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Abstract

For more than 100 years, house mice (Mus musculus) have been used as a key animal model in biomedical research. House
mice are genetically diverse, yet their genetic background at the global level has not been fully understood. Previous studies
have suggested that they originated in South Asia and diverged into three major subspecies, almost simultaneously, approxi-
mately 110,000–500,000 years ago; however, they have spread across the world with the migration of modern humans in
prehistoric and historic times (�10,000 years ago to the present day) and have undergone secondary contact, which has com-
plicated the genetic landscape of wild house mice. In this study, we sequenced the whole-genome sequences of 98 wild
house mice collected from Eurasia, particularly East Asia, Southeast Asia, and South Asia. Although wild house mice were
found to consist of three major genetic groups corresponding to the three major subspecies, individuals representing admix-
tures between subspecies were more prevalent in East Asia than has been previously recognized. Furthermore, several sam-
ples exhibited an incongruent pattern of genealogies between mitochondrial and autosomal genomes. Using samples that
likely retained the original genetic components of subspecies with the least admixture, we estimated the pattern and timing
of divergence among the subspecies. The estimated divergence time of the three subspecies was 187,000–226,000 years
ago. These results will help us to understand the genetic diversity of wild mice on a global scale, and the findings will be par-
ticularly useful in future biomedical and evolutionary studies involving laboratory mice established from such wild mice.
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Significance
Because the house mouse (Mus musculus) is widely used in genetics and biomedical research, it is important to under-
stand the genetic status of wild house mice from which research strains are derived. However, the global genetic diver-
sity of wild house mice is not well understood. In this study, we investigated the genetic landscape of wild house mice
using the samples collected from across the Eurasian continent and Southeast Asian islands, particularly East, Southeast,
and South Asia. The genetic resources provided here are expected to facilitate future research involving house mice.
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Introduction
The house mouse (Mus musculus) has been an important
animal model in biomedical research for more than 100
years, and many inbred strains are currently available for
research. Inbred laboratory strains are genetically
diverse, originating from at least three wild subspecies
(Yonekawa et al. 1980, 1982, 1981; Moriwaki et al.
1984; Bonhomme et al. 1987; Yang et al. 2007; Didion
and de Villena 2013):M.m. musculus (MUS) from northern
Eurasia, M. m. castaneus (CAS) from southern Asia, and
M. m. domesticus (DOM) from western Europe. Hereafter
we use these abbreviations to represent the subspecies.
The first mouse reference genome sequence was created
using the classical inbred strain C57BL/6J (Mouse
Genome Sequencing Consortium 2002), and dozens of
whole-genome sequences of laboratory mouse strains
have been published ever since (Keane et al. 2011). The
genome of the classical inbred strain is derived from ap-
proximately 94.3% DOM, 5.4% MUS, and 0.3% CAS
(Keane et al. 2011), whereas the mitochondrial genome is
that of DOM (Frazer et al. 2007). In addition, Frazer et al.
2007 estimated that 10% of the classical inbred strain gen-
ome is derived from M. m. molossinus (MOL), which is
thought to have arisen from hybridization between MUS
and CAS found in Japan (Yonekawa et al. 1988; Takada
et al. 2013). Various strains of laboratory mice have been
investigated, with some researchers analyzing the se-
quences of diverse mouse strains focusing on the origin
of subspecies (e.g., Yang et al. 2011).

Despite intensive effort to sequence the genomes of la-
boratory mice, the genetic diversity of wild house mice has
yet to be thoroughly investigated. Previous studies found
that wild house mice are highly genetically diverse and have
an estimated effective population size of around 105 (Baines
and Harr 2007; Geraldes et al. 2008, 2011; Halligan et al.
2010, 2013). Classical inbred strains represent a small fraction
of the genetic diversity of wild house mice (Salcedo et al.
2007). Previous studies have demonstrated a genome-wide
pattern of polymorphisms in wild house mice, but such stud-
ies have mostly focused on CAS or DOM within limited geo-
graphic ranges (Halligan et al. 2013; Harr et al. 2016;
Phifer-Rixey et al. 2018). Therefore, a large-scale genome se-
quencing study covering the Eurasian continent and sur-
rounding islands will substaintially improve our
understanding of the worldwide genetic diversity of house
mice.

Wild house mice are distributed almost worldwide, in-
cluding on remote islands: CAS inhabits the Indian subcon-
tinent and Southeast Asia; DOM inhabits North and South
America, Africa, the Middle East, Australia, Southwestern
Europe, and many surrounding and remote islands; and
MUS inhabits Siberia, Central Asia, East Asia, and
Northeastern Europe. In addition, more subspecies have

been proposed by previous studies. For example, wild
housemice found in Japan are considered to be a hybrid be-
tween CAS and MUS, forming the independent subspecies
MOL (Yonekawa et al. 1988; Takada et al. 2013).
Furthermore, mitochondrial phylogeny suggests that the
subspecies M. m. gentilulus exists in the Arabian
Peninsula (Prager et al. 1998) and that an unspecified po-
tential subspecies exists in Nepal (Suzuki et al. 2013;
Hardouin et al. 2015). Moreover, highly diversified nuclear
genomes and mitochondrial lineages of M. musculus have
been reported in Iran (Rajabi-Maham et al. 2012; Hardouin
et al. 2015). The original homeland of M. musculus has
been proposed as the northern part of the Indian subcon-
tinent (Boursot et al. 1993; Din et al. 1996), and its common
ancestors diverged into the three subspecies, almost simul-
taneously (Didion and de Villena 2013), approximately
110,000–500,000 years ago (Boursot et al. 1996; Suzuki
et al. 2004; Salcedo et al. 2007; Geraldes et al. 2008,
2011; Bonhomme and Searle 2012; Phifer-Rixey et al.
2020).

Wild house mice migrated and lived commensally with
humans. With prehistoric and historic long-distance migra-
tion of humans, house mice, for which the staple food is
grain, expanded their range with the development of agri-
culture and cultural exchange (Sage 1981; Moriwaki et al.
1986; Bonhomme et al. 2010; Gabriel et al. 2011; Jones
et al. 2013). As the mice moved with humans, genetically
diverse subspecies were brought into secondary contact
(Boursot et al. 1993; Duvaux et al. 2011), which allowed ad-
mixture of their genomes (Bonhomme et al. 2007;
Staubach et al. 2012; Liu et al. 2015), despite partial repro-
ductive isolation between subspecies, for example, DOM
and MUS (White et al. 2011). DOM and MUS make contact
along a narrow hybrid zone in Europe, whereas CAS and
MUS seem to have a broader hybrid zone (e.g.,
Vanlerberghe et al. 1986; Payseur et al. 2004; Dod et al.
2005; Raufaste et al. 2005; Macholn et al. 2007; Teeter
et al. 2010, 2008; Jones et al. 2011; Wang et al. 2011;
Ďureje et al. 2012) across Central and Eastern Asia
(Boursot et al. 1993; Jing et al. 2014). Previous phylogenetic
and phylogeographic studies have analyzed mitochondrial
DNA sequences and limited nuclear gene sequence data
from house mice (e.g., Liu et al. 2008). However, the preva-
lence of hybridization between subspecies in the global
population has yet to be elucidated using genome-wide se-
quence data. In the pregenomic era, it was recognized that
the genetic and phenotypic boundaries between subspe-
cies, except for the boundary between DOM and MUS in
western and central Europe, were obscure due to high vari-
ability within subspecies (Boursot et al. 1993). This obscur-
ity may have been caused by the limited number of
autosomal loci analyzed at that time.

The rapid advancement in sequencing technologies has
enabled the use of whole-genome data to estimate
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population structures and phylogenetic histories. In this
study, we sequenced the whole genomes of 98 wild house
mice that had previously been collected from across the
Eurasian continent and Southeast Asian islands, particularly
mouse samples from East, Southeast, and South Asia. Our
analysis revealed that the hybridization between subspecies
is prevalent beyond the hybrid zones at a higher level than
was previously estimated, particularly that between CAS
and MUS in East Asia. Moreover, we estimated the past
population size of all individuals used in this study, which
allows us to infer the population history of wild house
mice that are commensal to humans with agricultural cul-
ture. These results improve our understanding of the gen-
etic diversity of house mice at the global level and will
facilitate future biomedical and evolutionary research.

Results

Genetic Diversity of Mus musculus

In this study, we analyzed 141 whole-genome-sequenced
samples of M. musculus and Mus spretus (SPR). These in-
cluded 98 newly sequenced M. musculus samples from
Eurasia, including samples from Estonia (EST), Ukraine
(UKR), Russia (RUS), Iran (IRN), Kazakhstan (KAZ), Pakistan
(PAK), India (IND), Sri Lanka (LKA), Nepal (NPL), China
(CHN), Vietnam (VNM), Indonesia (IDN), Taiwan (TWN),
Korea (KOR), and Japan (JPN) (supplementary fig. S1,
Supplementary Material online). Data for the other 35 M.
musculus and 8 SPR samples were previously published by
Harr et al. (2016) including M. musculus samples from
Germany (DEU), France (FRA), Iran (IRN), Czech Republic
(CZE), Kazakhstan (KAZ), India (IND), and SPR samples
from Spain. After filtering individuals with equal to or great-
er than third-degree kinship, which was inferred using the
kinship coefficient, 128 samples were retained for further
analysis, including 94 of our newly sequenced samples.
The samples used in this study are listed in supplementary
table S1, Supplementary Material online. Of the 94 newly
sequenced samples, 61 were males and 33 were females.
The sex of each of these samples is summarized in
supplementary table S2, Supplementary Material online.
After the variants were filtered, we obtained
134,030,288 SNVs and 31,618,947 indels for the dataset
containing 128 samples of SPR and M. musculus, and
107,337,961 SNVs and 25,875,963 indels for the dataset
containing 121 samples ofM. musculus. The overall transi-
tion/transversion ratio of our samples was 2.23. The de-
tailed filtering process is described in the Materials
and Methods section.

As reported by Li et al. (2021), mitochondrial genome se-
quences were clustered into four distinct clades, three of
which presumably corresponded to CAS, DOM, and MUS
subspecies. The mitochondrial genomes of samples from

Nepal (NPL01 and NPL02) diverged before the split be-
tween the CAS and DOM clades. When we classified our
94 newly sequenced samples according to mitochondrial
haplogroups, the per-sample nucleotide diversity (hetero-
zygosity) of the three subspecies was as follows:
0.00006–0.00757 for CAS (including the NEP mitochon-
drial haplogroup), 0.00003–0.00450 for MUS, and
0.00040–0.00561 for DOM. The average ratio of nonsy-
nonymous to synonymous polymorphic sites for each sam-
ple was 0.415. The basic statistics for each individual,
including per-sample nucleotide diversity for all 94 newly
sequenced samples, are presented in supplementary table
S3, Supplementary Material online.

Genetic Structure of Wild House Mice

We conducted principal component analysis (PCA) of all
128 samples using 100,832,598 autosomal SNVs, including
those from SPR (supplementary fig. S2, Supplementary
Material online). All M. musculus and M. spretus (SPR)
were clearly differentiated along principal component 1
(PC1); principal component 2 (PC2) corresponded to vari-
ation within the M. musculus subspecies (supplementary
fig. S2, Supplementary Material online). In PC2, the M.
musculus subspecies were differentiated into two clusters
with some intermediate samples. Mitochondrial haplotypes
and sampling locations indicated that these two clusters
corresponded to the DOM and CAS–MUS groups.

We subsequently excluded SPR and replotted the PCA
using 84,744,729 autosomal SNVs. Figure 1a presents the
locations of samples colored according to the three genetic
components identified in the PCA plot (fig. 1b). The PC
score for each sample is presented in supplementary table
S4, Supplementary Material online. Considering the sam-
pling locations, these three clusters corresponded to the
CAS, DOM, and MUS subspecies, whereas a wide range
of admixture between the CAS and MUS clusters was ob-
served (fig. 1b). In the PCA plot, Nepalese samples with dis-
tinct mitochondrial haplogroups were clustered with CAS
samples. PC1 shows the genetic differences between
MUS and CAS–DOM, whereas PC2 shows the genetic dif-
ferences between DOM and CAS–MUS. As presented in
figure 1a and b, hybrid individuals were prevalent, particu-
larly between CAS and MUS. The Chinese samples were
scattered throughout a wide range of the CAS–MUS cline,
and the Japanese samples were also scattered along this
cline, although the range was narrower than that in the
Chinese samples and skewed toward the MUS cluster.
We also conducted PCA using only X-chromosomal SNVs
(supplementary fig. S3, Supplementary Material online).
This pattern was the same as that obtained using auto-
somal SNVs; however, the plots were more tightly clustered
at each vertex, indicating that admixture was less pro-
nounced on the X chromosomes. For the X chromosomes,
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the PC scores for each sample are presented in
supplementary table S4, Supplementary Material online.
PCA plots produced using autosomal and X-chromosomal
data without linkage disequilibrium (LD) are presented in
supplementary figs. S4 and S5, Supplementary Material
online.

In figure 1b, samples from Germany, Bangladesh, and
Korea are located at the vertices of a triangle
(supplementary table S4, Supplementary Material online).

However, this pattern does not necessarily imply that these
samples are representatives of each of the three major sub-
species; instead, the pattern may have been generated by
the strong genetic drift in the three populations. To identify
samples representing the lowest level of gene flow be-
tween subspecies, we computed the f3 and f4 statistics
among different individuals (supplementary tables S5–S7
and S8–S13, Supplementary Material online, respectively).
Indian CAS samples from mountainous regions, western

FIG. 1.—PCA results inwild housemice. (a) Geographical map of sampling locations. Circles represent each individual, and the assigned color is the same
as that in panel (b). Supplementary fig. S1, Supplementary Material online presents the detailed names of sample collection sites. (b) PCA plot of wild house
mice produced using autosomal SNVs. The x and y axes represent PC1 and PC2, respectively. Circles are colored according to “Maxwell’s color triangle,”
assigning three vertices to the RGB colors. Red, green, and blue color intensities correspond to the MUS, CAS, and DOM genetic components, respectively.
The proportion of variance for each PC is shown in parentheses on the axis label. (c) PCAplot ofwild housemice produced using autosomal SNVs labeledwith
themitochondrial genome haplogroup of each sample. NEP represents themitochondrial haplogroup of Nepalese origin. The proportion of variance for each
PC is shown in parentheses on the axis label.
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European DOM samples, and Korean MUS samples exhib-
ited the lowest levels of gene flow compared with the other
subspecies. Therefore, we selected an Indian sample
(IND04), a Korean sample (KOR01), and a German sample
(DEU01) as our reference samples of the CAS, MUS, and
DOM subspecies, respectively.

Except for the aforementioned samples, most CAS–MUS
samples exhibited some extent of admixture between sub-
species. For example, comparedwith IND04, another Indian
sample from Delhi (IND02) was slightly genetically closer to
MUS (KOR01). The Z score of f4 (SPR, KOR01; IND04,
IND02) was 2.814 (supplementary table S14,
Supplementary Material online). Compared with the
IND03, IND04, and IND07 samples, other CAS samples
from neighboring regions, such as Pakistan and
Bangladesh, were more similar to MUS (KOR01)
(supplementary tables S11 and S12, Supplementary
Material online). CAS samples from East and Southeast
Asian regions also exhibited various levels of admixture
with MUS genomes. Likewise, all MUS samples from
Eastern Europe had a significantly closer relationship to
DOM than the other Asian MUS samples. For example,
the Z scores of f4 (SPR, DEU01; KOR01, CZE01) and f4
(SPR, DEU01; KOR01, KAZ01) were 14.724 and 11.104, re-
spectively (supplementary table S11, Supplementary
Material online). The majority of MUS samples from East
Asia, particularly those from Northern China and Japan, ex-
hibited a high level of admixture with CAS. Compared with
DOM samples from Western Europe, those from outside
Western Europe, such as the Iranian and Russian samples,
exhibited slightly but significantly closer affinity to MUS
and CAS samples (supplementary tables S10 and S11,
Supplementary Material online). One sample collected
from Kathmandu in Nepal (NPL02) was the most distantly
related to the CAS, MUS, and DOM samples. Another sam-
ple from Nepal (NPL01) exhibited a similar pattern; how-
ever, compared with NPL02, NPL01 was more closely
related to CAS.

The PCA plot produced using nuclear genome data was
labeled with the four mitochondrial haplogroups (CAS,
DOM, MUS, and NEP; supplementary table S3,
Supplementary Material online) and is presented in figure
1c. Most samples exhibited congruent patterns in their
mitochondrial and nuclear genomes, although the patterns
were incongruent in some samples. As presented in the
PCA plot (fig. 1b and c), mitochondria–nuclear genome in-
congruence was more commonly observed in the MUS
cluster than in the CAS or DOM cluster. For example, a sam-
ple from Khabarovsk in the Russian Far East (RUS13) had a
DOM-type mitochondrial genome but a nuclear genome
that was highly similar to that of MUS.

To infer the genomic ancestries of M. musculus gen-
omes, we also conducted ADMIXTURE analysis (fig. 2).
We analyzed 121M. musculus samples by selecting K

FIG. 2.—ADMIXTURE plot using autosomal data. Plot showing the
proportion of estimated subspecies genetic components. Results for cluster
K=3 and K=4 are presented. Samples with the same country code are
ordered according to the sampling site from west to east and north to
south.
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values from 1 to 5, where K is a predefined number of an-
cient components. We also performed cross-validation to
infer the most suitable K value (supplementary fig. S6,
Supplementary Material online) and found that the
cross-validation error rate was the lowest at K= 4. At K=
3, we confirmed the presence of three genetic components
corresponding to CAS, DOM, and MUS, respectively. Most
Japanese and Chinese samples exhibited a hybrid pattern
with the CAS and MUS components. At K= 4, another
genetic component represented the specific genetic fea-
tures of Japanese and Korean mice. The results of the
ADMIXTURE analysis using X-chromosomal SNVs were
largely the same as those obtained using autosomal SNVs
(supplementary fig. S7, Supplementary Material online).
The ADMIXTURE plots of autosomes and X chromosomes
without LD are presented in supplementary figs. S8 and
S9, Supplementary Material online.

Inference of Past Demography Using PSMC and MSMC

To estimate the past demographic pattern of wild house
mice, we conducted pairwise sequentially Markovian coales-
cent (PSMC) analysis for each individual. Supplementary
fig. S10, Supplementary Material online presents the PSMC

plots of all individual samples. Although some of the samples
exhibited unusual patterns, the trajectories of most samples
could be largely classified into three categories representing
CAS, DOM, and MUS (supplementary fig. S10,
Supplementary Material online).

We investigated past demography in more recent years
by performing multiple sequentially Markovian coalescent
(MSMC) analysis using theMSMC/MSMC2 software, which
uses information onmultiple haplotypes from each popula-
tion. Figure 3 presents the results of four haplotypes from
two Indian samples (IND03 and IND04) for CAS, eight hap-
lotypes from four German samples (DEU01, DEU03,
DEU04, and DEU06) for DOM, and eight haplotypes from
four Korean samples (KOR01–03 and KOR05) for MUS.
Because the number of analyzed haplotypes was smaller
in CAS than in DOM and MUS, the demography of CAS
in recent years (i.e., after �10,000 years ago) may not be
reliably estimated. To convert the generation number into
years, we assumed a mutation rate of 5.7× 10−9 per
base pair per generation (Milholland et al. 2017) and a gen-
eration time of 1 year. Three subspecies followed different
trajectories of population size change. The effective popu-
lation size of CAS increased in an ancient time period
around 100,000 years ago and later continued to decrease.

FIG. 3.—Inferred population sizes determined using MSMC analysis. x axis represents time before the present assuming a mutation rate of 0.57×10−8

per site per generation and a generation time of 1 year. y axis represents the effective population size. The red, green, and blue lines represent past population
sizes of Korean (MUS), Indian (CAS), and German (DOM) samples, respectively.
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After the decline, the effective population size of CAS
reached its maximum level around 1,000–3,000 years
ago. In contrast, both MUS and DOM genomes showed
the signs of population shrinkage roughly 200,000 years
ago. The trajectories of population sizes in DOM and
MUSwere similar prior to 100,000 years ago. DOM later ex-
perienced two rounds of population bottleneck and expan-
sion, around 50,000 and 5,000 years ago. The trajectories
of Korean MUS showed the signature of recent population
bottleneck and expansion, probably between 2,000 and
4,000 years ago.

Genetic Relationship among Three Subspecies

Previous phylogenetic studies, in which partial or complete
mitochondrial genome sequences were used, demon-
strated a sister relationship between CAS–DOM (Geraldes
et al. 2008; Li et al. 2021) and CAS–MUS (Jing et al.
2014), and genome sequencing studies of wild-derived
mouse strains suggested a CAS–MUS clade (White et al.
2009; Keane et al. 2011; Phifer-Rixey et al. 2020). In this
study, we conducted f-statistics analysis using representa-
tive samples of each subspecies, that is, IND04 for CAS,
DEU01 for DOM, and KOR01 for MUS. We calculated out-
group f3 statistics for all pairs among the three target sam-
ples with SPR used as an outgroup (fig. 4). A larger f3
statistic value indicates that two subspecies share a larger
amount of genetic drift, that is, a closer relationship exists

between the two subspecies. The f3 value of the CAS–
MUS pair was statistically larger than that of the other com-
parisons between subspecies (P= 3.12× 10−8 between
CAS–MUS and CAS–DOM, P= 6.22× 10−7 between
CAS–MUSandDOM–MUS; Tukey’s test). To validate this re-
sult, we conducted four population tests using f4 statistics.
The Z scores for the f4 (SPR, DEU01; IND04, KOR01), f4 (SPR,
IND04; DEU01, KOR01), and f4 (SPR, KOR01; DEU01,
IND04) valueswere 2.003, 28.518, and 16.001, respectively
(supplementary tables S10, S8, and S13, Supplementary
Material online, respectively). These results support a
close genetic relationship between CAS and MUS.
Supplementary tables S15–S17 and S18–S23,
Supplementary Material online show the f3 statistics and
four f4 statistics for chromosome X, respectively.

We also constructed a neighbor-joining tree using pair-
wise genetic distances between samples, initially with all
samples including SPR as the outgroup (supplementary
figs. S11 and S12, Supplementary Material online). The
initial tree showed a sister relationship between DOM
and MUS with an exceptionally longer branch of the
DOM clade, which contradicted the f3 and f4
statistics. However, two particular samples, CHN06 from
Urumqi and RUS01 from Moscow, which exhibited a
strong hybridization signature between MUS and
DOM, potentially distorted the pattern. To solve
this problem, we reconstructed a tree excluding all poten-
tial hybrid individuals, that is, a phylogenetic tree

FIG. 4.—Genetic distances between subspecies calculated using outgroup f3 statistics. y axis indicates the outgroup f3 statistics with SPR used as the out-
group. Higher f3 values indicate that the two target populations sharedmore genetic drift, implying that the two populations divergedmore recently or that a
larger amount of gene flow had occurred between the populations.
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constructed using only individuals with .80% signal for
one subspecies ancestry from the ADMIXTURE results;
consequently, we obtained the pattern of the CAS–MUS
clade (fig. 5).

Estimation of Divergence Times between Subspecies

To estimate the divergence timing of the three subspecies,
we conducted cross-subspecific MSMC analysis (fig. 6).
Initially, we used Indian, German, and Korean samples as
the representative samples for each subspecies, but we
found that the strong population bottleneck that occurred
in the ancestors of Korean samples made it difficult to ac-
curately infer the population history before the bottleneck.
Therefore, we used Kazakhstan samples as representatives
of MUS. Although Kazakhstan samples exhibited some le-
vel of admixture with DOM, this would not affect the esti-
mated subspecies divergence time if the admixture
occurred relatively recently (i.e., after 10,000 years ago).
The divergence times between CAS and DOM, CAS and
MUS, and DOM and MUS were separately estimated using
time points when the relative cross-coalescent rate (rCCR)
was 0.5. The divergence between CAS and MUS was
most recent (95% CI: 187,365–188,647), consistent with
the earlier analyses. The divergence times between CAS
and DOM and DOM and MUS were almost equal, that is,
223,614–225,306 and 245,411–247,175 years ago (95%
CIs), respectively.

Discussion
Although house mice have been widely used in biomedical
research, the global genetic landscape of wild house mice
has not been clear. Previous studies have included analysis
of the genome sequences of western European (DOM),
Middle Eastern (CAS), and North American (DOM) samples
(Staubach et al. 2012; Harr et al. 2016; Mack et al. 2018).
This is the first genome-wide study of wild house mice
that includes all three subspecies and focuses on the genet-
ic diversity across the Eurasian continent and Southeast
Asian islands. Furthermore, we elucidated the present
and ancestral population structure of the species.

Wild housemice have amuch larger effective population
size than humans (Geraldes et al. 2008, 2011; Halligan
et al. 2010, 2013). Based on a phylogenetic tree excluding
hybrid individuals (fig. 5), we calculated the nucleotide di-
versity in each subspecies: 0.527% for CAS, 0.244% for
DOM, and 0.225% forMUS. Given that the average human
nucleotide diversity is 0.08–0.12%, our results confirm that
the nucleotide diversity of wild house mice is much higher
than that of humans (Perry et al. 2012; Prado-Martinez
et al. 2013; Arbiza et al. 2014). These values are consistent
with those in previous studies (Geraldes et al. 2008;
Phifer-Rixey et al. 2014; Harr et al. 2016), which showed
that CAS has the highest diversity in all subspecies.

The PCA results presented in figure 1b revealed a wide
spectrum of samples within the CAS and MUS genetic
clines. In particular, the Japanese and Chinese samples
were widely distributed along the PCA plot. Even samples

FIG. 5.—Neighbor-joining tree of theM. musculus subspecies. Hybrid
individuals were excluded from the reconstruction. Red, green, and blue
correspond toMUS, CAS, andDOM, respectively. SPRwas used as the out-
group of M. musculus.
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from other locations, such as Southeast Asia, demonstrated
an admixture signature to some extent. The ADMIXTURE
results (fig. 2) were largely in agreement with the PCA re-
sults. Our analysis using the f3 and f4 statistics showed
that samples from India, Germany, and Korea had the smal-
lest genetic component derived from different subspecies.
Although these samples do not necessarily represent genu-
ine subspecies with pure ancestry and without admixture
between subspecies, this could be verified by additional
sampling of wild mice in the Eurasian continent.

Our PSMCplots can be classified into three categories re-
presenting three subspecies, but relatively recent effective
population size varied from sample to sample
(supplementary fig. S10, Supplementary Material online).
For example, in MUS, comparing CHN03 (China: Aksu),
EST01 (Estonia: Tallinn), and IRN06 (Iran: Mashhad), all
showed similar population size changes until �50,000
years ago, but the Chinese Aksu population more recently
experienced a strong bottleneck 20,000–30,000 years ago
and then an increase in population size about 10,000 years
ago (supplementary fig. S10, Supplementary Material on-
line). A population size increase about 10,000 years ago
was also observed in the Iranian Mashhad population, but
the magnitude of population bottleneck and expansion
was milder than that in the Chinese Aksu population. In

contrast, the Estonian Tallinn population exhibited little in-
crease in population size around 10,000 years ago; thus,
the three populations experienced distinctly different
region-dependent population size changes. As aforemen-
tioned, wild house mice in certain regions, such as Russia,
the Japanese archipelago, and the Korean peninsula,
were subject to an extreme population bottleneck, making
it difficult to follow the past genetic demography of some
individuals due to the substantial loss of polymorphic mar-
kers. For example, it was impossible to trace the population
history of the RUS06 (Russia: Irkutsk), JPN13 (Japan:
Ashiro), and KOR01 (Korea: Baengnyeong Island) samples
before 100,000 years ago due to the strong bottleneck ef-
fect (supplementary fig. S10, Supplementary Material
online).

Our results could substantially alter the simple trinity
view of M. musculus subspecies. The observed pattern im-
plies that the admixture between CAS andMUS has contin-
ued to occur for 10,000 years in Asia and that many
“MUS-like CAS” and “CAS-like MUS” samples exist. This
complex pattern has not previously been captured using
mitochondrial phylogeny. Indeed, we observed many cases
with incongruence between mitochondrial and autosomal
genotypes. In particular, many Japanese samples harbor
CAS-type mitochondrial and MUS-like nuclear genomes

FIG. 6.—Multiple sequentially Markovian coalescent (MSMC) plot of each subspecies. Diagram showing the divergence process of theM.musculus sub-
species by the cross-coalescence rate using to theMSMCmethod. x axis represents the time before the present assuming amutation rate of 0.57×10−8 per
site per generation and a generation time of 1 year. y axis represents the relative cross-coalescence rates (rCCRs). The magenta, cyan, and yellow lines cor-
respond to the DOM–MUS, CAS–DOM, and CAS–MUS rCCR changes, respectively. The dotted line shows the rCCR= 0.5 point, which is heuristically iden-
tified as the estimated time at which the two populations split.
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(fig. 1c). Based on a study of whole mitochondrial genome
sequences, Li et al. (2021) suggested that the CAS-type
mitochondrial genome was introduced to the Japanese
archipelago in the late Neolithic period (�3,500 years
ago) and that the MUS-type mitochondrial genome mi-
grated later (�2,700 years ago) and quickly spread to the
archipelago. The latter migration of house mice may coin-
cide with the introduction of intense rice farming to the
Japanese archipelago (Li et al. 2021). Such a pattern of nu-
clear–mitochondrial genotype mismatching has also been
reported in house mice from New Zealand (Veale et al.
2018), Mainland China and Taiwan (Geraldes et al.
2008), and Madagascar (Fujiwara et al. 2021).

Interestingly, the incongruence between mitochondrial
and autosomal genotypes was particularly prevalent
among MUS. In samples with autosomal MUS genotypes,
mitochondrial haplotypes corresponding to CAS, MUS,
and DOM were identified. Previous studies reported a simi-
lar bias in the European hybrid zone of DOM–MUS, in
which DOM-type haplotypes were observed in MUS, but
MUS-type haplotypes were not observed in DOM
(Božíková et al. 2005). Hybrid incompatibility associated
with cytonuclear incompatibility is one possible explanation
(Johnson 2010), but a reciprocal mtDNA transplant experi-
ment revealed the opposite result, that is, that MUS-type
(PWD) embryos with DOM-type (B6) mitochondria are
more likely to be lethal than reciprocally transplanted em-
bryos (Ma et al. 2016). Thus, additional ecological and ex-
perimental studies are required to reveal the cause of this
bias.

Our analysis of past demography revealed different trajec-
tories of population sizes in the three subspecies. Previous
studies have suggested that the divergence of the three sub-
species of M. musculus occurred 250,000 years ago for the
substitution at the third codon position in mitochondrial Cyt
b (Bonhomme and Searle 2012), 110,000–320,000 years
ago for the isolation-with-migration model using whole-
genome SNPs (Phifer-Rixey et al. 2020). Summarizing previ-
ous studies, the estimated divergence times fall within the
range of 110,000–500,000 years ago (e.g., Boursot et al.
1996; Suzuki et al. 2004; Salcedo et al. 2007; Duvaux
et al. 2011; Geraldes et al. 2011, 2008; Bonhomme and
Searle 2012; Suzuki et al. 2013). In our analysis based on
the MSMC results, we estimated that the divergence of
the three subspecies occurred 187,000–247,000 years ago
and the most recent subspecies divergence, that of CAS
and MUS, occurred �188,000 years ago, which are within
the range of previous estimates. It should be noted that
these estimates of divergence timing are highly dependent
on the germline mutation rate and generation time used in
our study.

Interestingly, both DOM and MUS experienced a recent
strong population bottleneck and expansion, which was
likely associated with the spread of agriculture. Entries

into the expansion phase were much earlier in German
DOM (4,000–6,000 years ago) than in Korean MUS
(2,000–4,000 years ago), and this difference may reflect
the different histories of agriculture in the two regions. In
contrast, the population size of CAS was smallest at
�10,000–20,000 years ago, but the reduction was much
lower than that in the other subspecies. A less severe popu-
lation bottleneck would explain the higher genetic diversity
of CAS.

This study elucidates the genome-wide relationship
amongM.musculus subspecies. Our f3 and f4 statistics sup-
port the close relationship between CAS andMUS, which is
consistent with the study of White et al. (2009), in which
dense genome-wide SNP data from wild-derived inbred
mouse strains was used. In the presence of rampant gene
flow between populations, it is difficult to infer population
splitting. In particular, we found that the removal of obvi-
ous hybrid samples drastically altered the topology of the
evolutionary relationship of subspecies (fig. 5 and
supplementary fig. S12, Supplementary Material online).
Additional analyses using different data types ( f3 statistics
and MSMC; figs. 4 and 6) indicated that the CAS–MUS
clade is most likely. As a note of caution, bifurcating tree
construction methods that do not assume any gene flow
among taxon could potentially lead to biased results if hy-
brid samples were included in the analysis.

M.musculus has been widely used as an animal model in
evolutionary genetics and biomedical research. Revealing
the genetic background and evolutionary history of this
species will significantly contribute to the understanding
of these models among research communities. In this
study, we reported 98 novel whole-genome sequences of
wild house mice, which were collected from a range of re-
gions in the Eurasian continent and surrounding islands.
Our analysis captured the genetic diversity of wild house
mice on this continent, which has not previously been
well studied, and revealed a complex pattern of admixture
among threemajor subspecies. Indeed, the extent and geo-
graphic range of admixture was greater than previously
thought, particularly between CAS and MUS; most of the
samples from Southeast and East Asia showed some level
of gene flow from different subspecies. The high-quality
whole-genome sequencing data presented in this study
will be important for future research on evolutionary ecol-
ogy, population dynamics, and natural selection by intro-
gression among subspecies of wild house mice.

Materials and Methods

Materials

Ninety eight wild house mouse samples from across the
Eurasian continent and surrounding remote islands were
collected. These samples are identical to those used by Li
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et al. (2021), who reported and analyzed whole mitochon-
drial genome sequences. In addition, whole-genome se-
quencing data from 35 wild M. musculus and 8 SPRs,
previously reported by Harr et al. (2016), were downloaded
from the European Nucleotide Archive (PRJEB9450,
PRJEB11742, PRJEB14167, PRJEB2176, and PRJEB11897).
In this study, the mitochondrial haplogroup of each sample
was determined using the data provided by Li et al. (2021).
For the mitochondrial sequences of Harr et al. (2016) data-
set, a maximum likelihood phylogenetic tree was created
along with the mitochondrial sequences determined by Li
et al. (2021) to assign mitochondrial haplogroups.
Supplementary tables S1–S3, Supplementary Material on-
line include detailed information on the samples, and the
geographical sampling locations are presented in
supplementary fig. S1, Supplementary Material online.

Mapping Genomic Read Pairs and Single-Nucleotide
Variant Calling

For the 98 wild house mouse samples, paired-end se-
quences of 100 bp in length were determined using the
BGISEQ-500 platform. The quality of reads was checked
and visualized using FastQC (Andrews 2010) and MultiQC
(Ewels et al. 2016).

All raw reads were mapped to the GRCm38 (mm10)
house mouse reference genome sequence using the bwa-
mem algorithm with the “-M” option (Li and Durbin
2009). The samblaster program with “-M” option were
used to mark PCR duplicate reads (Faust and Hall 2014).
For the Harr et al. (2016) dataset, we used 43 samples
with amedian coverage of.20. All of the newly sequenced
samples had a median coverage of at least .25
(supplementary table S3, Supplementary Material online).
Raw SNV and insertion/deletion (indel) calls were per-
formed using GATK4 HaplotypeCaller with the “-ERC
GVCF” option (McKenna et al. 2010). All genomic variant
call format (gVCF) files were merged using the
CombineGVCFs function, and the variants of all samples
were jointly called using the GenotypeGVCFs function.

Raw SNVs and indels were processed using GATK4
Variant Quality Score Recalibration (VQSR), a machine
learning process that uses known variants as a training
dataset and predicts whether a new variant is a true
positive or false positive. To run GATK4 VQSR, we used
the files “mgp.v3.snps.rsIDdbSNPv137.vcf.gz” and
“mgp.v3.indels.rsIDdbSNPv137.vcf.gz,” which were
downloaded from the web server of the Sanger
Institute (ftp://ftp-mouse.sanger.ac.uk/REL-1303-SNPs_
Indels-GRCm38/), as training datasets for SNVs and in-
dels, respectively. We also included hard-filtered SNV
data as a training dataset. A hard-filtering process for
SNVs was conducted using the following parameters:
QD, 2.0; FS. 60.0; MQ, 40.0; MQRankSum,−12.5;

and ReadPosRankSum,−8.0. In contrast, a HARD-filtering
process for indels was performed using the following para-
meters: QD, 2.0; FS. 200.0; InbreedingCoeff,−0.8;
ReadPosRankSum,−20.0; and SOR.10.0. We assumed
that SNVs and indels within the 90% tranche (i.e., 90% ac-
ceptance in all reliable training SNV datasets) were true-
positive SNVs and indels, and these were used for down-
stream analyses. VQSR-passed SNVs were further filtered ac-
cording to their mappability to the M. musculus reference
genome, which was achieved using GenMap (Pockrandt
et al. 2020).Mappability filtering retains highly unique regions
in the reference genome. We computed mappability scores
using the “-K 30” and “-E 2” options and analyzed sites
with mappability values of 1.

Because we could not reliably distinguish the sex of some
of our samples based onmorphological records, we assigned
sex based on the read depth coverages on the X and Y chro-
mosomes (supplementary table S2, Supplementary Material
online).Weused samtools “depth” to calculate the coverage
of each sample in the nonpseudoautosomal regions of the
sex chromosomes that passed through themappability filter.
The ratios of average X-chromosomal to Y-chromosomal
coverages exhibited a clear bimodal distribution, 0.96–1.15
and 7.43–195.20, in which the samples within the ranges
likely represented males and females, respectively.

Kinship inference among samples was performed using
KING with the “–kinship” option (Manichaikul et al.
2010). According to KING, the expected ranges of kinship
coefficients were .0.354 for duplicate/monozygotic
twins, .0.177 and ,0.354 for first-degree relationships,
.0.0884 and ,0.177 for second-degree relationships,
.0.0442 and ,0.0884 for third-degree relationships,
and ,0.0442 for unrelated individuals. We excluded 13
samples (12 M. musculus and 1 SPR) with relationships
closer than third degree. In total, 128 samples (94 of
our samples and 34 public samples) were retained after
the filtering process.

Synonymous and nonsynonymous variants were as-
signed using SnpEff (Cingolani, Platts, et al. 2012) and
SnpSift (Cingolani, Patel, et al. 2012) with house mouse
gene annotation data version “GRCm38.101 (ftp://ftp.
ensembl.org/pub/release-101/gtf/mus_musculus/).” This
was calculated by counting the number of synonymous
and nonsynonymous variants on a gene-by-gene basis.

Population Structure Analysis

Using VCFtools (Danecek et al. 2011), SNVs were further fil-
tered and converted to the PLINK format (Purcell et al.
2007) containing only biallelic autosomal SNVs and retain-
ing sites successfully genotyped in all samples. Typically,
SNVs in LD are excluded from the population structure ana-
lysis; however, in our main analysis, we did not eliminate
these SNVs as our mouse samples were highly structured
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at the subspecies level, and the elimination of these SNVs
have removed too many SNVs and prevented analysis. We
also created PCA and ADMIXTURE plots without LD
(supplementary figs. S4, S5, S8, and S9, Supplementary
Material online) by specifying the following parameters:
window size= 50 kb, window step size= 5, and variance
inflation factor = 2. PCA was conducted using the smartp-
ca program from Eigensoft (Patterson et al. 2006); default
parameter settings were used with the exception of declin-
ing to remove outlier samples. The color codes in figure 1a
and b were assigned according to Maxwell’s color triangle.
Outgroup f3 statistics were computed using Admixtools,
with the SPR population used as an outgroup via the “out-
groupmode” option (Patterson et al. 2012). The f4 statistics
were also computed using Admixtools with the “f4 mode”
and “printsd” options (Patterson et al. 2012). In addition,
the ADMIXTURE (Alexander et al. 2009) software was
used for population stratification. We computed cross-
validation error values (–cv option) from K= 1 to K= 5 for
datasets that either included or excluded SPR. The
identity-by-state (IBS) distance matrix between all pairs of
individuals was calculated using the PLINK “–distance
1-ibs” option, and the matrix was used to construct a
neighbor-joining tree (Saitou and Nei 1987) using the
Ape package in R (Paradis et al. 2004).

Demographic Inference Using PSMC and MSMC/
MSMC2

The sampled individuals were subjected to PSMC analysis
(Li and Durbin 2011). To obtain the required input for
PSMC, a consensus autosomal genome sequence for
each individual, the “mpileup” samtools commandwas ap-
plied to the dataset using the “-C 50, -O, -D 60, -d 10” op-
tions. PSMC analysis options (-t and -p) were selected
according to the default settings suggested for the PSMC
software. The time interval parameters were set to “4+
25*2+ 4+ 6”with 25 iterations. To show the standard er-
rors of the population size (Ne) estimates, we conducted
100 replications using the bootstrap method for the repre-
sentative samples of each subspecies.

MSMC (Schiffels and Durbin 2014) version 2 (MSMC2:
https://github.com/stschiff/msmc2; Schiffels and Wang
2020; Malaspinas et al. 2016) was used to estimate
changes in Ne as well as the divergence time of subspecies.
During the MSMC/MSMC2 analysis, we performed estima-
tions using phased haplotype sequences as input. We esti-
mated phased haplotypes using the ShapeIt4 software
(Delaneau et al. 2019). The “Mapping Data for
G2F1-Based Coordinates” from “Mouse Map Converter
(http://cgd.jax.org/mousemapconverter/)” were used to
provide the recombination rate input file for MSMC2.
Mappability was taken considered, and nonunique se-
quence positions were not used for calculations. The time

interval parameters were set to “1*2+ 50*1+ 1*2+
1*3” with 20 iterations. To estimate the divergence time
of subspecies, we used two haplotypes from each popula-
tion (four haplotypes in total) as an input for MSMC2.
According to Shiffels and Durbin (2014), the rCCR variable
should be between 0 and 1 (however, the calculation is un-
avoidably.1 in some cases), with a value close to 1 indicat-
ing that two populations were one population at a specific
point in time. Heuristically, rCCR= 0.5 is considered to indi-
cate the estimated time at which the two populations sepa-
rated. Bootstrap was conducted by cutting the original
input data into 5-Mb blocks and randomly sampling such
blocks to artificially create a 3-Gbp-length genome. Of
these artificially created datasets, 20 were used for analysis.
To estimate Ne over time, we used eight haplotypes from
four samples of each MUS (KOR01–03 and 05) and DOM
(DEU01, DEU03, DEU04, and DEU06) population and four
haplotypes from two samples of CAS (IND03 and IND04).
To estimate subspecies divergence, we used four haplo-
types from two populations for each combination of
CAS–MUS (IND04 and KAZ01), DOM–MUS (DEU07 and
KAZ01), and CAS–DOM (IND04 and DEU07).

Supplementary Material
Supplementary data are available at Genome Biology and
Evolution online.
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