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Abstract

Japanese house mice (Mus musculus molossinus) are thought to be a hybrid lineage
derived from two prehistoric immigrants, the subspecies M. m. musculus of northern
Eurasia and M. m. castaneus of South Asia. Mice of the western European subspecies
M. m. domesticus have been detected in Japanese ports and airports only. We examined
haplotype structuring of a 200 kb stretch on chromosome 8 for 59 mice from throughout
Eurasia, determining short segments (= 370-600 bp) of eight nuclear genes (Fanca, Spire2,
Tcf25, Mclr, Tubb3, Def8, Afg3l1 and Dbndd1) which are intermittently arranged in this
order. Where possible we identified the subspecies origin for individual gene alleles and
then designated haplotypes for concatenated alleles. We recovered 11 haplotypes among
19 Japanese mice examined, identified either as ‘intact’ haplotypes derived from the
subspecies musculus (57.9%), domesticus (7.9%), and castaneus (2.6%), or as ‘recombi-
nant’ haplotypes (31.6%). We also detected recombinant haplotypes unique to Sakhalin.
The complex nature of the recombinant haplotypes suggests ancient introduction of all
three subspecies components into the peripheral part of Eurasia or complicated genomic
admixture before the movement from source areas. ‘Intact’ domesticus and castaneus
haplotypes in other Japanese wild mice imply ongoing stowaway introductions. The
method has general utility for assessing the history of genetic admixture and for
disclosing ongoing genetic contamination.
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or at least problematic for such usage, mainly due to
the possible occurrence of meiotic recombination, which
stands to complicate genealogical inference (Hare 2001;

Introduction

Sequences of mitochondrial DNA (mtDNA) and
Y-linked genes are commonly used in phylogeographic
studies, including those addressing populational

Zhang & Hewitt 2003). However, nuclear gene
sequences are of growing popularity for phylogeo-

hybridization, because they have no recombination
events and thus retain the genealogical information of
parental populations (Avise 2000). In contrast, nuclear
gene sequences are generally thought to be unsuitable
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graphic studies of both animals (e.g. Gémez-Zurita &
Vogler 2006; Taylor & Hellberg 2006) and plants (e.g.
Bartish et al. 2006), particularly in groups for which
microsatellite markers have not been developed. Mean-
while, the Human Haplotype Map (HapMap) Project
has provided valuable insights into geographic distribu-
tion of genomic variation and provided convincing
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demonstration of how inference of haplotype structure
can reveal concealed demographic histories (Sabeti et al.
2006). Additionally, Koopman et al. (2007) demon-
strated how analysis of recombination might be used to
infer introgression within European apple populations.
Here, we explore the possibility that patterns of recom-
bination might shed new light on the history of diver-
gent evolutionary lineages in secondary genetic contact,
using as our example the house mouse, Mus musculus.
In so doing, we also hope to further understanding of
various evolutionary issues related to the origin and
genetic structure of Japanese mice, including which
subspecies groups have been involved in their genetic
composition and how original haplotype structure has
been modified by meiotic recombination through multi-
ple generations.

Mus musculus is an ideal subject animal to explore the
utility of recombination events for phylogeographic
inference, partly because of the detailed knowledge of
its genomic organization (e.g. Sage et al. 1993) and
partly because it harbours several known hybrid popu-
lations (e.g. Giindiiz et al. 2000, 2001; Guénet & Bonho-
mme 2003; Bonhomme et al. 2007). Moreover, recent
genome-wide analyses with SNP markers have revealed
that wild-derived inbred strains representing lineages
of diverse geographic origin are genetically well-differ-
entiated, with pervasive contrasts in haplotype structure
(Abe et al. 2004; Frazer et al. 2007).

Mus musculus was once classified into more than 10
classical subspecies based on morphological traits,
behaviour and geographical distribution (Schwarz &
Schwarz 1943). Molecular studies of M. musculus favour
a simpler classification into four ‘subspecies groups’,
namely a domesticus subspecies group (DOM) from wes-
tern Europe and North Africa (also southern Africa,
Australia and the Americas, all as historical introduc-
tions), a musculus subspecies group (MUS) from the
northern part of Eurasia excluding western Europe, a
castaneus subspecies group (CAS) from South Asia
(India and Southeast Asia) and a bactrianus subspecies
group (BAC) from Afghanistan and Nepal (e.g. Mori-
waki et al. 1986, 1994; Boursot et al. 1993; Yonekawa
et al. 1994; Awasthi et al. 1998). Mitochondrial cyto-
chrome b gene sequences show reciprocal monophyly
and substantial divergences among the four subspecies
lineages (Yonekawa et al. 1994; Terashima et al. 2006).
Three of the groups (DOM, MUS and CAS) are also
well-differentiated on nuclear gene datasets (Awasthi
et al. 1998). However, CAS and BAC lineages are not
clearly differentiated on nuclear genes and the BAC
lineage appears from mtDNA evidence to occupy a
small geographic area only. In this study, we treat all
mice from southern Eurasia as a single subspecies
group, CAS. Although some taxonomists have tended
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to treat the house mice as a complex of closely related
species (e.g. Marshall 1998), we maintain the subspecies
arrangement pending further clarification of the evolu-
tionary history of this group.

The place of origin of M. musculus is highly contested,
depending in large part on choice of molecular marker.
Analysis of nuclear encoded proteins, as assayed by
allozyme electrophoresis, favours an origin in northern
India where allelic diversity is highest (Boursot et al.
1996; Din et al. 1996; Guénet & Bonhomme 2003), with
centrifugal migrations to the west, north and east giving
rise to three recognized subspecies. Lower allelic diver-
sity in these peripheral populations is suggestive of
genetic differentiation through drift. An alternative sce-
nario, suggested from analyses of mitochondrial DNA
and summarized most completely by Prager et al.
(1998), posits a primary origin in south central Asia,
within the current range of M. m. domesticus, followed
by an eastward and northward expansion and allopatric
differentiation of CAS and MUS lineages in South Asia
and Europe, respectively. Subsequent dispersal of the
CAS lineage through South and Southeast Asia is
thought to predate spread of the MUS lineage through
the northern part of Asia (Yonekawa et al. 1980, 1981,
1982, 1986). Under this scenario, the current DOM line-
age is derived from an ancestral stock that dispersed
into western Europe.

Mus musculus is not native to the Japanese Islands but
arrived there during late prehistoric times. Japanese wild
mice, sometimes distinguished as M. musculus molossinus,
were domesticated to produce ‘fancy mice’ and these
provided founding stock for some of the earliest labora-
tory strains. Partly for this reason, Japanese mice have
been subjected to intensive study using various molecu-
lar markers (Minezawa et al. 1979, 1981; Suzuki et al.
1986; Yonekawa et al. 1986, 1988, 1994; Bonhomme et al.
1989; Sakai et al. 2005; Terashima et al. 2006). Much
attention has focused on an unusual geographic pattern
in mitochondrial DNA—populations in the southern part
of Japan possess MUS group haplotypes, while those
in the northern part of Japan (northern Honshu and
Hokkaido) possess CAS haplotypes (Yonekawa et al.
1986, Terashima et al. 2006). Japanese mice are thus
thought to be the product of hybridization between MUS
and CAS (Yonekawa et al. 1986, 1988), although the
historical context of introductions and hybridization of
Japanese wild mice remains unclear (Terashima et al.
2006). In part, this is because the original genetic pattern
among wild mice is everywhere confounded by an
ongoing process of modern stowaway introductions
(Bonhomme et al. 1989; Yonekawa et al. 1994; Marshall
1998; Tsuda et al. 2007).

The Mclr gene, a target of an earlier study in
which we surveyed the evolutionary trends of the coat
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colour-related gene in Mus species (Shimada et al.
2009), is embedded in a gene-rich chromosomal region
and this facilitates relatively high resolution haplotype
survey using exon-based PCR primers. We examined
sequence variations in the Mclr gene and its neighbour-
ing seven genes, lying in a 200-kb stretch of chromo-
some 8, for a selection of inbred strains and for wild
mice collected at dispersed localities across Eurasia and
at numerous localities in Japan. Analysis of individual
gene trees provides useful information on dispersal
events of M. musculus across the Eurasian continent and
allows us to identify the origins of diverse genetic
components in Japanese mice. Additionally, patterns of
allelic combination of the eight genes into haplotypes
support inferences regarding recombination events and
the history of genetic interaction among the various
immigrant lineages.

Materials and methods

Materials

We examined five inbred strains and 54 wild-captured
mice from 52 localities throughout Eurasia (Table 1,
Fig. 1), including 19 individuals from 19 localities in
Japan. A subset of these mice was characterized geneti-
cally in a previous study (Terashima et al. 2006). Five
strains of BFM/2Ms (BRC No. 00659), BLG2/Ms (No.
00653), MSM/Ms (No. 00209), PGN2/Ms (No. 00667)
and PWK (No. 00213) were provided by RIKEN BRC
with the support of National Bioresource Project of
Ministry of Education, Culture, Sports, Science and
Technology, Japan. Wild mice from Germany
(MB9/HS3959) and Czech (HZ788/HS3963) were kindly
provided by Dr. Pavel Munclinger (Czech Republic).
Total DNA was extracted from tissues by the conven-
tional phenol-chloroform method.

Experimental design and assumptions

As already explained, the pattern of mtDNA and allo-
zyme diversity in M. musculus suggests a long history
of divergent evolution among what are generally recog-
nized as subspecies, combined with a secondary signal
of peripheral range expansion and long-distance dis-
persals associated with human activities. Relative coa-
lescence times for nDNA is approximately four times
longer than for mtDNA (Birky et al. 1983) and it is pos-
sible, perhaps even likely, that for many nuclear genes
the partitioning of genetic diversity among the subspe-
cies would not have attained a condition of reciprocal
monophyly. Nevertheless, some level of geographic par-
titioning of nuclear gene sequence diversity might be
expected among the various subspecies. Furthermore,

this partitioning is more likely to be expressed in popu-
lations located within the inferred natural range of each
subspecies and is more likely to be disrupted in areas
where mice of different origin have come into second-
ary contact, thereby allowing hybridization and gene
introgression. Based on these assumptions, we feel justi-
fied in making a tentative subspecies assignment of
nuclear gene alleles where networks show clusters that
correspond, at least in part, to the geographic areas
occupied by the subspecies. Given the relatively small
number of samples sequenced from any one region and
the fact that many networks include nodes that are as
yet undiscovered, it also seems reasonable to infer sub-
species assignment for haplotypes that are embedded
within one of these subspecies clusters but are known
only from areas outside of the natural subspecies range.
In contrast, alleles that either occur widely across the
range of multiple subspecies or fall outside of any sub-
species cluster, might be regarded as retained ancestral
alleles or unassigned alleles, respectively. Sampling of
more individuals and localities might well lead to
changes in interpretation of unassigned alleles as miss-
ing parts of the network are populated.

Secondary contact among the genetically differenti-
ated subspecies of mice will lead both to introgression
of individual alleles and to recombination events
involving alleles of divergent origin. While much
emphasis has been placed on allelic introgression across
hybrid zones in M. musculus (Tucker et al. 1992; Tera-
shima et al. 2006; Bonhomme et al. 2007; Macholan
et al. 2007), detection of recombination events between
the subspecies of mice in secondary contact would not
only provide robust evidence of ancient hybridization
events but also permit rough estimation of the timing
of such events. The probability P that a given haplotype
did not change from its ancestor G generations ago is
P = (1-1)°, where r = recombination and mutation rate
(the equation can be transformed to G = -In (P)/7)
(Stephens et al. 1998; Koopman et al. 2007). We took
into account that the overall rate of recombination in
M. musculus is 0.52 cM/Mb (Jensen-Seaman ef al. 2004),
though recombination hotspots are present at certain
intervals, such as 10-100 kb (Daly et al. 2001). Using
these estimates and ignoring the mutation rate, the half-
life of a haplotype (P = 0.5) of 20-200 kb (~0.01-0.1 cM)
can be estimated to be around 700-7000 generations.
For the house mouse, with a lifespan of little more than
1 year and a likely history of introductions and local
hybridization in Japan spanning 5-10 000 years, a 200-
kb portion of chromosome 8 thus should be adequate to
detect multiple recombinant events. Older recombina-
tion events that occurred during earlier phases of range
expansion and dispersal of house mice might also be
anticipated.
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Table 1 List of samples used in this study and their allelic types and chromosomal constructs (haplotypes)

Gene*
Type' Fanca  Spire2  Tcf25 ~ Mclr  Tubb3  Def8 Afg3l1  Dbndd1
Locality DNA code? (448 bp) (436 bp) (613 bp) (409 bp) (400 bp) (370 bp) (510 bp) (550 bp) Haplotype
1 Canada Pegion d PGN2/Ms  d2 d2 di1 ul di1 di1 di1 di1 hD4
2 Germany Weidesgrun d  MB8/HS3958 d3 d3 di1 ul di1 di1 di di1 hD6
ds dl d1 ul d1 d1 d1 d1 hD12
3 Kubelhof d MB9 d6 dl dl ul d1 d2 d1 d1 hD10
deé d1 d1 ul d1 d2 d6 d1 hD11
4 France Montpellier ~d BFM/2Ms  d3 a2 di1 ul di1 di1 d1 d3 hD5
5 Czech Republic Lhotka m PWK m1 ml mé m2 m1 m1 m18 m4 hM21
6 Bulgaria Toshevo m BLG2/Ms ml ml ml mé ml m3 m4 m3 hM13
7 Italy Aosta d HS589 dl dl d2 ul dl d1 drs dl hD1
d1 d1 d2 ul d1 d1 d2 e | hRel
8 Czech Republic Liborezy m HZ788 ml ml m4 ul ml ml mil4 mo6 hM26
m1 mi1 m4 ul ml m1 mil4 mé hM26
9 Estonia Tallinn ssp MG3044 de’ ml m5S ml ml ml m2 m28 hRe6
mi1®  mil mdS  ul mi ml ml4  m45  hM25
10 Ukraine Donetsk ssp MG3065 ml ml m4 m2 ml ml m7% m7 hM19
ml ml m4 m2 ml ml m235  md hM22
11 Uzbekistan Toshkent m HS1338 ml ml ml ml ml ml ml7 m9 hM7
ml1 m1 ml m1 ml m1 m17 m9 hMm7
12 Kazakhstan Aktubinsk m HS1464 mi1 mil ml m1 ml m1 mb m4 hM4
ml ml m4 ml ml ml m19 m4 hM18
13 Balkhashi m HS3602 ml mil m4 m2 ml m1 ml6 m8 hM20
ml ml m4 m2 ml ml m16 m8 hM20
14 Iran Ahvaz ssp NIG934 d4 d3 m4 ul di1 d1 di1 hRe2
d5 d5 m4 ul ml d1 d4 hRe3
15 Nowshahr ssp NIG935 ml m18 m1 m3 m1 ml m10 ml hM11
mi1 m25  m6 m3 ml ml m10  mil hM3
16 Russia Moscow ssp MG3055 d3 d3 d3 uts d1 dis dis dis hD7
d3 d3 d3 u3s d1 d2s dss d2s hD$
17 Astrakhan ssp HS3612 ml ml m1 ml m1 ml m13 m2 hMe6
m1 m1 ml1 ml ml1 m1 m13 m2 hM6
18 Gorno-Altaysk ssp HS3605 m1 ml m4 m2 m1 m2 m8 mb hM23
ml ml m4 m2 ml m2 m8 mb hM23
19 Irkutsk ssp HS3608 m1 ml m1 m2 m1 ml m15 mb hM10
ml ml m4 m2 ml m2 m8 mb hM23
20 Tomsk ssp HS3604 m1 ml m4 m2 m1 m2 m8 m5 hM23
mi1 mil m4 m2 ml m2 m8 mb hM23
21 Magadan ssp HS1845 ml ml m4 m2 d2 dis ds8 dis hRell
ml ml m4 m2 dz m18 me’ mdS hRel2
22 Khabarovsk  ssp HS1461 d6 ml m1 m2 ml m28 mill mb5 hRe5
ml ml ml m5 ml m18 m8 ml hM12
23 Amurskii ssp HS1466 d7 m1 m2§  m2 mi ml m21  m5%  hRe8
ml ml m18 m1 ml1 m1 m8 m4s hM5
24 Kraskino ssp HS1412 ml ml m4 m4 m1 ml mi2 m4 hM24
ml ml m4 m4 ml ml mi12 m4 hM24
25 Khasan ssp HS1335 ml ml ml u2s ml m2 m21 m4 hM14
mil mi m3 u4S mi mil m22  md hM16
26 Okha ssp HS3606 daz d4 d1 ul ml di1 d7 hRe7
a7z d4 d1 ul ml d1 d7 hRe7
27 Okha ssp HS3845 a7z d4 d1 ul ml d1 d7 hRe7
a7z d4 dl ul ml di d7 hRe7
28 Tomari ssp HS945 deé d1 d2 m6S  di mi1S  ml mi1 hRe4

m1 d6 m1 ul®  dl G20 m4 hRe9
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Table 1 (Continued)

Gene*
Type' Fanca  Spire2  Tcf25 ~ Mclr  Tubb3  Def8 Afg3l1  Dbndd1l
Locality DNA codet (448 bp) (436 bp) (613 bp) (409 bp) (400 bp) (370 bp) (510 bp) (550 bp) Haplotype
29 Japan: Hokkaido Kushiro ssp HS1946  d6 de6 di ul di di dz di hD9
m1 ml ml ml ml ml ml m10 hM2
30 Asahikawa ssp HS1947 m1 m1 m1 ml ml m1 m1 m10 hM2
mi G @ a2 @ hRels
31 Obihiro ssp HS2781 ml m1 ml m1 m1 ml m1 m10 hM2
ml ml ml ml ml ml ml m10 hM2
32 Otaru ssp HS2340 m1 ml ml m1 ml d1 d2 hRel0
ml m1 m1 ml m1 di1 dz hRel0
33 Naganuma ssp HS2446  ml ml ml ml ml ml ml mi10 hM2
m1 ml m1 m1 ml ml m1 m10 hM2
34 Date ssp HS2451 m1 ml ml ml ml ml ml m10 hM2
m1 ml m1 ml ml m1 ml m10 hM2
35 Kyowa ssp HS2779  di d3 di1 ul di1 di1 di1 dz hD2
ml ml ml ml ml ml ml m10 hM2
36 Rankoshi ~ ssp HS3834 m1 ul d1 di1 hRel3
ml ul di di1 hRel3
37 Onuma ssp HS394  ml ml m1 m1 m1 d1 dz hRel0
ml ul d1 a2 m10°  hRel4
38 Japan: Honshu Sakekawa ssp HS2461 ml ul d1 d2 hRel5
ml ul di dz hRel5
39 Tendo ssp HS2458 ml ml ml ml ml ml ml m10 hM2
ml G @ a2 B hRels
40 Otsuti ssp HS2454  m1 ml ml ml ml ml ml m10 hM2
m1 ml m1 ml ml m1 ml m10 hM2
41 Sendai ssp HS2456  ml ml ml ml ml ml ml m10 hM2
m1 ml ml ml ml ml ml m10 hM2
42 Sakata ssp HS2457 ml m1 m1 ml ml m1 m1 m10 hM2
i OGN a2 B hres
43 Chiba ssp HS2468 ml ml m1 m1 ml ml m1 m10 hM2
ml ml ml ml ml ml ml m10 hM2
44 Atsugi ssp HS3839 di d3 di1 ul dz di1 di1 d1 hD3
ml mil ml ml ml ml ml m10 hM2
45 Mishima  ssp MSM/Ms m1 ml m4 ml ml ml ml m10 hM17
46 Japan: Kyushu Miyazaki ssp HS2472 m1 ml ml m1 ml ml ml m10 hM2
m1 ml m1 ml ml ml ml B2 hRe22
47 Kagoshima m HS3603 m1 ml m1 ml ml m1 ml m10 hM2
G EE e e v
48 Korea Gyeongju m HS1368 ml ml ml ml ml ml ml m9 hM1
ml m1 m1 ml ml m1 ml m9 hM1
49 Busan m HS3540 ml ml ml ml ml ml ml m9 hM1
m1 ml m2 ml ml m1 ml m9 hM15
50 China Beijing ssp NIG5065 m1 ml ml ml ml m2 m3 m9 hM9
ml ml ml ml ml m2 m3 m9 hM9
51 Kunming ¢ HS506 mi1’ ul hRel6
ul hC1
52 Kunming ¢ HS507  mil ml m1 ml m1 m1 m24 m9 hM8
ml ul hRel8
53 Taiwan Taitung ¢ HS2400 ml hRel7
ul hC1
54 Nepal Kathmandu ssp HS1467  ul ul ul mi1’ hRe21
ul ul ul ul® hC6
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Table 1 (Continued)

Gene*
Type' Fanca Spire2  Tcf25 Mclr Tubb3  Def8 Afg3l1  Dbnddl
Locality DNA code? (448 bp) (436 bp) (613 bp) (409 bp) (400 bp) (370 bp) (510 bp) (550 bp) Haplotype
55 Myanmar Lashio ¢ HS3357 ul hC1
ul hC5
56 Bangladesh Comilla ¢ HS3701 u58 hRe19
ut® hC8
57 India Mizoram ¢  HS3441 uts hC4
m1’ hRe20
58 Indonesia  Bogor ¢ HS3736 ul hC3
ul hC3
59 Philippines Los Banos ¢  HS3882 ul hC2
ul u2 u2 ul hC7

*Abbreviation for each of the subspecies groups: ¢, castaneus; d, domesticus; m, musculus; u; unknown.

+Subspecies type is that initially labelled when sample was obtained: ¢, castaneus; d, domesticus; m, musculus; ssp, unknown.
*Individuals derived from laboratory strains are underlined.

SAlleles with uncertain phase in haplotype estimation.

(436 bp), Tcf25 (613 bp), Mclr (409 bp), Tubb3 (400 bp),

Sequence analyses Def8 (370 bp), Afg3l1 (510 bp) and Dbnddl (550 bp),

We chose a gene-rich region including a color related which are distributed at 20-30 kb interval along a 200-
gene, Mclr, for which we previously have examined kb portion on mouse chromosome 8 (Fig. 2a). The
interspecific evolutionary patterns (Shimada et al. 2009). primers used in the PCR analyses (Table 2) were
We amplified segments of Fanca (448 bp), Spire2 designed using Ensemble Mouse Genome Database

Sakhalin

Kyushu ™ 47

Fig. 1 Collection localities of Mus musculus used in this study. Locality numbers are as in Table 1. Based on previous studies, three
major subspecies groups are represented: M. m. musculus (filled square), M. m. domesticus (filled triangle), and M. m. castaneus (gray
circle). Because of taxonomic uncertainty regarding the status of Japanese wild mice, they are treated as unknown subspecies here
(filled diamond). Geographic areas representing clades of MUS-I, MUS-II, CAS-I, and CAS-II inferred from eight nuclear gene
sequences (see Fig. 3) are indicated.
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Fig. 2 Positions of analysed regions (open triangle) in eight genes of murine chromosome 8 (a) and network trees with resultant alle-
lic sequences of the eight genes of Fanca, Spire2, Tcf25, Mclr, Tubb3, DefS, Af¢311 and Dbnddl (b). Network trees were constructed in
each data set with Neighbor-Net method. Assessment for the subspecies groups of M. m. domesticus (pink circle), M. m. castaneus (yel-
low circle) and M. m. musculus (blue circle) were tentatively done based on the geographic origins of alleles. Alleles unassigned to

subspecies group are shown with orange circles for the network trees

(http:/ /www.ensembl.org/). The amplifications were
carried out for 35 cycles each consisting of 30 s at 96 °C
for denaturation, 30 s at 57 °C for annealing and 30 s at
72 °C for extension. These reaction mixtures (20 pL)

of Fanca, Spire2, Tcf25, Mclr and Dbndd1.

contained 25 mm MgCl,, AmpliTaq Gold DNA
Polymerase (Applied Biosystems, ABI) was used in
the PCR. Cycling of the first PCR was preceded by
10 min at 95 °C for activation of the polymerase. The

© 2010 Blackwell Publishing Ltd
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Table 2 List of primers used in this study

Name Posi 3" end* Exon Intron Total

Initial survey
Fanca (Fanconi anaemia, complementation group A)

Fanca_F: GCAGACCGGTGTTCCAGACGCT 126,204,635 145 (1-48, 352-448) 303 (49-351) 448
Fanca_R: CTCAGCCAGGACAACTTCCTCT 126,204,165

Spire2 (spire homolog 2 (Drosophila))
Spire2_F: ACGCCAACACTGAGGAGAGATGCCT 126,254,879 61 375 436
Spire2_R: CTGGTGCAGTCACTGCAGACATCCT 126,255,324

Tcf25 (transcription factor 25 (basic helix-loop-helix))
Tcf25_F: TCCAGACAAGCCCCTATCATGT 126,276,897 0 613 613
Tcf25 R: TCCATGCTGTACAGGGCTCTCT 126,277,671

Meclr (melanocortin 1 receptor)
Mclr_F: AGCAGCTGGACAACCTCATT 126,293,953 409 0 409
Mclr_R: TGGCTGCGGAAAGCATAGATGA 126,294,480

Tubb3 (tubulin beta 3)
Tubb3_F: TTACCTGCCTCTTCTCTCCTCA 126,306,693 400 0 400
Tubb3_R: AAGCCGGGCATGAAGAAGT 126,307,204

Def8 (differentially expressed in FDCP 8)
Def8_F: AACTAACACCTGCTGGGTCTTGG 126,345,603 211 (1-100, 260-370) 159 (100-259) 370
Def8_R: TAGCCGAGAGTGAGCTACAGG 126,346,027

Afg3l1 (ATPase family gene 3 like-1 (yeast))
Afg3ll_F: ACTGACTTCATTTTCCCCGAGG 126,366,504 0 510 510
Afg3l1_R: TTGGAGGTACTGAATTTCCTGG 126,367,208

Dbnddl (Dysbindin (dystrobrevin binding protein 1) domain containing 1)
Dbndd1l_F1: AATACCAGCACCAGGGTTCCTG 126,395,951 0 550 550

Dbndd1_F2: TGGCATCCCAATACCAGCACCAG'
Dbndd1_R: AGAGAGGAGACGCTGCTCAGAG

126,395,959
126,395,260

*The positions of the 3’ ends of primers were designed refering Ensemble Mouse Genome Database (http://www.ensembl.org/).

Specific to MUS.

double-stranded PCR product was purified by a 20%
polyethylene glycol-2.5 M NaCl precipitation method
and sequenced utilizing the PRISM Ready Reaction Dye
Deoxy Terminator Cycle Sequencing Kit (ABI) and run
on ABI 3100 Stretch automated sequencer. Both strands
were sequenced using either the forward or reverse pri-
mer used for PCR.

The sequence fragments obtained with different primers
were assembled by DN ASIS (Hitachi, Japan) and sequence
alignments were done by eye. Sequences with more than
one polymorphic site were separated into alleles mainly by
the parsimony method (Karn et al. 2002). This method,
however, failed to obtain allele structures in Dbnddl and
Afg3l1, in which sequences were moderately and highly
heterogeneous, respectively. For the data of Dbnddl, we
performed a mismatch sequence analysis, in which
sequence primers (14-mer in length; data not shown) with
one mismatch at the 3" end were used. For Afg3l1, we
inferred allele sequences of heterozygous individuals
using the software PHASE 2.1(Stephens et al. 2001; Ste-
phens & Donnelly 2003). Allnew sequences were deposited
in the DDBJ/EMBL/GenBank DNA database with acces-
sion numbers AB504780 to AB504892.

© 2010 Blackwell Publishing Ltd

Phylogeographic data analysis

The number of alleles, expected heterozygosity (He) and
mean number of pairwise difference (n) were calculated
using ARLEQUIN 3.1 (Excoffier et al. 2005). Minimum num-
ber of recombination events (Rm) was inferred with
DNASP 5.00 (Librado & Rozas 2009). Network trees were
constructed for each locus by the Neighbor-Net method,
as implemented in spLits TREe (Huson & Bryant 2006).
Kimura’s two-parameter model, in which ts/tv ratio is
set at 2, was employed for construction of each network
tree.

As explained above, for each gene we assigned alleles
to subspecies groups (c: CAS, d: DOM, m: MUS) on two
criteria: (i) clustering patterns in the network trees; and
(ii) geographic origins of the individual mice, with par-
ticular emphasis on mice from within the inferred natu-
ral range of each subspecies (Boursot et al. 1993;
Moriwaki et al. 1994, Guénet & Bonhomme 2003).
Under the second criterion, alleles exclusive to mice
from peripheral parts of Eurasia, Primorye, Sakhalin
and Japan were only assigned to a subspecies group if
the haplotype is closely associated with an otherwise
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assigned haplotype. To obtain a second perspective on
subspecies assignments, we conducted a Bayesian clus-
tering analysis with sTRUCTURE 2.3 (Pritchard et al. 2000)
for each of the eight genes. Markov Chain Monte Carlo
simulations were performed with 10° generations after
at 10° generation burn-in period. The number of ‘clus-
ter’, K, was determined based on estimated probability.

Haplotype assessment from allelic combinations of the
eight genes

We used pHASE 2.1 (Stephens et al. 2001; Stephens &
Donnelly 2003) with default setting to determine unique
allele arrangements (henceforth called haplotypes) with
respect to the eight gene regions of Fanca, Spire2, Tcf25,
Mclr, Tubb3, Def8, Afg3l1, and Dbnddl (Fig. 2b). A net-
work tree was constructed from the concatenated eight-
gene dataset by the Neighbor-Net method, as described
above.

Results

Allele variation in the eight genes

The eight genes showed marked variation in the number
of variable sites, ranging from 3 (Tubb3) to 41 (Tcf25)
(Table 3). Higher than expected levels of heterozygosity
was observed in Afg3I1 (0.91) and Dbndd1 (0.90). Indels of
a few bases were seen in Fanca, Spire2, Tcf25 and Afg311
and these were taken into consideration in the allelic des-
ignation. The total number of alleles, after resolving het-
erozygous sequences into individual alleles, was 12, 11,
13,11, 4, 10, 34 and 18 alleles in Fanca, Spire2, Tcf25, Mclr,
Tubb3, Def8, Afg3l1 and Dbnddl, respectively. The mini-
mum numbers of recombination events (Rm) estimated

Table 3 Standard genetic information of the eight loci exam-
ined. The number of alleles, expected heterozygosity (He) and
mean number of pairwise difference (1) were calculated using
ARLEQUIN 3.1(Excoffier et al. 2000). Minimum number of
recombination events (Rm) was inferred with DnaSP 5.00 (Lib-
rado & Rozas 2009)

No. of
No. of variable No. of
Gene alleles sites indels He i Rm
Fanca 12 14 4 0.56 4.35 2
Spire2 11 16 2 0.63 1.96 0
Tcf25 13 41 1 0.78 9.42 4
Mclr 11 9 0 0.69 1.17 1
Tubb3 4 3 0 0.56 0.67 0
Def8 10 11 0 0.70 1.43 3
Afg3l1 34 30 9 0.91 8.01 7
Dbndd1 18 24 0 0.90 7.06 4

by the four-gamete test, as implemented in DnaSP 5.0,
ranged from 0 (Spire2 and Tubb3) to 7 (Afg3I1).

The majority of network trees exhibited clustering pat-
terns of apparent phylogeographic significance (Fig. 2b;
Fig. S1, Supporting Information) and this allowed tenta-
tive subspecies assignment groups for the majority of
alleles. This was further tested using a Bayesian approach
as implemented in STRUCTURE (Pritchard et al. 2000). The
STRUCTURE plots confirmed the presence of strong phylog-
eographic signal within our data sets (Fig. S2, Support-
ing Information). Alleles were enumerated with letters
representing the subspecies groups, CAS (c), DOM (d)
and MUS (m), followed by a number (e.g. c1, c2 etc).

A number of the network trees displayed four clus-
ters rather than three. In each of the Fanca, Spire2,
Tcf25 and Dbnddl networks, alleles found in the natu-
ral CAS territory are divided between two distinct
clusters. These clusters were tentatively labelled as
CAS and ‘unassigned’ (u), with CAS assigned to the
cluster with higher allele frequencies (Table 1,
Fig. 2B). In the Mclr network, individuals within natu-
ral DOM and CAS territories shared the same allele.
Although this was labelled as an unknown allele, u1, it
might conceivably be a shared ancestral allele. Several
alleles recorded only from Russia also showed a dis-
persed pattern and were labelled as ‘unassigned’. In
the Dbnddl network, an allele designated as CAS was
recovered from Italy (c4), within the DOM territory. In
the Dbnddl network, MUS alleles comprise three sub-
groups [Fig. 2b; I (m1-m3), I (m4-m7) and III (m8-
m10)]; these differed by 0.8-2.4% substitution per site
on average and show apparent geographic affinity,
with T and II from East Europe and Russia, and III
from Uzbekistan, northern China, Korea and Japan.
Similarly, in the Dbnddl gene, there is a clear distinc-
tion between northern (western) (ml1-7) and southern
(eastern) alleles (m8-10). The separateness of these
groups is also clearly seen in the network tree of con-
catenated haplotypes (Fig. 3).

In Japan, CAS alleles were recovered from Hokkai-
do, eastern Honshu and Kyushu and DOM alleles
from Hokkaido and northern Honshu (Table 1). CAS
alleles were observed in heterozygous state with MUS
alleles in an individual from Kagoshima, Kyushu. Sim-
ilarly, DOM alleles were recovered in all individuals
from three localities (Kushiro and Kyowa on Hokkaido
and Atsugi on Honshu). Even more chimeric haplo-
types, with combinations of MUS, CAS and DOM
alleles, were observed in some individuals from Hok-
kaido and also in a mouse from Miyazaki, Kyushu.
Similar allelic mixing was also seen in several mice
from Sakhalin (Okha and Tomari) and Primorye (e.g.
Khabarovsk) but notably, only very rarely in other
parts of the species range.

© 2010 Blackwell Publishing Ltd
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MUS-II

Haplotype assessment

Allelic combinations with respect to the eight gene
regions of Fanca, Spire2, Tcf25, Mclr, Tubb3, Def8, Afg311
and Dbnddl were assessed with a Bayesian method
using PHASE (Table 1). We tentatively classified all
identified haplotypes as either non-recombinant or
recombinant, based on the subspecies assignment of
individual allele components of each haplotype. We
identified the following subspecies-specific non-recom-
binant haplotypes: CAS (hC1-hC8), DOM (hD1-hD12)
and MUS (hM1-hM26). In addition, we denoted 22 dif-
ferent putative recombinant haplotypes (hRel-hRe22),
derived mainly from the peripheral areas of Japan,

© 2010 Blackwell Publishing Ltd
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Fig. 3 Network tree derived from the concat-
enated dataset of eight nuclear genes. The
three subspecies, M. m. domesticus (DOM), M.
m. castaneus (CAS), M. m. musculus (MUS) and
their putative recombinant haplotypes are
shown with pink, yellow, blue and black circle
CAS respectively. Further subgroups seen in each
of CAS (CAS-I, CAS-II) and MUS (MUS-I,
MUS-II) are indicated with coloured lines.
Detailed information of allelic arrangements in
haplotypes is described in Table 1.

Sakhalin, and Primorye, but also from more central
areas such as Nepal and southern China (Kunming).
Putative recombinant haplotypes were also identified
from several localities within the CAS territory, namely
Taiwan (hRel7), Bangladesh (hRe19) and India (hRe20).

A Neighbor-Net tree
sequences for all eight genes (Fig. 3) separates the puta-
tive non-recombinant CAS, DOM, and MUS haplotypes
into clear clusters. Additionally, the tree suggests the
presence of two divergent lineages within the CAS
group (Fig. 3; CAS-I and CAS-II), reflecting clustering
within the gene trees of Fanca, Sprie2 and Tcf25, all
lying in the upper part of the 200-kb region examined.
These sub-groups display overlapping geographic

based on concatenated
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distributions, though the number of sampled localities
is small (Fig. 1). The MUS group also shows a two-part
clustering (Fig. 3) but in this case the groups corre-
spond to geographic regions (Fig. 1), namely ‘northern’
(MUS-I) and ‘southern’” (MUS-II) subgroups, represent-
ing mice from eastern Europe, Siberia and Primorye
and those from Uzbekistan, northern China, Korea and
Japan, respectively. In contrast, the DOM group forms a
tight-knit cluster on the network tree, with much lesser
internal divergence than within either CAS or MUS.
Many of the putative recombinant haplotypes occupy
intermediate positions on the network tree (e.g. hRe2-6,
hRel0 and hRel3-15). However, others fall within or
close to one or other of the subspecies clusters (e.g.
hRel17 within CAS-I; hRe20-21 within CAS-II). This con-
trasting location clearly reflects the dominant composi-
tion of particular haplotypes (e.g. hRel7 has seven CAS
alleles and one MUS) but it also might shed light on
the affinities of ‘unassigned’ alleles which could belong
to poorly sampled parts of the genetic diversity for a
subspecies or might themselves be a product of an
intra-genic recombination event, thereby producing a
truly chimeric allele.

As noted above, putative recombinant haplotypes
were detected mainly in areas marginal to the main
subspecies territories, most notably in the far eastern
part of Eurasia; i.e. Magadan, Sakhalin and the northern
part of Japan (Table 1). Two unique haplotypes from
Magadan (hRell and hRel2) were both putative rec-
ombinants, in which putative MUS and DOM alleles
are mingled. In Sakhalin, haplotypes combined DOM,
MUS, CAS and ‘unassigned’ alleles but the mixing pat-
terns were substantially different between the northern
(Okha) and southern (Tomari) tips of the peninsula.

In Japan MUS haplotypes are common (hM2, hM17;
n =22 of 38, 57.9%) which is very similar to a haplo-
type detected in Korean mice (hM1). The remaining
Japanese haplotypes are variously identified as DOM
(n=3,79%), CAS (n =1, 2.6%), and putative recombi-
nants (1 =12, 31.6%). Seemingly non-recombinant
DOM haplotypes were recovered from three mice from
Kushiro (Hokkaido; hD9), Kyowa (Hokkaido; hD2) and
Atsugi (central Honshu; hD3). Haplotype hC1, which
occurs commonly in mice from Southeast Asia, was
obtained from Kagoshima, at the southern tip of Kyu-
shu. All putative recombinants detected in Japan were
unique to that context and most involved MUS, DOM
and CAS alleles. The most common, hRel5 (n = 6, 17%)
with the composition of Fanca™, Spire2 Tef257,
Mc1r*?, Tubb3<, Dedel, Afg311d2 and Dbnddi®®, was
recovered from a wide area of northern Japan (Hokkai-
do and northern Honshu). On Hokkaido, in addition to
hRel5 (Asahikawa), three other putative recombinants
were recovered (hRel0 in Otaru and Onuma; hRel3 in

Rankoshi; and hRel4 in Onuma). On Honshu, hRel5
was recovered from three of eight sampled localities
(Sakekawa, Tendo and Sakata). Notably, on Kyushu, a
mouse from Miyazaki possessed a unique putative
recombinant (hRe22) which differs from the common
MUS haplotype hM2 only in the insertion of the CAS
element Dbndd1?.

Temporal assessment

To illustrate the potential use of the extended chromo-
some region as a source of temporal information on
hybridization, we performed a ‘ballpark’ calculation for
the time of secondary contact in the peripheral parts of
Eurasia, using the patterns of the putative recombinant
haplotypes. In Japan, the putative recombinant haplo-
types hRel0, hRel3-15 and hRe22 each appear to be the
product of a single break point along the 200-kb seg-
ment. As we mentioned in Materials and Methods, the
half-life of a 200-kb segment is estimated at 700 genera-
tions. Considering other factors such as generations
with homozygous CAS haplotypes, this clearly repre-
sents a minimum generational lapse since secondary
contact—the exact duration might be considerably
longer. At any rate, the unique occurrence in Japan of
multiple putative recombinant haplotypes clearly points
to a long history of secondary contact between MUS
and CAS alleles rather than an admixture during mod-
ern times. Contrariwise, the occurrence in Japan of
‘intact’ DOM haplotypes, as in mice from Kyowa and
Atsugi, suggests a time frame for arrival of DOM mice
of a few hundreds of years and perhaps considerably
less. Such estimates are admittedly crude but to obtain
robust evidence for stowaway introduction in recent
times, it might be necessary to examine multiple chro-
mosomal regions with longer window sizes, such as
several cM (see Koopman et al. 2007).

Discussion

Utility of the haplotype reconstruction approach using
linked nuclear genes

Each of the eight gene regions (Fanca, Spire2, Tcf25,
Mclr, Tubb3, DefS, Afg3l1 and Dbnddl) examined on
chromosome 8 displays a strong geographic signal
within the phyletic clustering. This it appears that coa-
lescence for each gene is approaching the state of exclu-
sive clades if not full reciprocal monophyly (Funk &
Omland 2003). Significantly, the geographic clusters
also are broadly consistent with the subspecies classifi-
cation of M. musculus as defined previously on mtDNA
and allozyme evidence; i.e. MUS in northern Eurasia
(eastern Europe, Siberia, Primorye, northern China,

© 2010 Blackwell Publishing Ltd
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Korea and Japan); CAS in south Asia (India, Southeast
Asia and southern China); and DOM in western Eurasia
(western Europe and western part of Iran). This is fur-
ther illustrated in the Neighbor-Net tree for the concate-
nated haplotypes (Fig. 3), where house mice obtained
from within the core territory of each subspecies posses
multi-gene haplotypes with unambiguous phylogenetic
relationships. Our evidence thus joins the growing sup-
port for recognition of house mouse subspecies as
genetically well-differentiated evolutionary lineages
with long and largely separate histories (Abe et al.
2004; Frazer et al. 2007).

Our study is the first to identify possible recombi-
nant haplotypes in wild house mice across broad geo-
graphic areas. The diversity and complex structure of
many of the putative recombinant haplotypes is sug-
gestive of ancient, in situ recombination events, as pos-
tulated previously by Bonhomme et al. (2007) from
minisatellite data and the high values for the estimated
minimum recombination events (Rm) within the gene
regions (Table 3) also supports this view. Significantly,
we found recombinant haplotypes to be most common
in mice obtained from peripheral parts of Eurasia,
including the Russian Far East (hRe5, 8, 11-12), Sakha-
lin (hRe4, 7, 9) and the Japanese Islands (hRel0, 13-15,
22). The strong phylogeographic pattern among recom-
binant haplotypes further highlights the potential of
this approach for examining the history of inter-sub-
species hybridization in M. musculus and provides
effective confirmation of our contention that recombi-
nation histories can be inferred from multiple linked
genes.

Genetic composition of wild house mice in potential
source areas

Phylogenetic patterns of alleles in each gene (Fig. 2;
Fig. S1, Supporting Information) and of the concate-
nated haplotypes (Fig. 3) support the traditional view
that M. musculus comprises three well-differentiated
phyletic lineages. However, gene networks for each of
Fanca, Spire2 and Tcf25 indicate the possible presence of
a fourth lineage, distributed in Southeast Asia and
India, effectively within the wider CAS territory
(Fig. 2). This finding is reminiscent of allozyme data
(e.g. Din et al. 1996) which identified a fourth genetic
component within M. musculus—the ‘bactrianus group’
from northern India—and with RFLP evidence for
genetic complexity within the CAS group for the
nuclear ribosomal RNA gene (Suzuki et al. 1986). These
diverse yet convergent results highlight again the likely
antiquity and intrinsic variability of subspecies groups
among house mice and the need for further taxonomic
assessment of M. musculus. In particular, much greater

© 2010 Blackwell Publishing Ltd

attention is warranted for populations on the Indian
subcontinent which might harbour more than one dee-
ply divergent evolutionary lineage.

Our data also identify additional phylogeographic
structure among mice of the MUS group. Mclr alleles
comprise two main subgroups which are distributed in
the northern (eastern Europe, Siberia and Primorye:
m2-5) and southern (Uzbekistan, northern China, Korea
and Japan: m1) parts of the MUS territory, respectively
(Table 1). The separateness of these groups is also
clearly seen in the Dbnddl network and the network of
concatenated haplotypes (Fig. 3). Based on these data,
it is tempting to draw a division within MUS between a
northern lineage found at high latitudes, from Bulgaria
to Sakhalin (MUS-I) and a southern lineage, mostly
found at lower latitudes, from Uzbekistan, through
northern China to Korea and Japan (MUS-II). Other evi-
dence of phylogeographic structure within MUS
includes differences in C-banding patterns between
MUS from eastern Europe and northern China/Japan
(Moriwaki et al. 1986).

Although our study was not primarily focused on
Europe, it also provides new insights into evolution of
the DOM subspecies group. In Dbnddl, a mouse from
Italy carries a CAS allele (c4) that is otherwise unparal-
leled among mice from western Europe. This implies
that DOM mice experienced a concealed evolutionary
event, culminating in the introgression of genetic com-
ponents from CAS to DOM. The mouse in question was
collected in an area known to harbour Robertsonian
mutant mice (P. Vogel, Pers. comm.) and previous
study of RFLP of nuclear ribosomal RNA indicated that
Robertsonian rearrangements may be associated with
inter-subspecies hybridization (Moriwaki ef al. 1984; Su-
zuki & Kurihara 1994). Further analysis of wild mouse
populations in western Europe is needed to understand
the historical context and extent of genetic introgression
from neighbouring subspecies groups.

Genetic composition and evolutionary history of
Japanese wild mice

Our results confirm that MUS genetic components pre-
dominate in Japanese wild mice. At a general level, the
MUS components of all Japanese wild mice, from Hok-
kaido to Kyushu, are referable to the ‘southern group’
within MUS. More specifically, particular allelic affinity
is observed to geographically proximate Korean wild
mice. Most tellingly, Japanese and Korean mice share
the m1 allele in the highly polymorphic locus Afg3I1,
while Chinese mice possess different alleles for the
MUS components (m3 in Beijing and m24 in Kunming).
This finding is concordant with previous data for the Y-
specific gene Sry, in which mice from Japan and Korea
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were found to share the same variant sequence (Nag-
amine et al. 1994; Terashima et al. 2006).

The CAS and DOM components found in Japanese
mice present more complex pictures. For CAS, the chro-
mosome portion of Spire2-Tcf25-Mc1r-Tubb3 in some
Japanese mice possessed the cI1 allele found across a
wide area of CAS territory, including South China,
Southeast Asia and northeast India. In contrast, the
CAS allele Dbndd1 is unique to Japan and differs at
0.4% substitution/site from the more dominant
Dbndd1®". Interestingly, other minor CAS alleles were
also recovered from areas peripheral to the main range
of CAS, such as Sakhalin (c3) and Italy (c4). Whether
the presence of these unusual CAS alleles in places such
as Europe and Japan is due to early episodes of genetic
interaction followed by drift cannot be answered with-
out more intensive sampling within the core CAS terri-
tory, much of which remains poorly sampled due to
lack of available wild mouse material. However, the
fact that CAS alleles are inserted adjacent to DOM
alleles in various recombinant haplotypes from Japan
(hRel0, 13-15) and Sakhalin (hRe7, 9) hints at an
extended interaction among MUS, CAS and DOM com-
ponents, perhaps in the northeastern part of the range
of M. musculus. Interestingly enough, we detected an
‘intact’ CAS haplotype (hC1) in one mouse (HS3603)
from Kagoshima on Kyushu. The same haplotype was
also recovered from China, Taiwan and Myanmar. It is
presently unclear how and when it came to Kagoshima
but a recent stowaway introduction seems likely.

Although DOM genetic components are generally not
well represented in Japanese wild mice, various studies
including analyses of both allozymes (Minezawa et al.
1979; Bonhomme et al. 1989) and mitochondrial DNA
(Yonekawa ef al. 1988) have detected DOM contribu-
tions in mice from northern Kyushu, westernmost Hon-
shu and the south-easternmost islands, Ogasawara.
Rather unexpectedly, we detected individual DOM
alleles as well as ‘intact’” DOM haplotypes in mice from
the northern part of Japan, including localities on both
Hokkaido and Honshu. The presence of ‘intact’ DOM
haplotypes (hD2, 3, 9) might be attributed to recent
stowaway introductions, as has been suggested by ear-
lier workers (Minezawa et al. 1979; Yonekawa et al.
1988, 1994; Bonhomme et al. 1989; Marshall 1998) and
also postulated for black rats (Rattus rattus) collected
from areas near ports and airports (Chinen et al. 2005;
Tsuda et al. 2007). In contrast, several observations sup-
port the notion of prehistoric introduction of DOM
genetic components to Japan, namely: (i) presence in
Japan of several unique putative recombinant haplo-
types carrying the DOM elements; (ii) conjunction of
rare components of CAS and DOM in the same recom-
binant haplotype (hRel0, 13-15); (iii) appearance of

putative recombinants across a wide area of northern
Japan; and (iv) the presence of putative recombinant
haplotypes in the nearby region of Sakhalin (i.e. hRe?).
Importantly, this evidence does not imply prehistoric
movement of DOM mice between western Europe and
East Asia. Rather, a more likely scenario is that DOM
alleles entered Japan either as MUS/DOM recombinants
from northern Eurasia or as CAS/DOM recombinants
from southeast Asia, though sampling in the latter area
has not yet detected appropriate source populations.

To more fully assess the status of introduced popula-
tions we may need to analyse a longer stretch of chro-
mosome segments, such as 1-10 Mbp. Alternatively,
this issue might be more effectively examined using mi-
crosatellites (Sakai ef al. 2005) or SNP markers in which
substantial variation is reported between representative
strains of DOM and MUS (Abe et al. 2004).

Concluding remarks

Our results further demonstrate that Mus musculus has
experienced a complex evolutionary history involving
reticulate evolution among populations of diverse geo-
graphic origin and hint at a time frame that may predate
the geographic expansion of mice as human commensals
(Bonhomme et al. 1984; Boursot et al. 1993). For Japa-
nese wild mice, the discovery of well-embedded DOM
components on chromosome 8 introduces a new element
into an already complicated and incompletely docu-
mented evolutionary history (Terashima et al. 2006).
One possible scenario would have DOM alleles entering
Japan in prehistoric times as part of recombinant CAS/-
DOM haplotypes in mice carrying CAS mtDNA. How-
ever, critical evidence in the form of ancient DOM
elements in wild mice still resident within the CAS core
area has not yet emerged, though large parts of this
genetically diverse region remain poorly sampled.
Under this scenario, MUS genetic components arrived in
Japan more recently, probably via the Korean Peninsula.
However, recombination frequencies indicate that this
MUS component also arrived during prehistoric times,
possibly several thousand years ago and perhaps also
bringing with it some embedded DOM alleles. As dis-
cussed at length by Terashima et al. (2006), this scenario
implies an intensive exclusion of CAS and DOM
mtDNA lineages, especially in the western part of Japan,
following the introduction of MUS-type mice. For
nuclear elements, this seems unlikely unless interbreed-
ing frequency and/or success was extremely low. How-
ever, the alternative scenario posited by Terashima et al.
(2006), involving an original MUS-type wild mouse pop-
ulation, with later arrival of CAS-type mice in Japan,
similarly fails to account for the evidence of prolonged
interaction of CAS and DOM elements, unless this has

© 2010 Blackwell Publishing Ltd
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occurred in the Asian region, prior to migration. Both
scenarios thus imply a complex evolutionary history,
much of it significantly predating the period of human-
associated long range movements. Our general finding
is thus consistent with that of Bonhomme et al. (2007),
based on analysis of minisatellite DNA.

Our scenario for the origin of Japanese mice shows
several parallels with recent anthropological notions
concerning the origin of the Japanese people. Firstly,
our conclusion that the earliest immigrants mice were
genetically heterogeneous, probably including compo-
nents of both CAS and DOM lineages, shows parallels
with evidence of high genetic diversity in the Paleo-
lithic Japanese population, as denoted in the mito-
chondrial DNA data from ancient Jomon remains (e.g.
Horai et al. 1996; Shinoda & Kanai 1999). Secondly,
we identify the latest phase of dispersal of mice to
Japan as occurring through the central route, with
northern China as the primary source area and Korea
as the final point of departure. This is in accord with
the general notion that modern Japanese are most clo-
sely related to the Koreans (Horai et al. 1996; Omoto
& Saitou 1997; Tanaka et al. 2004). These apparent
similarities in the history of people and mice might
be coincidental. However, they may also point to a
far closer and longer association between the two spe-
cies than currently credited, both species making their
way eastward across the Eurasian continent during
prehistoric times. Careful attention to the archaeologi-
cal record is needed to explore the antiquity of the
bond that unites mice and people.
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Supporting Information

Additional supporting information may be found in the online
version of this article:

Fig. S1 Geographic distribution of alleles in each of the eight
genes examined. Pairs of boxes represent combinations of
alleles in each individual. Individuals from Japan are only
shown for representative combinations of alleles that represent
three geographic areas, Hokkaido, Honshu, and Kyushu. Single
boxes indicate those of inbred strains. The colors and numbers
of the boxes indicate putative subspecies groups and allele
codes, respectively (see Table 1 for detail). The subspecies
groups are coloured the same as in Figure 2 (pink: DOM, blue:
MUS, yellow: CAS, orange: unassigned).

Fig. S2 Inferring population groups for alleles of each haploid
set, estimated using STRUCTURE 2.3. The most likely number
of clusters (K) was inferred for each of the eight loci, Fanca (F),
Spire2 (S), Tcf25 (T), Mclr (M), Tubb3 (T), Def8 (D), Afg3l1 (A),
and Dbndd1 (DB). Variable sites were regarded as characters to
infer the number of clusters. Taken in combination with the
results of the network analyses (Fig. 2), this analysis allowed
us to infer subspecies affiliation for many individual alleles.
Codes next to each bar indicate individual sample codes (see-
Table 1 for detail), gene names represented by one or two let-
ters, and inferred subspecies sources (c: M. m. castaneus, d: M.
m. domesticus, m: M. m. musculus, u: unknown).
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