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Abstract

Patterns of genetic differentiation among taxa at early stages of divergence provide an
opportunity to make inferences about the history of speciation. Here, we conduct a survey
of DNA-sequence polymorphism and divergence at loci on the autosomes, X chromosome,
Y chromosome and mitochondrial DNA in samples of Mus domesticus, M. musculus and
M. castaneus. We analyzed our data under a divergence with gene flow model and estimate
that the effective population size of M. castaneus is 200 000-400 000, of M. domesticus is
100 000-200 000 and of M. musculus is 60 000-120 000. These data also suggest that these
species started to diverge approximately 500 000 years ago. Consistent with this recent
divergence, we observed considerable variation in the genealogical patterns among loci.
For some loci, all alleles within each species formed a monophyletic group, while at other
loci, species were intermingled on the phylogeny of alleles. This intermingling probably
reflects both incomplete lineage sorting and gene flow after divergence. Likelihood ratio
tests rejected a strict allopatric model with no gene flow in comparisons between each pair
of species. Gene flow was asymmetric: no gene flow was detected into M. domesticus, while
significant gene flow was detected into both M. castaneus and M. musculus. Finally, most
of the gene flow occurred at autosomal loci, resulting in a significantly higher ratio of fixed
differences to polymorphisms at the X and Y chromosomes relative to autosomes in some
comparisons, or just the X chromosome in others, emphasizing the important role of the sex

chromosomes in general and the X chromosome in particular in speciation.
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Introduction

Multilocus datasets of DNA sequence variation within and
between closely related species can provide important
insights into the history of speciation. A number of analytical
approaches have been developed recently that take into
account such data to estimate parameters in a coalescent
framework and thereby evaluate different speciation
models (e.g. Wakeley & Hey 1997; Nielsen & Wakeley 2001;
Hey & Nielsen 2004, 2007). This analytical framework has
become known as ‘divergence population genetics’. This
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general approach is growing in popularity and has been
applied to closely related species or subspecies in a number
of groups of both plants and animals (e.g. Machado et al.
2002; Won & Hey 2005; Kronforst et al. 2006; Lawton-Rauh
et al. 2007; Stadler et al. 2008).

House mice have served as an important model for
genetic studies of speciation, both in a well-studied hybrid
zone (e.g. Teeter et al. 2008) and through crosses in the
laboratory (e.g. Britton-Davidian et al. 2005), but relatively
little is known about overall patterns of genetic differenti-
ation. House mice include three main species (also referred
to as subspecies): Mus domesticus in Western Europe, the
Middle East and North Africa (and recently introduced
worldwide), M. musculus in Eastern Europe and Northern
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Asia, and M. castaneus in Southeast Asia. Following previous
authors (e.g. Sage et al. 1993), we refer to these taxa as
species rather than subspecies because they are genetically
distinct and exhibit partial reproductive isolation despite
the presence of some gene flow, much like Drosophila
pseudoobscura and D. persimilis (Hey & Nielsen 2004) or
D. yakuba and D. santomea (Llopart et al. 2005). These lineages
are thought to have diverged from an ancestral population
in the Indian subcontinent (Boursot ef al. 1996; Din et al.
1996). The timing of divergence is uncertain, with esti-
mates ranging from 350 000 to 900 000 years ago (She et al.
1990; Boursot et al. 1996; Suzuki et al. 2004). M. domesticus is
believed to have spread westward, and fossils dating to
12 000 BP are known from Israel (Auffray et al. 1990). From
the Middle East, M. domesticus migrated into Western
Europe during the Iron Age around 3000 years ago, after
the spread of agriculture (Cucchi et al. 2005). The dispersal
routes of M. musculus and M. castaneus are less well docu-
mented, but it is likely that M. musculus reached Eastern
Europe via a northern Asian route, and that M. castaneus
migrated eastwards (Boursot et al. 1993). M. domesticus and
M. musculus meet in a hybrid zone that runs from Denmark
to Bulgaria, and M. musculus and M. castaneus meet in a
poorly studied hybrid region in northern China and have
hybridized to form M. molossinus in Japan (Boursot et al.
1993). There is also evidence of hybridization between
M. domesticus and M. castaneus in California (Orth et al.
1998). Mice from the Indian region have been referred to as
bactrianus by some authors (reviewed in Boursot et al. 1993)
and have been included within castaneus by others (e.g.
Baines & Harr 2007). Here, we refer to mice from India as
M. castaneus.

Studies of the hybrid zone between M. domesticus and
M. musculus have documented extensive variation in patterns
of introgression among loci (e.g. Macholan et al. 2007; Teeter
et al. 2008). The X chromosome generally shows reduced
introgression (Tucker et al. 1992; Dod et al. 1993; Munclinger
et al. 2002; Macholan ef al. 2007), while the Y chromosome
shows reduced introgression in some transects of the hybrid
zone (Vanlerberghe et al. 1986; Tucker et al. 1992; Dod et al.
1993), but not in others (Munclinger et al. 2002; Macholan
et al. 2007). Laboratory crosses between M. domesticus (or
B6, a strain largely derived from domesticus) and M. musculus,
M. castaneus and M. molossinus reveal reduced fecundity or
hybrid male sterility caused by loci on both the X chromo-
some and the autosomes (e.g. Forejt 1996; Oka et al. 2004,
2007; Storchova et al. 2004; Britton-Davidian et al. 2005;
Davis et al. 2007; Good et al. 2008; Gregorova et al. 2008;
Takada et al. 2008).

Important questions remain about the timing of diver-
gence among the major lineages, the extent of historical
gene flow, the effective population sizes for each lineage,
and the consequences of population splitting and repro-
ductive isolation for patterns of genetic differentiation. To

begin to address these issues, we compared patterns of
differentiation among loci residing on chromosomes with
different modes of inheritance and different effective
population sizes: mitochondrial DNA (mtDNA), the Y
chromosome, the X chromosome and the autosomes. These
differences lead to simple predictions for rates of differen-
tiation under a neutral model with no gene flow following
population splitting: mtDNA and Y-linked loci are expected
to differentiate more quickly than X-linked loci which in
turn will be more differentiated than autosomal loci.

We sequenced eight effectively unlinked loci, including
one mitochondrial, one Y-linked, two X-linked and four
autosomal regions, in population samples of M. domesticus,
M. musculus and M. castaneus to address four main issues:
(i) What is the level and pattern of genetic variation and
effective population size of each species? (ii) When did
these species start to diverge? (iii) Are patterns of genetic
variation consistent with a simple allopatric model with no
gene flow? If not, what is the extent and pattern of gene flow?
(iv) are genomic regions with lower effective population
sizes more differentiated, as predicted by theory?

Materials and methods

Samples

For nuclear loci, we sampled 60 Mus domesticus, 59 M.
musculus and 59 M. castaneus from their native ranges
(Fig. 1 and Table S1, Supporting information). For each
species, at least two populations were included, one closer
to the presumed ancestral range, the other derived. For
M. domesticus, Israel (Is) is more ancestral and Western
Europe (WE) is derived. For M. musculus, Kazakhstan (Kz)
is ancestral and Russia (Ru) and Eastern Europe (EE) are
derived. For M. castaneus, India (In) is ancestral and Taiwan
(Tw) and China (Ch) are derived. All mice were collected at
least 300 m apart to avoid sampling related individuals.
DNA from one individual each of M. caroli, M. spicilegus
and M. spretus was purchased from the Jackson laboratory,
and these taxa were used as outgroups.

Molecular methods

We sequenced mostly intronic portions of Chrng, Med19,
Prpf3 and Clcn6 on Chromosomes 1, 2, 3 and 4, respectively,
G6pdx and Ocrl on the X chromosome, Jarid1d (Smcy) on the
Y chromosome, and the mtDNA control region (Table 1).
For nuclear loci, we selected genes that were widely
expressed, defined as genes where the maximum expression
in any tissue was 10% or less of the total expression (Su
et al. 2004). For each locus, we amplified two overlapping
fragments using polymerase chain reaction (PCR), and we
sequenced both fragments. This allowed us to identify
cases of allele-specific PCR. Both DNA strands were
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Fig.1 Approximate location of populations
sampled in this study. Blue indicates Mus
domesticus, red indicates M. musculus and
orange indicates M. castaneus. 1, Western
Europe (WE); 2, Israel (Is); 3, Eastern Europe
(EE); 4, Russia (Ru); 5, Kazakhstan (Kz); 6,
India (In); 7, China (Ch); 8, Taiwan (Tw).
Sample sizes, sampling localities names
and geographic coordinates are given in
Table S1 (Supporting information).
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Table 1 Loci surveyed
Gene Chromosome Region sequenced Recombination rate (cM/Mb)* Position in NCBI build 36 (bp)
Chrng 1 5'UTR-Intron 6 0.36 89 036 568-89 040 081
Med19 2 Intron 1 0.22 84 483 105-84 485 675
Prpf3 3 Intron 3 0.71 95 934 441-95 937 152
Clen6 4 Intron 8-11 0.77 146 861 451-146 864 028
Gopdx X Intron 2 0.25 70 675 567-70 678 566
Ocrl X Intron 1-4 0.51 44 205 361-44 208 191
Jarid1d Y Intron 10 0.00 254 115-256 663
Control region Mitochondria 0.00 15 373-16 299

*The local recombination rate was calculated for a 10-Mb window centered on the sequenced region by regressing the genetic position of

markers against their physical position on mouse NCBI build 36.

sequenced. The mitochondrial control region was chosen
because it is variable and has been widely studied in these
taxa (Prager et al. 1998). Fifty-six control region sequences
of M. domesticus from WE were taken from Nachman
et al. (1994), and 229 new sequences were generated from
populations of M. domesticus, M. musculus and M. castaneus
(Table S1, Supporting information). Outgroup sequences
for this locus were retrieved from public databases. PCR
and sequencing primers and amplicon details are provided
in Table S2 (Supporting information).

Data analyses

Sequences were trimmed to exclude short exonic regions.
Assembly and editing were performed using phred/
phrap/consed/polyphred (Nickerson et al. 1997; Ewing &
Green 1998; Ewing et al. 1998; Gordon et al. 1998) coupled
with automated shell scripts and Perl programs kindly
provided by August Woerner (University of Arizona, USA).
The resulting contigs were deposited in GenBank under
Accession nos EU932966-EU933930 and EU938914-EU939142.
Alignments generated with ClustalW (Thompson et al. 1994)
were checked and manually edited with BioEdit (Hall 1999).
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All insertion/deletion polymorphisms were excluded from
subsequent analyses. We excluded individuals with more
than 10% missing data. We also excluded sites with more
than 10% of the total individuals missing. This was done
separately for each locus. Haplotypes were inferred with
Phase 2.1.1 (Stephens et al. 2001; Stephens & Donnelly
2003) after checking for convergence of three independent
runs for each data set.

The program siTes (Wakeley & Hey 1997) was used to
calculate a number of summary statistics, including r (Nei
& Li 1979) and 6 (Watterson 1975), two estimators of the
population mutation parameter 4N u (where [ is the
neutral mutation rate and N, is the effective population
size), and Dxy, the average pairwise divergence between
populations or between species (Nei 1987). Due to the high
mutation rate of the mtDNA control region the occurrence
of multiple substitutions at single sites is likely. We estimated
the appropriate model of nucleotide substitution using
MODELTEST 3.06 (Posada & Crandall 1998) with the Akaike
Information Criterion (Posada & Buckley 2004) and we
then corrected for multiple substitutions. The ratio of the
male to female mutation rate (o) was estimated with average
Dxy at autosomes, X and Y chromosomes between the three
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species of house mice and Mus caroli, using the formulae in
Miyata et al. (1987).

We tested for departures from a neutral model of molecular
evolution using two tests based on the frequency spectrum
of polymorphisms, Tajima’s D (Tajima 1989) and Fu and
Li’s D (Fu & Li 1993). These tests were calculated for each
population and also for each of the three species using sITEs
(Wakeley & Hey 1997). The Hudson—Kreitman—-Aguade
(HKA) test (Hudson et al. 1987) was used to compare the
ratio of polymorphism to divergence among loci. Multilocus
HKA tests were performed using polymorphism in each
species and also polymorphism in the three species together
(i.e. a total of four tests) and uncorrected average pairwise
divergence (Dxy) to M. caroli. Statistical significance for all
neutrality tests was obtained by performing 1000 coale-
scent simulations conditioned on the parameters estimated
from our data using the program HKA (http: //lifesci.rutgers.
edu/~heylab/HeylabSoftware.htm#HKA). Fg between
populations of a given species, and between species, was
calculated using s1TEs (Wakeley & Hey 1997). Evolutionary
relationships among alleles were inferred using the
neighbour-joining method (Saitou & Nei 1987) in MEGA 4
(Tamura et al. 2007). Trees were rooted with the M. caroli
sequence and bootstrap values for each node were calculated
after 1000 replicates (Felsenstein 1985).

To obtain maximum-likelihood (ML) estimates of popu-
lation sizes, divergence times, and migration rates we used
the computer program 1M which is an implementation of
the Markov chain Monte Carlo (MCMC) method for analysis
of genetic data under an isolation with migration model
(Hey & Nielsen 2004). 1M assumes that there is no recom-
bination within loci and free recombination between loci. We
used the program mmgc (Woerner et al. 2007) to obtain the
longest region within each locus without four gametic types.
Using this non-recombining dataset (Table S3, Supporting
information), we performed three different pairwise
analyses (M. domesticus and M. musculus, M. domesticus and
M. castaneus, and M. musculus and M. castaneus) with three
replicates for each. For each analysis, we ran the program
under Metropolis Coupled MCMC, using 12 chains with a
two-step heating scheme and parameters that allowed for
proper chain swapping. We ran the program for at least 10
million steps. For each analysis we checked for convergence
between the three replicates, and we present results from
just one replicate of each analysis. We used 1M to estimate
the effective population size of each species and the effective
population size of the ancestral population that gave rise to
the contemporary species. We also estimated the time since
the ancestral population split, and the rate at which species
exchange genes (2Nm) per generation. We recorded the
distribution of the number of migration events for each
locus over the course of the analyses. Output from 1M is
expressed in units of 4Ny, ty, and m /|, where 1 is the neu-
tral mutation rate per generation, ¢ is the divergence time

in generations and m is the migration rate per generation.
To convert these parameters into N,, t and m1, we estimated
u for each locus assuming the divergence to M. caroli
represents 4.3 million years (Suzuki et al. 2004) and a
generation time of 0.5 or 1.0 years (see below). Likelihood
ratio tests comparing models with and without gene flow
were conducted with 1va (Hey & Nielsen 2007).

There are several sources of error in these analyses. The
M model includes gene flow between two populations
which derive from a single ancestral population. The
ancestral population and each of the derived populations
may have different population sizes, but more complex
demographic scenarios are not incorporated. The exact
history of mouse populations is not known but is probably
more complex. Our data include three species, each with
two or three populations. This has several implications.
First, our sample may contain structure that is not modelled
appropriately by mM. To address this, we redid all analyses
using only the largest population from each species. Similar
results were obtained and thus only the more complete
analyses are reported. Second, since Im compares only two
populations at a time, it does not account for gene flow
between those populations and any unsampled populations.
We conducted analyses in all pairwise combinations for the
three species and obtained similar estimates of parameters
in different comparisons. For example, the estimate of N,
for M. domesticus is very similar in comparison to M. castaneus
and in comparison to M. musculus (see Results). This
suggests that gene flow with unsampled populations is
not leading to substantial bias in the estimation of some
parameters. Nonetheless, we also compared estimates of
N, obtained from 1M with estimates based on the neutral
prediction that N, = /4y for a single population at mutation—
drift equilibrium without gene flow, and we obtained
similar results.

Another potential source of error in these analyses comes
from the estimate of mutation rate per generation, which
requires assumptions about generation time and molecular
clock calibrations from comparisons to other species.
Our estimates of mutation rate per year (see Results) are in
good agreement with previous estimates (e.g. Li et al. 1996;
Waterston et al. 2002). However, estimates of N, depend on
estimates of mutation rate per generation. To convert
mutation rates per year into rates per generation, we need
to know the number of generations per year. Gestation in
mice lasts three weeks, and mice are reproductively mature
at about two months. In the lab, mice may have up to four
generations per year. In the wild, commensal mice can
breed year-round if food is available, but feral populations
of mice typically breed seasonally (Bronson 1979). House
mice have only recently evolved to be commensal, and
abundant food for commensal mice has likely only occurred
since the development of agriculture (i.e. within the last
8000 years). Thus, for the vast majority of their roughly
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Table 2 Levels of polymorphism within species of house mice, and divergence between these species and Mus caroli

Locus (chromosome) Species Nt Lbpt S§ =wn(w)I ©(%)1 Tajima’'sDtt FuandLi'sDtt  Dxytt
Chrng (1) M. domesticus 92 2218 30 0.284 0.266 0.211 —-0.038 3.382
M. musculus 108 2214 19  0.046 0.163 —2.050** -2.157* 3.526
M. castaneus 62 2124 62  0.671 0.622 0.270 0.391 3.471
Med19 (2) M. domesticus 102 1699 13 0.048 0.147 -1.808* —2.792** 5.489
M. musculus 84 1658 7 0135 0.084 1.443 -0.562 5.592
M. castaneus 76 1679 15 0.056 0.182 -1.990** -1.047 5.494
Prpf3 (3) M. domesticus 108 2423 21 0.071 0.165 -1.641* —-3.226** 2.380
M. musculus 108 2399 29  0.062 0.230 -2.194 —-2.395 2.441
M. castaneus 100 2430 34 0126 0.270 -1.640* —3.384** 2.250
Clcné (4) M. domesticus 104 2028 29  0.216 0.274 -0.645 1.305 3.745
M. musculus 106 2012 46  0.547 0.437 0.791 0.731 3.833
M. castaneus 92 1986 62  0.763 0.613 0.794 0.634 3.747
Average of autosomal loci M. domesticus 102 2092 23 0.155 0.213 3.749
M. musculus 102 2071 25  0.198 0.229 3.848
M. castaneus 83 2055 43 0404 0.422 3.741
G6pdx (X) M. domesticus 56 2386 5  0.060 0.046 0.769 -0.923 2.591
M. musculus 59 2386 5 0.026 0.045 -1.012 —2.981** 2.617
M. castaneus 43 2354 23 0174 0.226 -0.755 -0.242 2.679
Ocrl (X) M. domesticus 55 2123 17 0122 0.175 -0.933 -1.997* 3.477
M. musculus 55 2100 8 0.017 0.083 -2.128** —3.245** 3.341
M. castaneus 30 1983 32 0.336 0.407 -0.634 -0.227 3.538
Average of X-linked loci M. domesticus 56 2255 11 0.091 0.111 3.034
M. musculus 57 2243 7 0.022 0.064 2.979
M. castaneus 37 2169 28  0.255 0.317 3.109
Jarid1d (Y) M. domesticus 52 2329 4  0.034 0.038 -0.247 -0.131 4.740
M. musculus 36 2335 3  0.023 0.031 -0.544 -1.644 4.882
M. castaneus 28 2315 13 0.185 0.144 0.948 -0.320 4.904
control region (mtDNA) M. domesticus 67 889 37  0.563 0.872 -1.154 0.483 12.631
M. musculus 138 889 26  0.378 0.532 -0.836 -0.949 11.735
M. castaneus 80 889 44 0712 0.999 -0.928 0.476 12.134

tNumber of chromosomes; } Average sequence length; §Number of polymorphic nucleotide sites; Jr and 6 are estimators of the population
mutation parameter; see Materials and methods; +1*P < 0.05, **P < 0.01; 13Dxy is the average pairwise divergence per site compared to

M. caroli (Nei 1987).

500 000-year evolutionary history, house mice have probably
bred seasonally and had only one or two generations per
year. To account for the uncertainty in generation time, we
provide estimates of population parameters from 1M using
generation times of 0.5 and 1.0 years. While our estimates
of t depend on generation length, our estimates of divergence
time in years do not.

Results

Intraspecific polymorphism and effective population size

We observed considerable variation in levels of polymor-
phism among loci and among species (Table 2). Averaged
over all nuclear loci, Mus castaneus was the most variable
(m = 0.43%, SE = 0.11%), followed by M. domesticus (r = 0.14%,
SE = 0.03%) and M. musculus (n =0.13%, SE = 0.07%). In
these comparisons, © for X-linked loci was multiplied by
4/3, and  for Jaridld was multiplied by 4 to account for
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differences in effective population size. Nucleotide diversity
for mtDNA showed the same trend among species (Table 2).
In general, the proportion of segregating sites (6) was higher
than the average number of pairwise differences (m), and
thus Tajima’s D was negative for many locus/population
combinations (values for each species are given in Table 2,
and values for each population are given in Table 54,
Supporting information). A smaller number of locus/
population combinations had positive Tajima’s D-values.
The same was observed for Fu and Li's D. Of the 35
significant tests of Tajima’s D and Fu and Li’s D at nuclear
genes, 29 tests were associated with significantly negative
values (including all genes except Clcn6) while six tests
were associated with significantly positive values, and
these all involved Clcn6 (Table S4, Supporting information).
The observation of widespread rare polymorphisms
(i.e. negative Tajima’s D) is consistent with population
expansions, although Clcn6 may be subject to different
evolutionary forces (see below).
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Table 3 Maximum-likelihood (ML) estimates and 90% posterior density intervals (in parentheses) of demographic parameters obtained
with 1M between species of house mice for generation length of 1 and 0.5 years

Generation
Length Species 1 Species 2 Nespecies 1 Nespecies 2 Ne,, cestral H 2Nm, 2Nm,§
1 year M. musculus M. castaneus 65 833 184 148*** 149 961 0.054 0.342
(46 928-88 788) (145 301-236 985) (0.005-0.219)  (0.104-0.644)
M. musculus M. domesticus 55 067 101 400%** 98 266 627 876 0.094* 0.0029
(39 632-72 601) (80 258-128 805) (0.034-0.186)  (0.0029-0.053)
M. domesticus M. castaneus 100 446 222 765*** 116 597 329 586 0.0019 0.129*
(76 398-129 145)  (174516-276 633) (26 674-250721) (220 897-579 617)  (0.0019-0.063) (0.024-0.319)
0.5 years M. musculus M. castaneus 131 666 368 296*** 299 922 0.054 0.342
(93 856177 576) (290 602—-473 970) (0.005-0.219)  (0.104-0.644)
M. musculus M. domesticus 110 134 202 800*** 196 532 125 5752 0.094* 0.00290
(79 264 — 145202) (160 516 — 257 610) (0.034-0.186)  (0.0029-0.053)
M. domesticus M. castaneus 200 892 445 530*** 233 194 659 172 0.0019 0.129*

(152 796-158 290) (349 032-553 266)

(53 348-501442) (441794-1159 234) (0.0019-0.063) (0.024-0.319)

Missing values are where parameters could not be reliably estimated; *P < 0.05; **P < 0.01; ***P < 0.005 in comparisons between species; tThe time since Species
1and 2 split in numbers of generations; }The population migration rate into Species 1 from Species 2 per generation; §The population migration rate into Species
2 from Species 1 per generation; JCorresponds to the first bin of the parameter space, and therefore represents zero.

We compared ancestral and derived populations to see if
derived populations were associated with population
bottlenecks and consequent lower levels of diversity and
higher average values of Tajima’s D, as seen in humans
(e.g. Akey et al. 2004). For M. castaneus, we focused on the
population from Taiwan since it has a larger sample size.
Average nucleotide diversity was similar in ancestral
and derived populations of M. domesticus (m,, = 0.13%,
SE = 0.03%; my,, = 0.13%, SE =0.03%) and M. musculus
(n,.. = 0.12%, SE = 0.07%; T, = 0.12%, SE = 0.08%), while
in M. castaneus, the ancestral population harboured more
variation than the derived population (m,, . = 0.36%,
SE = 0.11%; my,, = 0.18%, SE = 0.12%). Similar levels of
polymorphism in ancestral and derived populations of M.
domesticus and M. musculus could be due in part to the fact
that the samples for the derived populations span a larger
geographic range than the ancestral populations (Fig. 1).
For Tajima’s D, we observed no consistent differences
between ancestral and derived populations of M. musculus
and M. domesticus, but for M. castaneus, Tajima’s D was
often higher in the derived population than in the ancestral
population (Table S4, Supporting information). These results
suggest that the derived population of M. castaneus from
Taiwan may have been associated with a bottleneck.

We tested the neutral prediction of equal ratios of poly-
morphism to divergence among loci in an HKA framework
(Hudson et al. 1987) using polymorphism from each species
separately as well as all three species together. Divergence
was calculated in comparison to M. caroli. Each of these four
tests rejected a neutral model (P < 0.001 for each). The largest
deviations in these tests were caused by a lack of diver-
gence (or excess of polymorphism) at mtDNA. We then
corrected for multiple substitutions at mtDNA using
MODELTEST 3.06 (Posada & Crandall 1998) and performed
HKA tests with corrected values. Only the test involving

M. musculus polymorphism remained significant (P = 0.003).
In this test, the greatest deviation from neutral expectations
was due to an excess of polymorphism at Clcné6 relative to
divergence (46 observed polymorphisms when only 24
were expected). When this locus was removed, the resulting
test was not significant. These results suggest that with the
exception of Clen6 in M. musculus, patterns of polymorphism
and divergence in this multilocus dataset are consistent
with neutral predictions.

We used 1M to estimate N, of each species under a model
of divergence with gene flow. The ML estimates and 90%
highest posterior density (HPD90) intervals are shown in
Fig. 2 and Table 3. Assuming one generation per year,
average N, for M. castaneus was 203 626, average N, for
M. domesticus was 100 923, and average N, for M. musculus
was 60 450; estimates were twice as large assuming two
generations per year. Notably, the estimates for each species
were in reasonable agreement with each other, regardless
of which species was used in comparison, and the likelihood
surfaces in all cases had single clear sharp peaks. For example,
N, for M. domesticus was 101 400 when compared to
M. musculus and 100 446 when compared to M. castaneus with
one generation per year. In contrast to the sharp likelihood
surfaces for current N,, the likelihood surfaces for ancestral
N, were relatively flat (Fig. 2). We also estimated population
size from the expectation N,=n/4u following a simple
model of mutation—drift equilibrium, and obtained
similar results. For example, for M. domesticus autosomes,
7 = 0.155% (Table 2) and p = 4.1 x 10-9 (see below), resulting
in N, = 95 000 assuming one generation per year.

Interspecific divergence, mutation rates and age of species

Comparisons between species allowed us to estimate
mutation rates and divergence times. We also took
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Fig. 2 Marginal posterior probability distributions for im model parameters. Curves are shown for the analysis with (a) Mus domesticus and
M. musculus, (b) M. domesticus and M. castaneus and (c) M. musculus and M. castaneus.

advantage of comparisons between genes with different D =2ut + 4N, 1, where N, is the ancestral population
modes of inheritance to estimate mutation rates separately size and t is the divergence time measured in generations.
for males and females. Average divergence (D) between M. If we assume that the ancestral population size is similar to
caroli and M. domesticus, M. musculus or M. castaneus was on current population sizes (Table 3), then 4N, 1 is small
the order of 2-5% for introns of nuclear genes (Table 2). We relative to D (Table 2) and D =2ut approximately. Using
used these data to estimate mutation rates (1) per generation this approximation, average mutation rates were 4.1 x 10-9
per site assuming a divergence time between M. caroli and for the autosomes, 3.3 x 109 for the X chromosome and
the three species of 4.3 million years (Suzuki et al. 2004) and 5.4 x 109 for the Y chromosome. The mutation rate for the
a generation time of one year. Under a neutral model, mitochondrial control region was roughly one order of
© 2008 The Authors
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Fig. 3 Neighbour-joining trees of haplotypes for four autosomal, two X-linked, one Y-linked and one mitochondrial locus in samples of Mus
domesticus, M. musculus, and M. castaneus. Neighbour-joining trees were rooted with the M. caroli sequence.

magnitude higher (1 = 4.1 X 10-8). These estimates should
be viewed as approximations owing to the uncertainty in
generation length and divergence time (She et al. 1990;
Chevret et al. 2005). However, we note that our estimates
per year are in good agreement with previous estimates
(e.g. Li et al. 1996). If mice have two generations per year
rather than one, all estimates of 1 per generation are half
as large.

By comparing divergence among X, Y and autosomal
loci we estimated o, the ratio of the male to female mutation
rates as in Miyata et al. (1987). Each of these comparisons
yielded slightly different estimates of o (X vs. autosomes,
a=3.9; X vs. Y, oo =2.3; autosomes vs. Y, oo = 1.8). These
estimates suggest that 2—4 times as many mutations come
from males compared to females, in general agreement
with previous estimates for rodents (Chang et al. 1994;
Chang & Li 1995; Sandstedt & Tucker 2005).

Levels of divergence among M. domesticus, and M.
musculus, and M. castaneus are shown in Table 4, and
neighbour-joining trees showing relationships of haplotypes
for each locus are shown in Fig. 3 and Fig. S1 (Supporting
information). For some loci, each species formed a mono-
phyletic group (e.g. Ocrl), while at other loci species were
intermingled on the phylogeny (e.g. Clcn6). These differences
among loci are consistent with a recent origin for these

species and may reflect unsorted ancestral polymorphism
as well as gene flow (discussed below). Divergence among
these species was less than 1% in all comparisons (Table 4).
The average interspecific divergence in pairwise compari-
sons was nearly identical for each of the three possible
comparisons (domesticus-musculus Dxy = 0.54%; domesticus-
castaneus Dxy = 0.51%; musculus-castaneus Dxy = 0.51%),
presumably reflecting separation from an ancestral popu-
lation at roughly the same time. Using the mutation
rates calculated above and an ancestral population size of
120 000, we estimate that musculus and domesticus began to
diverge approximately 495 000 years ago {for autosomes,
t=(D-4N_, 1)/ (2u) = [(6.02 x 10-3) — (4.8 x 105)(4.1 x 10-9)]/
(8.2 x 10-9) = 495 000 years}. Roughly similar estimates are
obtained for the other species pairs and for comparisons
involving the X chromosome.

The phylogeny of these species has been debated, although
current phylogenetic evidence supports a musculus +
castaneus clade, with domesticus as basal (Tucker ef al. 2005).
The difficulty of inferring the correct population history
can be seen from the trees in Fig. 3. For some loci, such as
Gopdx, M. domesticus is the sister clade to a clade containing
M. musculus and M. castaneus. For other loci, M. musculus is
basal (e.g. Ocrl), and for yet other loci M. castaneus is basal
(e.g. Chrng). Variation in phylogenetic patterns among loci
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Table 4 Patterns of differentiation between Mus domesticus (dom), M. musculus (mus) and M. castaneus (cast), and patterns of differentiation

between populations within each of these species (NA, not available)

Interspecific comparisons

Intraspecific comparisons

dom mus mus mus cast cast cast
Locus (chromosome) dom-mus dom-cast mus-cast WE/Is EE/Kz EE/Ru Kz/Ru In/Tw In/Ch Tw/Ch
Chrng (1) Fgp 0.637 0.311 0.455 0.197 0.107 0.007 0.152 0.176 0536  0.200
Dxy(%) 0.454 0.688 0.646 0.309 0.057 0.012 0.057 0734 0717 0.326
Med19 (2) Fgp 0.721 0.801 0.689 0.149 0.688 0.680 -0.109 0.110 0.096 NA
Dxy(%) 0.327 0.262 0.307 0.072 0.206 0.204 0.055 0.041 0.041  0.000
Prpf3 (3) Fgp 0.930 0.767 0.883 0.093 0.186 0.221 0.012 0305 0.160 0.017
Dxy(%) 0.956 0.424 0.811 0.070 0.075 0.047 0.080 0.143 0.139 0.083
Clené6 (4) Fgp 0.434 0.366 0.128 0.097 0.243 0.142 -0.028 0.075 0.080 0.048
Dxy(%) 0.672 0.767 0.750 0.243 0.628 0.573 0496 0.838 0746 0.733
Gopdx (X) Fgp 0.904 0.763 0.485 0.355 -0.007 -0.017 0.050 0340 0510 0.224
Dxy(%) 0.447 0.494 0.193 0.078 0.022 0.032 0.033 0212 0.167 0.073
Ocrl (X) Fgp 0.867 0.640 0.774 0.478 0.000 0.074 0.067 0372 0372 NA
Dxy(%) 0.524 0.630 0.677 0.173 0.009 0.033 0.039 0273 0273 0.000
Jarid1d (Y) Fgp 0.921 0.664 0.502 0.528 0.889 0.889 NA 0939 0909  0.000
Dxy(%) 0.364 0.325 0.209 0.051 0.044 0.044 0.000 0.327 0.335 0.011
control region (mtDNA)  Fgp 0.766 0.669 0.650 0.266 0.437 0.257 0236 0.137 0.167 0.102
Dxy(%) 2.012 1.924 1.558 0.564 0.475 0.375 0279 0.782 0.738  0.661

is expected when the time between successive population
splits is small. Of the eight trees in Fig. 3, four support a
close relation between domesticus and castaneus with musculus
branching off first (Prpf3, Octl, Jaridld and mtDNA), two
support a close relation between musculus and castaneus
with domesticus branching off first (Med19, G6pdx), one
supports a close relation between domesticus and musculus
with castaneus in a basal position (Chrng), and one shows
very little concordance between species and phylogeny
(Clcn6). The discordance among these trees suggests that
all three species split from an ancestral population at nearly
the same time and that data from many loci may be needed
to resolve the correct bifurcating topology, if one exists.

ML estimates for divergence time between musculus
and castaneus using 1M were generally unreliable, with
different runs converging on different values. In some
cases, the likelihood surfaces were quite flat (Fig. 2). The
estimated divergence time for musculus and domesticus was
628 000 years, and the estimated divergence time for
domesticus and castaneus was 330 000 years. The HPD90
intervals, which were quite broad (Table 3), include the
estimate of ~500 000 years from the calculation above
assuming a simple molecular clock.

Levels and patterns of gene flow

We studied patterns of differentiation both within and
between species (Table 4). As expected, Fg; was generally
higher between species than within species, although there
was also considerable differentiation between ancestral
and derived populations within species. Average Fg;
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between species was 0.66 (range 0.13-0.93), while average
Fgp within species was 0.25 (range 0.00-0.94). The highest
levels of differentiation within species were between
Indian and Chinese or Indian and Taiwanese populations
of M. castaneus (Table 4).

We used these data to test the hypothesis that M. musculus,
M. domesticus and M. castaneus diverged in allopatry with
no subsequent gene flow. ML estimates of gene flow
revealed asymmetric patterns (Table 3 and Fig. 2). While
no gene flow was detected into M. domesticus, significant gene
flow was detected into both M. castaneus and M. musculus.
We compared nested models with a likelihood ratio test
using 1Ma (Hey & Nielsen 2007). In all three pairwise com-
parisons, a model allowing gene flow was a significantly
better fit to the data than a model with no gene flow
(P < 0.01 for each).

Genetic differentiation is higher at sex chromosomes

Patterns of differentiation and gene flow differed among
loci with different modes of inheritance. The average Fq;
between species for autosomal loci (0.59) was lower than
for X-linked loci (0.74), the Y-linked Jarid1d (0.70) or the
mitochondrial control region (0.70). The greater differenti-
ation for loci on the X chromosome compared to those on
autosomes can also be seen in the relative numbers of
polymorphisms within species and fixed differences between
species (Table5 and Table S5, Supporting information).
The ratio of total polymorphisms to fixed differences was
significantly greater on the autosomes compared to the X
chromosome in 2 x 2 contingency tables for each of the
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Table 5 Numbers of polymorphic nucleotide sites within species and fixed differences between species for different regions of the genome

Species pair Genome region Polymorphism Fixed differences P-value*
Mus domesticus — M. musculus Autosomes 171 6
X-Chromosome 35 18 <10-6
Y-Chromosome 5 7 <10-6
mtDNA 56 9 0.01
M. domesticus — M. castaneus Autosomes 253 4
X-Chromosome 77 9 0.0008
Y-Chromosome 16 3 0.008
mtDNA 70 0 0.41
M. musculus — M. castaneus Autosomes 241 3
X-Chromosome 66 4 0.046
Y-Chromosome 16 0 1.00
mtDNA 60 3 0.35

*P-values are for Fisher’s Exact Tests in comparison to autosomal values.

Migration events

Species 1 Species 2 Locus into species 1

Table 6 The modal number of migration
events between species of house mice
inferred using the 1M analysis

Migration events
into species 2

Mus domesticus M. musculus ~ Chrng

Med19

Prpf3

Clcné

Gopdx

Ocrl

Jarid1d
control region
Chrng
Med19

Prpf3

Clcné

Gopdx

Ocrl

Jarid1d
control region
Chrng
Med19

Prpf3

Clcné

Gopdx

Ocrl

Jarid1d
control region

M. domesticus M. castaneus

M. musculus M. castaneus

O O OO WODODODODDODDODDODODDODDODDOOODOOO OO oo

ONOWOAANOODODUITNOOOWORORFOOO WRE M =

three pairwise species comparisons (Fisher’s Exact Test,
FET, P < 0.05 for each). The ratio of polymorphisms to fixed
differences was also significantly greater on the autosomes
compared to the Y chromosome in domesticus-musculus and
domesticus-castaneus comparisons (FET, P < 0.01 for each)
but not in the castaneus-musculus comparison (FET, P > 0.05).
The ratio of polymorphisms to fixed differences was
significantly greater on the autosomes than in the mtDNA
control region in the musculus-domesticus comparison (FET,
P <0.01), but not in the other comparisons (FET, P > 0.05
for both).

The v analysis and the neighbour-joining trees in Fig. 3
reveal that shared polymorphisms between species result
from gene flow in some cases and unsorted ancestral poly-
morphism in others. For example, the tree for Jarid1d reveals
three deep lineages corresponding to castaneus, domesticus,
and a group containing both musculus and castaneus together.
The v analysis shows that the clade containing both musculus
and castaneus is a result of migration of the musculusY chro-
mosome into castaneus (Table 6). The castaneus containing
the musculus Y included all of the castaneus individuals
from China and Taiwan but none of the individuals from
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India (Fig. S1 and Table S1, Supporting information). This
suggests that the castaneus Y has been replaced by the
musculus Y over a large geographic region. In contrast, im
identified no gene flow into domesticus at Clcné (Table 6),
yet some domesticus individuals were widely dispersed
on the tree in Fig. 3, suggesting that domesticus contains
unsorted ancestral variation.

The greater differentiation of the X chromosome com-
pared to the autosomes appears to be due at least partly to
differences in the level of gene flow for X-linked compared
to autosomal loci. For example, the v analyses identified
gene flow from domesticus into musculus for the autosomes
but not for the X chromosome. The different levels of gene
flow between the X chromosome and the autosomes, as
well as the asymmetry of gene flow, are consistent with
clinal patterns over a much smaller geographic scale in
the musculus-domesticus hybrid zone (e.g. Tucker et al. 1992;
Teeter et al. 2008).

Discussion

We conducted a survey of nucleotide variation at eight loci
in populations of Mus domesticus, M. musculus and M.
castaneus to make inferences about the history of speciation
in this group. We discovered that: (i) M. castaneus harboured
the most genetic variation, followed by M. domesticus and
then M. musculus, with inferred effective population sizes
of approximately 200 000-400 000, 100 000-200 000 and
60 000-120 000, respectively; (ii) these species began to
diverge about 500 000 years ago, with all three species
diverging within a short time interval; (iii) patterns of
genetic variation are inconsistent with a simple allopatric
model of speciation with no gene flow; instead, gene flow
occurred and was asymmetric between the species; and
(iv) the X chromosome was more differentiated between
species than the autosomes, due to both more gene flow and
the presence of ancestral polymorphism on the autosomes
compared to the X chromosome.

Levels of polymorphism and effective population sizes

These data add to a growing literature documenting the
amount and structure of DNA sequence variation in wild
house mice (Nachman 1997; Harr 2006; Baines & Harr 2007;
Laurie et al. 2007; Salcedo et al. 2007). Our results are
consistent with other studies in suggesting that M. castaneus
harbours more variation than M. domesticus or M. musculus
(Baines & Harr 2007). Much of that variation is found
within India, as shown earlier for allozymes (Din et al.
1996) and mtDNA (Boursot ef al. 1996), consistent with the
suggestion that this region represents the ancestral range
for the species complex (Boursot et al. 1993).

Our data indicate that the species-wide effective popula-
tion size for M. castaneus is about 200 000-400 000, while it
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is about 100 000-200 000 for M. domesticus and 60 000—
120 000 for M. musculus. While the absolute populations
sizes are subject to uncertainty in generation length, the
relative sizes are not (assuming the three species have the
same generation length). The current and historical range
of M. castaneus was probably less affected by Pleistocene
climate changes than the ranges of M. domesticus or M.
musculus, both of which have more northern distributions.
M. domesticus and M. musculus have colonized regions that
were extensively glaciated as recently as 10 000 years ago.
The smaller effective population sizes of these species may
reflect contractions during periods when their ranges were
more restricted.

We found similar levels of variability in ancestral and
derived populations of both M. domesticus and M. musculus
for both the autosomes and the X chromosome. These
observations argue against a strong bottleneck during the
colonization of Western Europe by mice from the Middle
East or the colonization of Eastern Europe by mice from
central Asia. Baines & Harr (2007) reported reduced variation
on the X chromosome relative to the autosomes in derived
populations of both M. domesticus and M. musculus, and
they attributed this pattern to hitchhiking effects associated
with adaptation to novel environments. We found no
evidence for such a reduction on the X in our data (Table 54,
Supporting information). This difference between our
results and theirs may be due to the different genes that
were sampled or to different geographic sampling. For
example, Baines & Harr (2007) sampled Iran rather than
Israel for their ancestral population of M. domesticus, and
Iranis likely to be closer to the ancestral range of the species.
Moreover, the derived populations of domesticus and
musculus in the present study were sampled over a larger
geographic region.

Estimates of nucleotide variability in mice allow us to
make comparisons with similar data from humans, the
mammalian species for which the best data are available.
While the average level of nucleotide diversity at non-coding
sites in humans is low (1 = 0.11%, e.g. Li & Sadler 1991), in
mice, values range from 0.13% in M. musculus and 0.14%
in M. domesticus to 0.43% in M. castaneus. House-mouse
populations therefore have up to four times as much vari-
ation as human populations. Differences in estimates of N,
between humans and house mice are even greater. N, for
humans is in the order of 10 000, while for M. castaneus N,
is about 200 000. This 20-fold difference in estimates of
N, between humans and mice is due to a roughly five-fold
lower mutation rate per generation in mice (~4 x 10-9, see
Results) compared to humans (2 x 10-8, Nachman & Crowell
2000). Although mice have higher substitution rates per
year than humans (e.g. Li et al. 1996), they have lower rates
per generation.

Humans and house mice both expanded their ranges
fairly recently and on similar timescales when expressed



5360 A. GERALDES ET AL.

in generations. Humans moved out of Africa roughly
60 000 years ago (or about 3000 generations), while mice
colonized northern Europe and Asia about 3000 years ago
(or about 3000-6000 generations). Despite these similarities,
patterns of nucleotide variability in ancestral and derived
regions are different in humans and mice. In humans,
non-African populations have reduced variation and
fewer rare variants than in African populations (e.g. Akey
et al. 2004). Derived populations of M. domesticus and M.
musculus show neither of these characteristics compared to
ancestral populations.

Age of the species

Our data indicate that M. domesticus, M. musculus and M.
castaneus diverged recently from each other and did so
within a short period of time. The average divergence
among each of the three pairs of species suggests a
divergence time of about 500 000 years ago, and this is
roughly consistent with the ML estimates of divergence
time obtained using M. On average, alleles within a species
are expected to coalesce within 4N, generations, although
the variance is very large. If our estimates of N, and
divergence time are approximately correct, then we would
expect to see some ancestral variation segregating among
these species. For example, we estimated that N, for M.
castaneus is 200 000 and that it therefore diverged less than
4N, generations ago. Patterns of variation at some genes,
such as Clcn6, appeared to be consistent with this expectation.
We also note that this expectation is independent of
assumptions about generation time, since different genera-
tions times would affect our estimates of both population
size and divergence expressed in numbers of generations.

A key unresolved issue concerning speciation in this
group is the order in which the species separated. Current
evidence supports a phylogeny in which M. domesticus
diverged first, with M. castaneus and M. musculus as sister
species (Tucker et al. 2005). Two of the loci in our study
support this phylogeny with M. domesticus in a basal position
(Gépdx and Med19, Fig.3). However, the most notable
aspect of our data with regard to the relationship among
species is the absence of a consistent pattern among loci.
Some loci support a phylogeny in which M. musculus is
basal (Prpf3, Ocrl, mtDNA) while other loci support a
phylogeny in which M. castaneus is basal (Chrng). This
discordance among loci is similar to the discordance
among loci in resolving the human, chimp and gorilla
trichotomy (e.g. Ruvolo 1997) and is expected in situations
where the time between successive speciation events is
small or the ancestral population size is large (Hudson
1983). In such cases, a large number of loci may be required
to resolve the true bifurcating phylogeny, if one exists. An
alternative hypothesis is that all three species diverged at
roughly the same time from an ancestral population.

Resolving this issue will require sampling not only more
loci but also sufficient geographic sampling to capture
populations that may contain ancestral variation. For
example, the phylogenetic analysis in Tucker et al. (2005)
was based on a single M. castaneus from Thailand (CAST / Ei)
and may not reflect the topology that would be obtained
using M. castaneus from India.

Gene flow

The data presented here allow us to reject a model of
allopatric speciation with no gene flow. The highest posterior
density intervals on ML estimates of migration using 1M
did not include zero for at least one member of each species
pair. Likewise, models with gene flow revealed a significantly
better fit to the data compared to models without gene flow
in likelihood ratio tests implemented in 1ma. The inferred
gene flow can also be seen in the topologies of some of
the loci in Fig. 3. For example, at both Med19 and Prpf3,
there are three lineages corresponding nearly perfectly to
the three species. In each case, there is a single mismatched
haplotype on an otherwise sorted genealogy. Similarly, the
genealogy for the mtDNA control region is generally well
sorted, with the exception of a few domesticus haplotypes
in castaneus mice from Taiwan and China. These mice
contain castaneus alleles at other loci. The observation of
introgression of domesticus mtDNA into castaneus has been
confirmed in other samples from these same localities
(H. T. Yu, unpublished results). Despite the evidence for gene
flow, the actual amount appears to be low, with estimates
of Nm well below one (Table 3).

Notably, the analyses provide no evidence of gene flow
into M. domesticus but suggest that gene flow has occurred
into both M. castaneus and M. musculus. This asymmetry
between M. domesticus and M. musculus is also seen in the
hybrid zone formed between these two species. Considerable
variation in cline width is observed for different markers,
but when introgression occurs, it is almost always due to
M. domesticus alleles moving into M. musculus (e.g. Teeter
et al. 2008). This agreement between hybrid zone studies of
cline width (sampled over tens of km) and gene genealogies
from animals across the range of the species (sampled
over thousands of km) further strengthens the inference
of gene flow.

Itis important to point out that our analyses do not directly
address the timescale over which gene flow has occurred.
The current hybrid zone between M. domesticus and M.
musculus is believed to be quite young, but it is unknown
whether these species have had multiple periods of isolation
and contact, or if they evolved primarily in isolation until
recently. It is noteworthy that the mismatched alleles in the
trees in Fig. 3 come from individuals in both ancestral and
derived populations (Fig. S1, Supporting information). This
suggests that not all of the gene flow is recent.
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Sex chromosomes and speciation

The X chromosome is significantly more differentiated than
the autosomes in comparisons between species (Table 5). In
principle, this could be due to either faster lineage sorting
on the X, reduced gene flow on the X or some combination
of both. Faster sorting is expected as a simple consequence
of the effective population size of the X chromosome,
which is three-quarter that of the autosomes. Faster lineage
sorting could also be driven by a greater incidence of
positive selection on the X chromosome and associated
genetic hitchhiking (e.g. Begun & Whitley 2000).

Patterns of gene flow in the hybrid zone between M.
domesticus and M. musculus indicate reduced gene flow on
the X chromosome (e.g. Tucker etal. 1992). Laboratory
crosses also consistently reveal a role for the X chromosome
in hybrid male sterility (e.g. Oka et al. 2004; Storchova et al.
2004; Good et al. 2008). Our 1M analysis is consistent with
these observations in revealing little evidence for gene flow
on the X chromosome compared to the autosomes (Table 6).
However, we cannot rule out the possibility that the greater
differentiation seen on the X chromosome is also partly a
consequence of faster lineage sorting due to either positive
selection or a simple consequence of smaller effective
population size. For example, the pattern seen at Clcn6 on
Chromosome 4, in which all three species are intermingled
on the genealogy, is probably most consistent with unsorted
ancestral variation. This pattern is not seen for either of the
two X-linked loci sampled here (Fig. 3) or any of the 11 X-
linked loci studied by Salcedo et al. (2007) in smaller
samples of M. musculus and M. domesticus.

Patterns of differentiation on the Y chromosome are
slightly more complicated. The neighbour-joining tree for
Jarid1ld reveals three deep lineages, probably reflecting
complete lineage sorting. One of these lineages includes all
of the M. musculus as well as the M. castaneus from Taiwan
and China. This pattern is most easily explained by intro-
gression of the M. musculus Y into M. castaneus in this
geographic region. Introgression of the M. musculus Y
chromosome into some populations of M. castaneus has
previously been reported (Boissinot & Boursot 1997), as well
as the introgression of the Y chromosome in some areas of
the European hybrid zone between M. musculus and M.
domesticus (Munclinger et al. 2002). These observations
suggest that the Y chromosome may be less important in
reproductive isolation between species of house mice than
the X chromosome.
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