Transcripts were translated 
into amino acid sequences using transeq from EMBOSS ver
sion 6.5.7 (Rice et al. 2000). Uniprot Mus musculus refer
ence proteins (version: September 2017) were mapped 
with glsearch36 version 36.3.5e (Pearson 1991) onto the 
translated sequences to identify the right coding phase, 
start and stop-position. High confidence CDS were trans
lated into an Augustus compatible format and used as 
a training set to build the gene-model. Genes were pre
dicted using Augustus version 3.0.2 (Stanke and Waack 
2003) with the following parameters (−strand = both 
–genemodel = partial –alternatives-from-sampling = true). 
Predicted genes were annotated based on homology to 
the uniprot Mus musculus reference proteome using the 
BLASTP with default parameters. For each predicted 
gene, the predicted homolog with the lowest e-value was 
kept.

Synteny Analysis

We computed the pairwise synteny between the M. arvalis 
genome, M. ochrogaster (https://www.ncbi.nlm.nih.gov/ 
datasets/genome/GCF_000317375.1/) and Mus musculus 
(https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_ 
000001635.26/) assemblies using the online tool D-Genies 
(Cabanettes and Klopp 2018) with default parameters. Plots 
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were created with custom scripts in R using packages 
GenomicRanges, bezier, and ggsci.

Vole Resequencing Data Generation and Analysis

Samples and Sequencing Library Preparation

We resequenced 12 individuals from 10 different vole spe
cies from Europe, Asia and America that are described in 
supplementary table S2, Supplementary Material online. 
Separate DNA libraries were prepared for each individual 
by the Next-Generation Sequencing Platform of the 
University of Bern using the Illumina TruSeq DNA 
PCR-Free kit following the recommendation of the manu
facturer. Libraries were sequenced at the Next-Generation 
Sequencing Platform of the University of Bern on an 
Illumina HiSeq 3000 machine (2 × 150 bp). We obtained 
between 82 and 226 (mean: 159) million sequence reads 
per sample with mean quality scores between 36.4 and 
37.8.

Variant Calling

Paired-end reads were first aligned to the M. arvalis refer
ence genome with stampy version 1.0.32 (Lunter and 
Goodson 2011), using a substitution rate of 0.05. We 
then realigned reads around indels using GATK version 
3.8-0-ge9d806836 (McKenna et al. 2010). The proportion 
of aligned reads ranged from 0.85 in My. glareolus to 0.95 
in the three M. arvalis samples (supplementary table S3, 
Supplementary Material online). Variant calling was per
formed using GATK UnifiedGenotyper without PCR correc
tion and with a 0.001 heterozygous prior (allowing for 
equal priors for both homozygous calls, –pcr_error_rate 0 
-inputPrior 0.001 -inputPrior 0.4995). The mode of the 
depth of sequence coverage distributions ranged from 8 
to 28, with an average of 17.25 excluding the reference 
MarvC (supplementary table S3, Supplementary Material
online). Given the differences in depth distributions 
(supplementary fig. S2, Supplementary Material online), 
we defined custom depth filters for each individual. We 
then filtered called genotypes based on the depth of cover
age in the tails of the distributions using custom DP filters 
for each sample (2 SD around the mode were kept, 
supplementary fig. S2 and table S3, Supplementary 
Material online). We kept only diallelic sites and filtered 
out genotypes based on their quality (GQ ≤ 30 for all sam
ples) and the mapping quality (MQ < 25; MQ0 ≥ 4; [MQ0/ 
DP] > 0.1). We kept sites with no missing genotypes. After 
filtering, our dataset consisted in 75,413,767 polymorphic 
sites and 679,864,446 invariant sites.

Phylogeny

To infer the evolutionary relationships of the 13 sequenced 
individuals, we generated a PHYLIP alignment from the 

previously generated VCF file using the vcf2phylip 
v1.5 Python script (https://github.com/edgardomortiz/ 
vcf2phylip). For heterozygous genotypes, a consensus 
was made and genotypes were replaced by IUPAC nucleo
tide ambiguity codes. Species’ phylogenetic relationships 
were inferred with RAxML version 8.2.4 (Stamatakis 
2014), based on the GTR + GAMMA substitution model 
and default parameters. The Broyden–Fletcher–Goldfarb– 
Shanno algorithm was used for GTR model parameters 
optimization. 100 bootstrap replicates were performed 
with RAxML rapid bootstrapping option. The most likely 
tree and bootstrap values were then represented using an 
R custom script (https://github.com/CMPG/vole_genome_ 
analysis).

Demographic Inference

We inferred changes in effective population size using the 
PSMC model (Li and Durbin 2011) implemented in the 
psmc software (https://github.com/lh3/psmc). We gener
ated the psmc input file using the provided fq2psmcfa 
script after filtering FASTQ files for read depth between 3 
and 120 and quality ≥ 30. Only intergenic regions which 
are 10 kb away from any gene were kept. We then ran 
psmc using the following command for each sample: 
psmc -N40 -t15 -r3 -p “6*1 + 20*2 + 4 + 6”. We used a 
mutation rate of 8.7 × 10−9 and generation time of 0.5 yr 
following Wang et al. (2023).

Population Genomics Analyses

Different population genomics statistics were computed 
along the genome using PopGenome R package (Pfeifer 
et al. 2014). Statistics were computed in nonoverlapping 
windows of 50 kb along the 22 largest scaffolds. We 
then computed the nucleotide diversity π and the absolute 
nucleotide divergence dxy (Nei and Li 1979). To do so, we 
calculated the absolute nucleotide diversity (within and be
tween, respectively) using the F_ST.stats method from 
PopGenome package, and divided it by the number of non
missing sites present in a given genomic window. We also 
computed a lineage-specific index of divergence. In a simi
lar fashion to PBS (Yi et al. 2010), we define dsp as the 
length of the branch leading to a given lineage. It is com
puted as follows:

dsp =
dAB + dAO − dBO

2
, 

where dij is the dxy value between species i and j. A and B 
correspond to two closely related species (or evolutionary 
lineages in the case of M. arvalis) which have the lowest 
dxy on average, and O is an outgroup (in our case, it is 
My. glareolus for all Microtus species). Then, to have a 
measure that is relatively insensitive to mutation rate 
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variation along the genome, we compute a metric similar to 
the Relative Node Depth RND (Feder et al. 2005) but with 
our lineage-specific estimate of divergence. The dsp statistic 
rescaled using an outgroup is simply defined as

RNDsp =
dsp

dO 

where dO is the average absolute divergence of all Microtus 
species to the My. glareolus outgroup. This measure is es
sentially an extension of the PBS statistic where the meas
ure of population differentiation FST is replaced by 
nucleotide divergence, and is expected to correct for varia
tions in dxy due to mutation rate differences along the gen
ome (Hellmann et al. 2005; Castellano et al. 2020), 
assuming that these variations in mutation rate are the 
same in Myodes and Microtus species. Indeed, we observed 
very strong correlations in dxy values among comparisons of 
different species pairs (Spearman’s correlation coefficients 
range from 0.77 to 0.99, supplementary fig. S12, 
Supplementary Material online). This observation is in keep
ing with similar local mutation rates in all species affecting 
levels of divergence, justifying the normalization in RNDsp. 
Note also that this correlation is found higher for less re
lated species: the greater the average divergence, the 
greater the correlation between pairwise divergence values 
(supplementary fig. S12, Supplementary Material online).

Functional Analysis of Outlier Regions

We mapped outlier genomic windows to predicted genes 
in the previously generated M. arvalis annotations. We 
kept only genes with at least one homolog in the mouse 
genome (Mus musculus). For each gene, we kept the 
mouse homolog with the lowest e-value resulting from 
the BLASTP analysis. Duplication and partial or complete 
de-functionalization of genes (e.g. for ORs) might lead to 
different genomic repertoires between the Microtus spe
cies. Using evolutionarily relatively distant mouse homologs 
as a common reference may thus miss the fastest evolving 
regions in some Microtus genomes but it is also expected to 
limit their quantitative impact in the functional association 
of outlier regions. We mapped genes to genomic windows 
if they had at least 1 base pair overlap with the 50 kb win
dow of interest.

Each time an outlier list of genes was generated, we per
formed a Gene Ontology enrichment test using the 
STRINGdb (Franceschini et al. 2012) R package, using GO 
terms from Mus musculus. The background list of genes 
(i.e. the set of all tested genes) is the list of all genes for 
which we had a mouse homolog in the annotation 
(13,543 genes). Enrichment tests were Fisher’s exact tests 
with a False Discovery Rate (FDR) computation following 
the Benjamini–Hochberg procedure (Benjamini and 

Hochberg 1995). We considered GO terms as significant 
if they had an FDR < 0.05. We filtered out GO terms that 
were too general by removing GO terms containing more 
than 1,500 genes in the background list.

Supplementary Material
Supplementary material is available at Genome Biology and 
Evolution online.
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