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Abstract

Inferring the history of isolation and gene flow during species differentiation can inform

us on the processes underlying their formation. Following their recent expansion in

Europe, two subspecies of the house mouse (Mus musculus domesticus and Mus musculus
musculus) have formed a hybrid zone maintained by hybrid incompatibilities and

possibly behavioural reinforcement, offering a good model of incipient speciation. We

reconstruct the history of their divergence using an approximate Bayesian computation

framework and sequence variation at 57 autosomal loci. We find support for a long

isolation period preceding the advent of gene flow around 200 000 generations ago, much

before the formation of the European hybrid zone a few thousand years ago. The

duration of the allopatric episode appears long enough (74% of divergence time) to

explain the accumulation of many post-zygotic incompatibilities expressed in the present

hybrid zone. The ancient contact inferred could have played a role in mating behaviour

divergence and laid the ground for further reinforcement. We suggest that both

subspecies originally colonized the Middle East from the northern Indian subcontinent,

domesticus settling on the shores of the Persian Gulf and musculus on those of the

Caspian Sea. Range expansions during interglacials would have induced secondary

contacts, presumably in Iran, where they must have also interacted with Mus musculus
castaneus. Future studies should incorporate this possibility, and we point to Iran and its

surroundings as a hot spot for house mouse diversity and speciation studies.
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Introduction

Understanding the conditions under which new species

can arise remains a central and debated question.

Numerous authors addressed the question, and Mayr

(1942) notably postulated that allopatric speciation was

the most plausible and common mode of speciation.

This has for some time become the ‘null hypothesis’
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(Coyne & Orr 2004) and had the effect to enhance the

number of studies on ‘nonallopatric speciation’ with

gene flow between nascent species, with the danger of

eluding the question of the exact conditions of gene

flow and of what it can tell us about the speciation pro-

cess (Butlin et al. 2008). Recent advances on these mat-

ters have resulted from theoretical (Gavrilets 2003;

Coyne & Orr 2004; Barton & de Cara 2009) and empiri-

cal studies (Via 2001; Stump et al. 2005; Roberts et al.

2009; Matute 2010; Matute et al. 2010). The improve-

ment of methods using coalescent genealogy samplers

(Beaumont et al. 2002; Becquet & Przeworski 2007; Hey

& Nielsen 2007; Kuhner 2009) now allows inferring

migration between incipient species. Determining

whether a speciation event is fully allopatric over time

and space can seem meaningless ‘because migrants
� 2011 Blackwell Publishing Ltd
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occasionally cross even the most extreme barriers’

(Butlin et al. 2008) as shown by a growing number of

studies from a wide range of plants and animals (Geral-

des et al. 2008; Niemiller et al. 2008; Strasburg & Riese-

berg 2008; Faure et al. 2009 among others). However,

because theory predicts that the fixation of genetic

incompatibilities is easier without gene flow (Turelli

et al. 2001; Barton & de Cara 2009) and because the evo-

lutionary forces at play may differ substantially

depending on the migration regime accompanying dif-

ferentiation, it remains important to characterize this

regime and its timing (Won & Hey 2005; Nadachowska

& Babik 2009; Li et al. 2010), if only to infer historical

aspects of a differentiation process, and eventually gain

understanding of its geographical onset over time.

The house mouse is our model to attempt to do so

here. Mus musculus is genetically structured in at least

three evolutionary units that we will consider subspecies

but are sometimes referred to as full species in the litera-

ture. Mus musculus domesticus has been described around

the Mediterranean and in Western Europe, Mus musculus

musculus from Eastern Europe to Northern Asia, and

Mus musculus castaneus in South Asia. The history of their

differentiation is mainly documented for old and very

recent periods (reviewed in Boursot et al. 1993). On the

basis of allozyme frequencies and mtDNA variation, the

cradle of the species was inferred to lie in a region from

the Middle East to northern India (Boursot et al. 1996;

Din et al. 1996; Prager et al. 1998). DNA–DNA hybrid-

ization and sequencing of a limited number of loci sug-

gest that they diverged between 350 000 and 1 Ma (She

et al. 1990; Boursot et al. 1996; Suzuki et al. 2004; Geral-

des et al. 2008). Only two aspects of their more recent bi-

ogeographic history are well documented: one is the

Neolithic expansion of domesticus in the Levant in associ-

ation with humans developing agriculture and its later

spread to Western and Northern Europe presumably in

relation to human trading, as documented in the archae-

ozoological record (Cucchi et al. 2005). Accordingly,

mtDNA sequence variation in domesticus indicates a

major expansion that was hypothesized to correspond to

the Neolithic expansion (Gündüz et al. 2005; Rajabi-Ma-

ham et al. 2008). A second aspect is that musculus must

have simultaneously also extended its range westward

as it now occupies central Europe and comes into contact

with domesticus along a well-studied hybrid zone cross-

ing Europe from the Jutland Peninsula to the Black Sea

(reviewed in Boursot et al. 1993; Sage et al. 1993). Exten-

sive studies of this hybrid zone have revealed the charac-

teristics of a tension zone maintained by a balance

between dispersal and selection against hybrids at many

loci (Dod et al. 1993; Raufaste et al. 2005; Macholán et al.

2007; Teeter et al. 2010). Reduced fertility of hybrids

has been documented, especially males (Storchova et al.
� 2011 Blackwell Publishing Ltd
2004; Britton-Davidian et al. 2005); however, this

character appears multifactorial and not to be fixed

(Vyskocilova et al. 2005; Good et al. 2008). One gene

strongly involved in such a phenotype was recently iden-

tified (Mihola et al. 2009) and curiously is a major deter-

minant of recombination hot spot location in the genome

of both mice and humans (Myers et al. 2009; Baudat

et al. 2010). In addition, there is growing evidence of

diverging mating recognition systems between these

subspecies (Talley et al. 2001; Smadja et al. 2004; Bimova

et al. 2005; Smadja & Ganem 2007; Laukaitis et al. 2008).

Therefore, these subspecies appear an excellent model of

incipient speciation. Reproductive isolation is strong

enough that their genomes do not freely admix in the

hybrid zone; many postzygotic incompatibility factors

have accumulated, and these are more likely to have

arisen during long periods of isolation. Behavioural stud-

ies suggest a divergence of mating behaviour, which

could have occurred in isolation owing to independent

sexual selection. However, the suggestion of reinforce-

ment in the present hybrid zone questions the possible

role of past episodes of hybridization in this aspect of the

divergence of the reproductive system of these subspe-

cies. A better understanding of the history of their differ-

entiation would therefore be valuable. In a recent study,

Geraldes et al. (2008) fitted an isolation-with-migration

model (Nielsen & Wakeley 2001; Hey & Nielsen 2004) to

infer the demographic history of Mus musculus by

accounting for migration after divergence. They inferred

significant although moderate gene flow between sub-

species and revealed some asymmetries, but the simplic-

ity of the underlying model prevented any detailed

interpretation in relation to palaeobiogeography and to

the possibility of episodes of isolation and admixture and

their duration. A different approach was taken by Pool &

Nielsen (2009): based on SNPs distributed along the gen-

ome and a small sample of each subspecies, they used

the distribution of the sizes of inferred migrant tracts to

give evidence for a very recent increase in migration rate

between these subspecies, in historical times and pre-

sumably in relation to the recent exponential develop-

ment of human activities. The low density of SNPs

prevented inferences about older events though, and the

relevance of these very recent conditions to the evolution

of reproductive isolation in these mice is not clear.

One possibility to infer complex demographic scenar-

ios is to use an approximate Bayesian computation

(ABC) framework. The ABC approaches do not need the

computation of likelihood and can thus accommodate

complex models. Since their first use with genetic data

(Tavare et al. 1997; Pritchard et al. 1999), they have been

continuously improved (Beaumont et al. 2002; Wegmann

et al. 2009; Blum & François 2010; Leuenberger & Weg-

mann 2010) and claimed to be potentially as efficient as
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likelihood-based methods (Excoffier et al. 2005; Beau-

mont 2008). They were successfully used for various

inferences relating to invasive expansion (Estoup et al.

2004) and other demographic histories (Thornton &

Andolfatto 2006; Fagundes et al. 2007; Ross-Ibarra et al.

2008), radiation and phylogeography (Palero et al. 2009),

and speciation (Li et al. 2010). Because ABC methods

can statistically compare different models, they provide

a rigorous framework to test biological assumptions that

are explicitly formulated and simulated (Estoup et al.

2004; Fagundes et al. 2007; Beaumont 2008).

This study aims at connecting the inferred demo-

graphic and gene flow history during the differentiation

of M. m. domesticus and M. m. musculus with that of

the fixation of reproductive incompatibilities as pres-

ently observed. For this purpose, we used 57 autosomal

loci and ABC methods to compare four possible demo-

graphic scenarios and infer the parameters of the best

models. On the basis of the history reconstructed in this

way, we propose a plausible palaeogeographic model

for the differentiation of the house mouse subspecies.
Materials and methods

Sampling and sequencing

We used ten mice of M. m. domesticus origin (from

around the Mediterranean basin), nine mice of
Table 1 List of mice and their origin, with the number of haplotypes

Country Locality

Mus famulus India Kotagiri

Mus musculus domesticus Tunisia Monastir

M. m. domesticus France Montpellier

M. m. domesticus Egypt Cairo

M. m. domesticus Algeria Oran

M. m. domesticus Spain Barcelona

M. m. domesticus France Corsica

M. m. domesticus Italy Orcetto

M. m. domesticus Morocco Azemmour

M. m. domesticus France Toulouse

M. m. domesticus France Boofzheim

Mus musculus musculus Austria Illmitz

M. m. musculus Bulgaria General Toshe

M. m. musculus Czech R Brno

M. m. musculus Hungary

M. m. musculus Lithuania Vilnius

M. m. musculus Poland Bialowieza

M. m. musculus Poland Warsaw

M. m. musculus Japan Mishima

M. m. musculus Denmark Skive

Mus spretus Spain Granada

ABC, approximate Bayesian computation.
M. m. musculus origin (from Eastern Europe and Japan)

and two out-groups (Mus spretus and Mus famulus). As

the genome of M. m. molossinus mice (Japanese mice) is

mainly of musculus origin (Yang et al. 2007, 2011), we

included them in our musculus sample to increase the

geographical coverage for this subspecies (Table 1).

Most animals used were from wild-derived strains that

were partially inbred, although the level of inbreeding

varied a lot depending on strain history (number of

inbreeding generations and number of founders). We

PCR amplified and sequenced both strands of 61 non-

coding fragments (Table S1, Supporting information).

We chose these amplicons in genomic regions that dis-

played at least four SNPs in one kilobase in the

PERLEGEN SNP database version 4 (from http://mouse.

perlegen.com/mouse/, Frazer et al. 2007, data now

accessible in dbSNP through the PERLEGEN handle).

The results of this resequencing experiment describe

polymorphism at over 8 million SNPs not only covering

the genome for 16 house mouse strains representing

mostly laboratory strains of essentially M. m. domesticus

origin (Yang et al. 2007, 2011) but also including one

wild-derived representative each of M. m. domesticus,

M. m. musculus and M. m. castaneus. We generated in

silico all possible amplicons of about 1 kb containing at

least one of the SNPs reported in this experiment and

lying in a noncoding region. We then selected our

amplicons among those that contained at least four
used in the ABC analyses

Strain Specimen ABC Chr nb

FAM 17 728 1

22MO 7692 1

BFM ⁄ 1 7735 1

BNC 7659 1

BZO 17 733 1

DEB 17 658 1

DFC 7564 2

DJO 19 194 1

DMZ 17 736 1

WLA 7739 1

Wild 7185 2

MAI 17 669 1

vo MBT 17 670 1

MCZ 18 147 1

MHT 18 149 1

Wild 10 298 2

MPB 18 152 1

MPW 17 778 1

MOL 7409 1

MDS 19 191 1

SEG 17 661 1

� 2011 Blackwell Publishing Ltd
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SNPs in this data set. We performed a BLAT search

(Kent 2002) of the retained amplicons on build 37 of the

house mouse genome to verify the absence of a recent

duplication. We retained 57 loci (some of which consti-

tuted by several close amplicons whose sequences were

concatenated for analysis) distant enough on the genetic

map to be considered independent.

We treated the PCRs with the ExoSAP-IT enzyme

(Amersham) and sequenced them separately with the

two amplification primers using the ABI Prism dGTP

BigDye Terminator Ready Reaction Kit (Perkin Elmer).

Sequence reactions were purified by ethanol precipita-

tion and run on an ABI Prism 3100 (Perkin Elmer)

capillary sequencer. We downloaded from the Web

sequence information of a M. m. molossinus strain (MS

M ⁄ Ms strain, http://molossinus.lab.nig.ac.jp/msmdb/

cgi-bin/adetail.cgi) and retained regions with sufficient

sequence coverage in this experiment. We found no

polymorphism between these sequences and those we

derived from another molossinus strain, MOL (Table 1)

so we used the MSM ⁄ Ms sequence only for loci where

sequencing of MOL failed. When no out-group

sequence could be successfully amplified, we down-

loaded the SNP data between the C57 ⁄ Bl6J and the Spr-

etus ⁄ EiJ strains (http://www.sanger.ac.uk/cgi-bin/mod

elorgs/mousegenomes/snps.pl) for genomic regions

with sequencing coverage of at least 10· in this ongoing

experiment.
Fig. 1 Schematic representation and acronyms of the specia-

tion models compared. An ancestral population of size Na

splits at time Ts into two daughter populations of sizes N1 (do-

mesticus) and N2 (musculus).The daughter populations may

exchange genes (indicated by arrows, at rates m12 and m21,

not indicated). In model F, gene flow is continuous from Ts to

present, in FI, it stops at time Tm, and in IF, it only starts at

time Tm.
Alignments and diversity analysis

Sequence chromatograms were interpreted using the

CODONCODE ALIGNER software (CodonCode Corporation).

The sequences obtained were aligned with FSA version

1.14.2 (Bradley et al. 2009). FSA uses an explicit statistical

model to produce multiple alignments, which are accom-

panied by estimates of accuracy for every column of the

alignment. To avoid spurious polymorphisms because of

misaligned sequences, we suppressed from our final

alignments all positions with a score below the maxi-

mum value of 9 in the FSA analysis. The major effect of

this operation was to remove regions with variable sim-

ple repeats, which are essentially difficult to align. Given

the large amount of data, this not only prevented manual

inspection of the sequences but also provided an objec-

tive and repeatable way to remove uncertainties in the

alignments. Positions with indels were also automati-

cally suppressed for all subsequent analyses. We recon-

structed haplotypes using ISHAPE (Delaneau et al.

2007). Descriptive statistics such as hp, FST (sensu Hud-

son et al. 1992) and DXY between subspecies (Nei 1987,

p. 276) were calculated from the sequence alignments

using the SITES program (Hey & Wakeley 1997, http://

genfaculty.rutgers.edu/hey/software#SITES).
� 2011 Blackwell Publishing Ltd
Model fitting using ABC

We used ABC to fit and compare different scenarios of

subspecies differentiation. The models tested are sche-

matically represented in Fig. 1. They all suppose that

an ancestral population of size Na split at some time Ts

in the past to form two populations of sizes N1

(M. m. domesticus) and N2 (M. m. musculus). In model I

(for Isolation), there is complete isolation after split, in

model F (for gene Flow), there is continuous gene flow

(although at potentially asymmetrical rates, m12 and

m21), in model FI, gene flow ceases at time Tm, and in

model IF, it only starts at time Tm. Note that the model

we denoted F corresponds to the ‘classical’ IM model

often referred to in the literature (Nielsen & Wakeley

2001).

We simulated 6 million data sets for each of the mod-

els compared, using a version of the MS program

allowing different sample sizes across loci (Hudson

2002; Ross-Ibarra et al. 2008), and further modified as

described below. For the rejection step, we performed

cross-validations using simulated data sets to decide of

an appropriate rejection scheme and found that retain-

ing 4000 simulations gave good precision of parameter

estimates even after removing the adjusted values fall-

ing outside the range of the prior. A logit transform

could have avoided this range problem in addition to

reducing heteroscedasticity, but such a transform has

been shown to introduce biases in posterior estimation

(Palero et al. 2009), so we only used a log transform to
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address the heteroscedasticity issue. Further, we used

the nonlinear heteroscedastic regression method of

Blum & François (2010) based on a learning neural net-

work procedure. The neural network is exploited to

account for the correlation between statistics and to

reduce the distortion of the results because of high

dimensionality (Blum & François 2010). Further, it gives

a weight to accepted sets of parameter values that

declines with the distance of their associated statistics

to the observed statistics (Beaumont et al. 2002). This

neural network approach does not make the assump-

tion of a linear relationship between statistics and

parameters and allows heteroscedasticity of residuals.

An R script was kindly provided by Michael Blum and

is now available inside the R package abc (http://

cran.r-project.org/web/packages/abc/index.html). To

account for the stochasticity in the learning procedure

of the neural network, we averaged regression-adjusted

values over 40 successive neural networks. Posterior

density estimations were carried out using the locfit R

function (Loader 1996). To compare the estimates of

equivalent parameters inside a given model (e.g. popu-

lation sizes of the two subspecies), we generated the

posterior distribution of the difference of the two

parameters and estimated the quantile of the distribu-

tion lying beyond zero.

For model comparisons, we loaded 2 million simula-

tions for each model when comparing four models and

3 million when comparing two models. In all cases,

4000 simulations were retained after the rejection step,

the regression step using the neural network was

repeated 200 times and posterior probabilities averaged.
Prior model parameter distributions

For convenience, all parameter values were scaled by a

factor N0 = 200 000. Prior distributions of Na ⁄ N0 were

uniform over 0–3, those of N1 ⁄ N0 and N2 ⁄ N0 over 0–2,

those of Ts ⁄ 4N0 and Tm ⁄ 4N0 over 0–4, and those of

4N0m12 and 4N0m21 over 0–3. For models using the two

time parameters, we first drew the larger parameter

value (Ts) in its uniform prior and used it to impose an

upper limit to the prior of the second (Tm). Conse-

quently, the priors for times of change of migration

regime are not uniform. We did not attempt to estimate

locus-specific mutation rate scalars by ABC but rather

estimated mutation rates from the substitution rate with

an out-group, for each locus separately, and the locus-

specific values were used in the simulations (conse-

quently, loci were not anonymous in the simulations).

For each locus, we corrected the distance to the out-

group by the average of nucleotide diversities estimated

in the two subspecies. We used as out-group M. famu-

lus whose divergence from M. musculus was dated at
3.9 · 106
BP (Suzuki et al. 2004; Chevret et al. 2005). For

some loci, we failed to sequence M. famulus and then

used M. spretus as the out-group, using a divergence

time of 1.75 · 106
BP (Suzuki et al. 2004; Chevret et al.

2005). Mutation rates per generation were computed

assuming one generation per year.
Summary statistics for ABC inference

We used fifteen different summary statistics but

avoided some that could be too much biased by our

sampling scheme (species-wide rather than population

oriented), such as statistics depending on the allele fre-

quency spectrum (e.g. Tajima’s D, Przeworski 2002;

Ptak & Przeworski 2002; Arunyawat et al. 2007). We

used the means and variances of the following statistics:

the number of sites with fixed derived alleles in one

population yet polymorphic in the other (sxjfi), the num-

ber of sites with a derived allele fixed in one population

and the ancestral allele fixed in the other (statistics sfi
and sfj), and the number of sites with shared derived

allele (ss). We also considered mean FST, mean DA,

mean DXY (Nei 1987, p. 276) and mean nucleotide

diversities (p).
Posterior predictive simulations

To check the validity of Bayesian inferences, posterior

predictive simulations are widely used (Gelman et al.

1996; Thornton & Andolfatto 2006; Becquet & Przewor-

ski 2009; Beaumont et al. 2010), the main idea being

‘that if the model fits the data, replicated data from the

model should look similar to the observed data’

(Ingvarsson 2008). For each model retained, we ran

10 000 simulations for 57 independent loci using param-

eter values sampled from the posterior joint distribu-

tion. We computed the distribution of the means and

variances of five statistics (pdom, pmus, DXY, DA, FST)

over these simulations. These distributions were then

used to obtain a two-sided posterior predictive P-value

that is simply the probability of obtaining the observed

statistic or a more extreme value under the estimated

model. Finally, a correction for multiple tests was

applied using false discovery rate (FDR) as imple-

mented in the qvalue R package (Storey & Tibshirani

2003). We also performed goodness of fit for each locus

independently, following the same principle.
Robustness and power of model comparison tests

To evaluate the ability of the method to discriminate

between the two favoured models (F and IF, Fig. 1), we

performed a receiver operating characteristic (ROC)

analysis (Bazin et al. 2010). Simulations under the two
� 2011 Blackwell Publishing Ltd
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models (10 000 each, with parameter values drawn

from their joint posterior distribution given the real

data) were used as real data and submitted to a com-

parison of the two models by ABC. We counted the rate

of true and false positives (cases where IF was favoured

when the data were simulated under IF and F, respec-

tively) for any threshold posterior probability value and

plotted one against the other on a ROC graph, using

the R ROCR package (Sing et al. 2005). Such a graph thus

allows reading variations across posterior probability

threshold of the power (rate of true positives) and

robustness (rate of false positives) of the discrimination

method used (see Bazin et al. 2010 for more details con-

cerning the use of ABC model choice procedure as a

classifier).
Accuracy of parameter estimates

To evaluate the accuracy of the estimation of a parame-

ter of interest (the time of onset of gene flow, Tm, in the

IF model), we generated simulated data sets under the

IF model. We used all combinations of ten values of Ts

(from 0.4N0 to 4N0, with N0 = 200 000) and nine values

of the ratio Tm ⁄ Ts (from 0.1 to 0.9). For each of these 90

combinations, we produced 100 simulated data sets

(drawing all other parameter values in the posterior dis-

tributions given the real data), from which we mea-

sured the proportion of times the true value of Tm was

included in the 90% credibility interval, as well as the

average unsigned deviation of the modal estimates of

Tm to the true value (using the ABC inference proce-

dure under model IF for each simulated data set).
Data used for ABC inferences

We removed variable CpGs from the sequence align-

ments because they can be a source of homoplasy mim-

icking recombination and violating the infinite site

model used in the simulations, and we then performed

the four gamete test (Hudson & Kaplan 1985) to keep

only blocks free of apparent recombination (IMGC soft-

ware, Woerner et al. 2007).

For samples derived from laboratory maintained

stocks, we only retained one randomly chosen haplo-

type per sample to avoid correlations owing to inbreed-

ing. Both haplotypes were kept in the case of wild-

caught animals and laboratory-raised animals that had

a comparable heterozygosity on the basis of our

sequence results (see Table 1 for the number of haplo-

types retained per sample).

Furthermore, we removed from the data set some loci

for samples MDS and MOL, for the following reasons.

The MDS strain was derived from a locality in Northern

Jutland, rather close to the natural hybrid zone with
� 2011 Blackwell Publishing Ltd
M. m. domesticus, and could thus possess alleles of

domesticus origin at some loci, because of recent gene

flow across the hybrid zone. In fact, on the basis of 67

independent SNPs across the genome, that are diagnos-

tic between the subspecies in this hybrid zone, the MDS

sample was estimated to be 89% musculus (data not

shown). As we are here interested in the long-term his-

tory of differentiation of these subspecies, rather than

the consequences of introgression across this very

recent hybrid zone, we wanted to avoid loci for which

MDS possessed an allele clustering with domesticus

alleles, while our other musculus samples far from the

hybrid zone did not. We found only one such locus

among the 57 studied (Loc32), and it was removed from

the data set for the MDS sample. We also used the

MOL strain, derived from Japan. This strain is related

to the MSM ⁄ Ms laboratory strain that was shown to be

98.6% musculus in a genome-wide survey using a high-

density SNP array (Yang et al. 2011). A small propor-

tion of its genome however appears derived from

M. m. castaneus. Therefore, for the MOL sample, we

excluded from the data set two loci (Loc02 and Loc50)

for which it did not cluster with other musculus sam-

ples, but rather stood alone externally to the domesticus

and musculus branches of the tree (not shown).
Assessing the consequences of locus choice

As mentioned above, the loci studied were chosen as

showing at least four SNPs (in 1-kb fragments) in the

Perlegen resequencing study (Frazer et al. 2007), which

involved representatives of the three subspecies of

house mouse. This could have biased the choice in

favour of genomic regions with high mutation rates,

but this is not an issue since locus-specific mutation

rates are considered in our simulations. However, this

could have biased the choice in favour of loci showing

deep coalescence times between these representatives of

the subspecies. To evaluate this, we retrieved the San-

ger Center genome sequencing data of the wild-derived

laboratory strains WSB ⁄ EiJ (M. m. domesticus),

PWK ⁄ PhJ (M. m. musculus) and Spretus ⁄ EiJ (M. spr-

etus) (http://www.sanger.ac.uk/cgi-bin/modelorgs/mo

usegenomes/snps.pl). Note that in the Perlegen experi-

ment, wild-derived M. m. domesticus was also repre-

sented by WSB ⁄ EiJ and M. m. musculus by PWD ⁄ PhJ,

the origin of which is close to that of PWK ⁄ PhJ (Grego-

rová & Forejt 2000), while M. spretus was not repre-

sented. We generated the distribution of the ratio of the

distance between WSB ⁄ EiJ and PWK ⁄ PhJ, divided by

the average of their distances to Spretus ⁄ EiJ to account

for variations of mutation rates across genomic regions

(distances were just the number of differing SNPs based

on the Sanger data), for all 1-kb windows of noncoding
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DNA across all autosomes. We then compared it to the

distribution only taking into account windows that had

four SNPs or more in the Perlegen data set (among

which our study loci were chosen). We found the latter

distribution to be skewed towards higher values as

compared to the autosome-wide distribution, suggest-

ing that on average, segments with more than four

SNPs in the Perlegen experiment had older coalescence

times of the M. m. domesticus and M. m. musculus

strains, taking the divergence with M. spretus as a refer-

ence. Note that we excluded from the above distribu-

tions a number of windows: those having no SNPs in

the Sanger data (and thus an undefined ratio), those

with a ratio equal to 2 (indicating a null branch leading

to Spretus ⁄ EiJ) and those lying in genomic regions

where either WSB ⁄ EiJ or PWK ⁄ PhJ appeared to be alien

origin (from another subspecies), according to the high-

density SNP study of Yang et al. (2011, http://msub.

csbio.unc.edu/PhylogenyTool.html).
Accounting for locus choice bias in ABC simulations

We attempted to reproduce in our simulations the bias

induced by the locus choice process mentioned above in

the following way. Our objective was to mimic the

skewed distribution of the ratio of the distance between

WSB ⁄ EiJ (M. m. domesticus) and PWK ⁄ PhJ (M. m. mus-

culus) over their distance to Spretus ⁄ EiJ (M. spretus),

which we observed among 1-kb windows with four SNPs

or more in the Perlegen data set, windows among which

the study loci were chosen. For each locus, we multiplied

this distribution by the average distance between M. spr-

etus and the house mouse (measured from our

sequences) to obtain the distribution of the distance

between domesticus and musculus, which we then aimed

at obeying in our simulations of the given locus. In each

simulation, we checked whether among all possible sim-

ulated pairs of haplotypes including one domesticus and

one musculus, at least one pair had a distance falling in

the range of a randomly chosen bin of this distribution,

which was fractionated into 10 bins. If such was the case,

the simulation was kept for the ABC analysis, after

removing one of the pairs of haplotypes obeying the cri-

terion, because the simulations contained one more do-

mesticus and one more musculus than the real data set. If

not, the simulation was retried (with the same set of

model parameters values), until the criterion was obeyed,

or until 1000 unsuccessful tries had been performed.

Although for a single locus, the criterion was obeyed

most of the time within 1000 tries, all loci had to obey the

criterion for a simulation set to be accepted with a given

set of parameters drawn from the priors. This resulted in

a combined rate of failure too high for the process to be

feasible in a practical calculation time. However,
dropping simulation sets in failure would have induced

a risk of unintentionally modifying the prior distribu-

tions and thus biasing the ABC analyses. We therefore

adopted a compromise consisting in accepting simula-

tions with no more than three loci failing to obey the

bias-mimicking criterion, and we checked a posteriori the

shape of the resulting prior distributions. We performed

the simulations described here after modifying the code

of the MS program (Hudson 2002; Ross-Ibarra et al.

2008).
Results

Divergence and diversity patterns

We sequenced an average of 870 bp for 61 noncoding

autosomal fragments in a sample of the two subspecies

(10 M. m. domesticus and nine M. m. musculus,

Table 1) as well as two out-groups, M. spretus and

M. famulus. This represents a total of about 48 kb of

aligned sequences. All fragments appeared unique in a

BLAT search against the complete mouse genome.

Some fragments predicted to be very close to each other

in the genome, and which did not present any sign of

recombination, were concatenated (loc05-06 and loc19-

22), so the final data set consisted of 57 independent

loci. Nucleotide diversity is higher in musculus (0.0023

and 0.0027 for median of p and hw, respectively) than in

domesticus (0.0016 and 0.0018, see Table S2, Supporting

information for details). These higher values in musculus

appeared to result from sharing of haplotypes with do-

mesticus, a possible consequence of gene flow. For this

reason, we were unable to perform tests of selection

based on polymorphism and divergence, such as the

HKA test, which would be meaningless in the presence

of gene flow. On the basis of our data, the differentia-

tion between subspecies was high (median FST = 0.55),

but there was a high variance with values ranging from

0 to 1 (Table S2, Supporting information).
Simulation of the effects of locus choice

We have seen (Materials and methods) that the protocol

used to choose the loci studied here could have intro-

duced a bias towards loci with a high divergence

between the representatives of M. m. domesticus and

M. m. musculus in the data set used to select them (the

Perlegen resequencing data set) as compared to their

divergence to M. spretus. We therefore attempted to

reproduce such a bias in our simulations (see Materials

and methods for details). However, due to calculation

time limitations, we had to reject many simulation sets,

in which some of the loci failed to fit our bias criterion,

despite 1000 attempts for each locus (in fact, we rejected
� 2011 Blackwell Publishing Ltd
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those for which more than three loci failed, see

Materials and methods). This raises two potential

issues. First, we wanted to check that despite this limi-

tation, we had been able to correctly respect the desired

distribution of this divergence of the domesticus–musculus

pair. Figure S1 (Supporting information) shows that

such is the case, as for all loci, there was good concor-

dance between the aimed and realized distributions. Sec-

ond, we were concerned that the rejection of many

simulations failing to respect this criterion might have

affected our priors on the distribution of the parameters

of the models. This effect can be appreciated on Fig. S2

(Supporting information) in the case of 10 000 simula-

tions under model F. There appears to be no effect either

on the migration parameters (m12 and m21) or on the

population size parameters for domesticus (N1) and mus-

culus (N2), whose prior distributions in the retained sim-

ulation sets appears uniform. However, an effect can be

seen on divergence time (Ts) and size of the ancestral

population (Na), with a deficit in low values as com-

pared to the initial uniform distribution. The effect is

however slight, and most of the range of parameter val-

ues of the prior remain reasonably covered.
Comparison of models

We used the ABC framework to compare several expli-

cit scenarios of speciation with different patterns of

gene flow since the initial divergence of M. m. domesti-

cus and M. m. musculus (Fig. 1, see Materials and

methods for the nomenclature of models). When com-

paring the four models, we found very low posterior

probabilities for two of them: the I model with complete

isolation since divergence (PP = 0, Table 2) and the FI

model in which gene flow occurs immediately after

divergence and then stops (PP = 0.008). The model with

recent gene flow following initial isolation had a higher

probability (model IF, PP = 0.697) than that with con-

stant gene flow since divergence (model F, PP = 0.295).
Posterior predictive simulations and robustness test

To check whether the results of model comparisons

were affected by either bad fit of the models to the data
Table 2 Posterior probabilities of compared models, with

uncertainty (median absolute deviation) calculated over 200

independent neural networks

Data set

Model

I F FI IF

57 loci 0 (0) 0.295 (0.035) 0.008 (0.002) 0.697 (0.0034)

56 loci 0.302 (0.107) 0.698 (0.107)

� 2011 Blackwell Publishing Ltd
or some strong outlier loci, we performed posterior pre-

dictive simulations (Gelman et al. 1996; Ingvarsson

2008; Beaumont et al. 2010) for the two most probable

models, F and IF, using the means and variances of five

statistics (pdom, pmus, DXY, DA, FST). As seen on Fig. S3

(Supporting information), there is a generally good

agreement between observed and simulated data sets.

Despite this overall positive result, it is worth raising

the question of the quality of the model to account for

data at individual loci, since strong outliers could affect

model fitting, and especially parameter estimations. We

could see two major sources of potential outliers. First,

we did not estimate mutation rate scalars within the

ABC framework but simply using a crude estimate of

the divergence with the out-groups for each locus, but

such estimations could be poor for some loci. Second,

some loci could be influenced by selection affecting

their coalescent and ⁄ or migration patterns. We therefore

performed posterior predictive simulations for each

locus separately and for both models to detect potential

outlier loci a posteriori. We used the total number of seg-

regating sites in the whole sample (S) and FST as poten-

tial indicators of outlier loci due to badly estimated

mutation rate or divergent selection, respectively (Beau-

mont 2005). Nine loci were found as potential outliers

for either of the models, most often for both (Table S3,

Supporting information). Note that most outliers show

possible deviation for S only, suggesting that poor

mutation rate estimation is a more likely source of bad

fit than selection on this set of loci. However, only one

locus (loc45) remained significant (for the S statistics)

after applying a correction for multiple tests (Storey &

Tibshirani 2003). We therefore omitted this locus to

redo the model comparisons and to estimate model

parameters on a 56-locus data set. The comparison

between the F and IF models produced results similar

to those on all loci (PP � 0.7 for the IF model, Table 2).

On this basis, it could be said that the IF model is more

probable than the F model given our data, but to assess

the power and robustness of the approach, we

conducted a ROC analysis, the results of which are pre-

sented in Fig. S4 (Supporting information). Although

the power appears moderate since at the posterior prob-

ability threshold used here (0.7), the rate of true posi-

tives is only about 40%, it appears robust since we find

only 5.2% false positives. We can thus be reasonably

confident in the result of our model comparison and

retain the IF model as more probable.
Parameter estimations

In line with the observation of Becquet & Przeworski

(2009) that few unusual loci do not influence drastically

demographic inferences, the results using 56 loci after
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removing one outlier were very close to those with all

57 loci, so we will only use the former here, and present

the results of the IF model, which we have shown to be

the best among those tested (Table 3 and Fig. 2). The
Table 3 Parameter estimates and 90% credibility intervals for the 56

Parameter Median Mode

N1 95 616 96 010

N2 47 804 49 656

Na 314 321 280 848

m12 2.71E-07 2.75E-07

2N1m12 0.064 0.050

m21 11.47E-07 9.81E-07

2N2m21 0.120 0.107

Tm 359 526 202 888

Ts 1 562 146 1 283 10

(Ts ) Tm) ⁄ Ts 0.740 0.744

0.0 1.0 2.0 3.0

0
1

2
3

4
5

m12

D
en

si
ty

0.0 1.0

0
1

2
3

4
5

m

D
en

si
ty

0.0 0.5 1.0 1.5 2.0

0
1

2
3

4
5

N2/N0

D
en

si
ty

0 1

0
1

2
3

4
5

T

D
en

si
ty

0.0 1.0 2.0 3.0

0
1

2
3

4
5

NA/N0

D
en

si
ty

0.0 0.2 0.4

0
1

2
3

4
5

(Ts−

D
en

si
ty

Fig. 2 Prior (dotted curves) and posterior (continuous curves) distrib

portion of time in isolation (Ts ) Tm) ⁄ Ts.
effective population size of M. m. domesticus is esti-

mated to be larger than that of M. m. musculus (around

96 000 and 50 000, respectively, for modal estimates),

and this difference is significant (P = 0.044 from the
-locus data set under the IF model, with times in generations
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utions of the parameters of the IF model, as well as of the pro-
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posterior distribution of the difference). We also esti-

mate significantly asymmetric gene flow (P = 0.024)

with an approximately three times higher rate into mus-

culus. The onset of migration was estimated with a

mode around 200 000 generations ago but with a rather

wide credibility interval. The analysis of the quality of

this estimation we conducted (Fig. S5, Supporting infor-

mation) indicates a satisfactory result in the range of Ts

inferred from the real data (see discussion for such esti-

mates), as in this range, real values were included in

the HPD90 interval more than 90% of the time, and the

precision appeared reasonable. The posterior distribu-

tions of split time and ancestral population size were

too flat to allow meaningful inferences. However, some

information appeared to exist to infer the distribution

of the fraction of divergence time spent in isolation

(Ts ) Tm) ⁄ Ts, with a modal estimate of 0.744.
Discussion

Before we comment on the biological implications of

our results, we must examine methodological issues

related to the complex inference methods used here.
Methodological issues of the ABC approach

Coalescent genealogy samplers are known to be effi-

cient in reconstructing population history when many

loci are analysed, even if on a limited number of sam-

ples per population (Hudson & Coyne 2002; Donnelly

& Tavare 2003; Felsenstein 2006; Kuhner 2009). We used

a relatively large number of loci as compared to previ-

ous studies (56 after removing a potential outlier) and

will comment later on the quality of the sampling. The

approach we used makes the assumptions that popula-

tions are panmictic, that the loci are independent and

evolve neutrally, that the mutation model is adequate

and that no unsampled population influences the

genetic make-up of the sampled populations. As these

methods of analysis are relatively new, little is yet

known on their performance in the face of violations of

these assumptions, but a recent study has shown the

likelihood-based IMa approach to perform satisfactorily

in the face of moderate violations of most of these

assumptions (Strasburg & Rieseberg 2010). Taking all

these aspects in turn, panmixia is unlikely to hold given

our sampling scheme, but we avoided statistics that

would be too much biased by population structure. The

independence of loci is obviously not an issue in our

case. Divergent selection can also contribute to bias split

time estimate, yet multiple sweeps are needed (no sig-

nificant biases were observed with one selected locus in

Becquet & Przeworski 2009), and they must be recent

and strong (Strasburg & Rieseberg 2010). We performed
� 2011 Blackwell Publishing Ltd
a goodness of fit for each locus and removed an outlier,

but this did not affect much the estimates of the param-

eters of the models. Concerning the mutation model,

we were careful in eliminating regions of uncertain

alignments, and variable CpGs, thus minimizing the

causes of deviation from the infinite site model. One

serious source of bias in our results could come from a

role played by the third house mouse subspecies not

sampled here, M. m. castaneus, since Geraldes et al.

(2008) found evidence of gene flow between this sub-

species and at least M. m. musculus. Gene flow from an

unsampled population could lead to a bimodal poster-

ior distribution of the divergence time if this unsampled

population is very divergent from the studied popula-

tions (Strasburg & Rieseberg 2010), but this is unlikely

in the case of house mice, which appear to have

diverged from their common ancestor in a short time.

Finally, a potential bias could have been introduced in

our analyses by poor estimates of mutation rates. We

chose not to estimate mutation rate scalars per locus in

the ABC framework by fear of overparameterization,

and we estimated rates by direct comparison with the

out-groups. Overall, we found a geometric mean of

l = 3.4 · 10)9 per bp for all loci, which is consistent

with values reported in the literature (Keightley &

Eyre-Walker 2000; Geraldes et al. 2008; Liu et al. 2008),

and we attempted to point and eliminate loci with

potentially poor estimates by performing a goodness of

fit on all loci.
The choice of loci and its consequences

In fact, the most serious concern we had about the

validity of our approach resulted from our choice of

loci. Although we found a way to simulate the resulting

bias, apparently relatively faithfully, it remains true that

our inferences do not rely on a random subset of the

genome. It must therefore be kept in mind that the his-

tory we can infer here may be partially that of the

study loci rather than that of a representative random

sample of the genome.

We note though that it is unclear what strategy

should be used to reach such an ideal sample of loci,

especially when the number of loci is relatively limited

(which despite our efforts is still the case in our study),

and because different genomic regions are differently

affected by evolutionary forces such as recombination

and selection. To date, studies similar to the present

one rely on a sample of loci often much smaller than

that used here, and the criteria to choose loci are gener-

ally not described. The tendency to avoid loci with little

variation must have cryptically imprinted the make-up

of most available sequence polymorphism data sets. It

could however be that choosing loci the way we did
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allowed us to reveal aspects that would have been

invisible from a ‘random’ sample. Some authors have

relied on the peculiar characteristics of some genomic

regions and taken advantage of them to make otherwise

difficult inferences (for instance, Huff et al. (2010) used

regions flanking polymorphic transposable elements,

which have deep coalescence times, to infer ancestral

human population size).

An undesirable consequence of our locus choice pro-

cedure would be if it had enriched in loci strongly

influenced by selection, but this is unlikely since the

simple choice criterion we applied is far from extreme.

In fact, 20% of noncoding 1-kb windows genome-wide

obeyed the choice criterion, and such a high proportion

of the genome is unlikely to be globally submitted to

strong selection pressures.
Isolation in allopatry and the accumulation of genetic
incompatibilities

A previous study based on a smaller number of loci but

a larger sample had rejected a model of differentiation

in complete isolation (Geraldes et al. 2008), and we here

confirm this conclusion, but we show that the differenti-

ation process likely started with an initial phase of iso-

lation. In the comparison between our F and IF models

(Table 2), the latter was more probable (a conclusion

that resisted our analysis of robustness), which is nota-

ble since the rejected model had lower complexity, and

thus benefited from a better exploration of the parame-

ter space since equal numbers of simulations entered

the comparison procedure for each model.

The existence of an initial phase of isolation could be

critical to account for the accumulation of genetic

incompatibilities in a context of allopatric divergence.

Several observations point to the existence of multiple

incompatibilities between these subspecies. The analysis

of multilocus patterns of allele frequency change across

the hybrid zone has led to rough estimates of the num-

ber of incompatibilities, under a simple model of under-

dominance though, not accounting for epistasis

(estimates ranging from 43 to 120 loci, Raufaste et al.

2005; Macholán et al. 2007). Studies of hybrid male ste-

rility in laboratory crosses have shown the implication

of multiple loci with epistatic interactions (Storchova

et al. 2004; Britton-Davidian et al. 2005; Vyskocilova

et al. 2005; Good et al. 2008; White et al. 2011).

Orr (1995) and Orr & Turelli (2001) noted that under a

simple model of accumulation of new mutations with

epistatic interactions, the mean number of Dobzhansky–

Muller incompatibilities (DMI) between two allopatric

species is expected to grow as the square of their diver-

gence time. An estimate of the fraction of time the sub-

species remained in isolation since their divergence
could thus be used to approximately quantify the pro-

portion of incompatibilities that had accumulated before

secondary contact. Taking the square of the modal esti-

mate of (Ts ) Tm) ⁄ Ts (0.744, Table 3), we find that 55%

(90 HPD 16–86%) of the incompatibilities could already

have accumulated when secondary contact occurred.

We also used the simple calculation of net nucleotide

divergence to estimate Ts and found a geometric mean

of 0.79 MY across our 56 loci (using a calibration time

of 3.9 MY for the divergence with M. famulus, Suzuki

et al. 2004; Chevret et al. 2005). Using the modal esti-

mate of Tm at 0.20 MY (Table 3), this gives an esti-

mated 56% accumulation of incompatibilities, in good

agreement with the ABC estimate. Note though that

our choice of loci could have led to an overestimation

of divergence time. Previous estimates we could com-

pare it to were based on different data sets, ranging

from DNA–DNA hybridization to sequence data of a

few nuclear or mitochondrial fragments and to the use

of different and uncertain absolute calibration points

(no more uncertain than those we used here though,

She et al. 1990; Suzuki et al. 2004; Chevret et al. 2005).

It is therefore difficult to synthesize all these inferences

except by noticing that none of the intervals proposed

spanned values higher than about 1 MY. There is thus

no obvious discrepancy with the value derived from

our 56 loci reported above. None of these estimates

account for migration after divergence (since our

attempt and that of Geraldes et al. 2008 failed), and

thus, all may be underestimates (including ours based

on net divergence). If such was the case, it would how-

ever reinforce the conclusion that a significant fraction

of the evolution of these subspecies occurred in allopa-

try before they started exchanging genes.
Secondary gene flow and reinforcement

The data analysed here appeared to contain some infor-

mation on the timing of migration, and modal estimates

point to an onset around 200 000 BP, assuming one gen-

eration a year. Even the lower bound (c. 67 000 BP) is

much more ancient than the formation of the European

hybrid zone, which is at most a few thousand years

old. Despite the great uncertainty on this time of first

secondary contact, the fact that it appears ancient as

compared to the formation of the European hybrid zone

is interesting in relation to an aspect of speciation other

than the accumulation of post-zygotic incompatibilities

discussed up to now. The mate recognition systems of

M. m. musculus and M. m. domesticus are known to be

somewhat divergent, and based on odorant cues, partic-

ularly in urine or saliva (Laukaitis et al. 1997; Talley

et al. 2001; Smadja & Ganem 2002, 2005, 2008; Bimova

et al. 2005). Interestingly, there is growing evidence that
� 2011 Blackwell Publishing Ltd
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reinforcement is taking place in the European hybrid

zone concerning the ability to discriminate and choose

conspecifics for reproduction, based on urinary odorant

cues (Smadja & Ganem 2005, 2008; Bı́mová et al. 2011).

The ancient and potentially prolonged contacts that we

infer here might have participated in the initiation of

the divergence of the mate recognition systems through

a similar process, especially if many of the post-zygotic

incompatibilities were already in action, as we inferred

above. Further, it is interesting to consider that some

characteristics of reinforcement now seen in the Euro-

pean hybrid zone might have an origin much older

than the very recent formation of the zone and might

segregate in natural populations since the times of an

ancient and prolonged (or repeated) interaction.
Amount of gene flow

The episode of gene flow that we inferred was rela-

tively moderate and did not correspond to extensive

admixture given our estimates of modal 2Nm (0.05 in

domesticus and 0.107 in musculus), even considering the

upper bounds of the credibility intervals (0.122 and

0.205). Our estimates are comparable to those derived
(A)

(C)

Fig. 3 Hypothetical history of differentiation and gene flow in hou

Indian cradle. (B) Phase of isolation and divergence, blue = Mus m

musculus castaneus. (C) Expansion, secondary contact and gene flow d

C and D could have occurred several times, the first episode starting

sponding to type C. White areas indicate the sea, light grey elevatio

areas are coloured according to taxonomy and mice according to pred
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by Geraldes et al. (2008) based on eight loci and a lar-

ger sample. However, this consistent result may appear

contradictory with another study. Using a genome-wide

SNP data set on a small sample of both subspecies, Pool

& Nielsen (2009) inferred very high and extremely

recent gene flow between them (in historical times) and

even suggested that it was intense enough to eventually

lead to admixture if persisting on the long term. The

approach they took is completely different from ours

and has much more power to detect recent gene flow

(despite small sample size, but because it involves a

genome scan) and to estimate its intensity because it

does not rely on estimates of allele frequencies, neces-

sarily poorly estimated on samples of the size used in

either study, but rather on the distribution of the sizes

of introgression chromosome blocks. Very recent gene

flow certainly exists, owing to the exponential increase

in human activities and the close association of mice

with humans, and has been sporadically invoked in the

literature, when a general phylogeographic structure

appeared to characterize subspecies apart from rare

clear outliers (Yonekawa et al. 1988; Terashima et al.

2006; Bonhomme et al. 2007). It is difficult to draw

quantitative conclusions on the basis of such anecdotal
(B)

(D)

se mice. (A) initial colonization of the Middle East from the

usculus domesticus, red = Mus musculus musculus, yellow = Mus

uring interglacials. (D) Isolation during glacial periods. Phases

around 200 000 BP, and the present interglacial situation corre-

ns up to 1500 m. and dark grey higher elevations. Distribution

icted genetic make-up.
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observations, but the inference of Pool & Nielsen (2009)

is intriguing when compared to ours or that of Geraldes

et al. (2008). It could be that some of this recent gene

flow is driven by selection in relation to the change of

ecological niche of house mice when they became com-

mensal with human during the Neolithic or more

recently as the commensal niche changed with rapidly

changing human activities in the industrial era. In fact,

it has been reported that M. m. domesticus acquired

resistance to anticoagulants used as rodenticides

through very recent selective introgression of a chromo-

some fragment from M. spretus, which is naturally

resistant to these poisons (Song et al. 2011). Because it

was genome-wide, the approach taken by Pool & Niel-

sen (2009) would have been quite efficient at detecting

similar cases between the two subspecies. Recent adap-

tive introgression is expected to drive large alien geno-

mic blocks to high frequencies, making them detectable

even on a limited sample, which accounts well for the

findings of these authors. Our approach based on a few

loci scattered across the genome is of course totally inef-

ficient at capturing the effects of such a phenomenon

that must concern a small fraction of the genome.
Biogeographic scenario

The demographic inferences we performed here only

make full sense if they can be reconciled with geogra-

phy. Phases of differentiation without gene flow must

have corresponded to distinct distribution areas, while

phases of gene flow necessarily implied at least adja-

cent, if not overlapping, distributions. We here attempt

to reconstruct a plausible palaeogeographic scenario

compatible with such constraints and summarize it in

Fig. 3. Following previous authors (reviewed in Boursot

et al. 1993), we will consider an origin in the northern

Indian subcontinent most likely. Given their present

distributions, M. m. domesticus and M. m. musculus

must thus have at some stage experienced a westward

colonization from there, through Iran and into new ter-

ritories. White et al. (2009), using a dense SNP data set

on one representative of each of the three subspecies,

found that genomic regions for which the most proba-

ble phylogeny had domesticus as an out-group to the

two other subspecies were the most abundant across

the genome. This may suggest that domesticus diverged

first from the ancestral population. However, our sce-

nario does not critically depend on the order in which

domesticus and musculus migrated to the west from the

ancestral population. Given the geography of Iran, a

likely colonization route for domesticus goes along the

coast of the Persian Gulf into Mesopotamia. Crossing

the Strait of Hormuz into the Arabian Peninsula must

have also been possible when sea level was low. Prager
et al. (1998) have described an anciently derived

mtDNA lineage, sister of the domesticus lineage (and

baptized gentilulus) and only found in the Arabian Pen-

insula (also later found to occur in Madagascar, Du-

plantier et al. 2002). Although Prager et al. (1998)

considered the existence of this old lineage as evidence

that the Arabic Peninsula may be at the origin of the

differentiation of the house mouse, we believe that this

is rather the sign of an ancient isolation of this popula-

tion from the rest of the species. The colonization route

taken by the proto-musculus population can be logically

thought to have brought it across the Iranian plateaus

to the north of Iran, along the coast of the Caspian Sea,

and possibly all the way to the Caucasus because pres-

ent-day populations of these regions clearly belong to

this subspecies and potentially represent part of its

ancestral range (Prager et al. 1998; Milishnikov et al.

2004; Darvish et al. 2006). The distribution ranges of

these proto-subspecies must have been sufficiently dis-

joint to allow the long phase of isolation that we

inferred. Nevertheless, they later had the possibility to

exchange genes, presumably during Pleistocene inter-

glacial periods (see Lisiecki & Raymo 2005 for Pleisto-

cene palaeoclimatic data) such as the two to three

such events documented by global palaeoclimatic data

during the last 250 000 BP (see for example Fig. 2b,c in

Augustin et al. 2004). However, the geography of Iran

and its mountain ranges point to few possible places

for such exchanges if our inferences of the ancestral

ranges of the subspecies are correct. Although some

contacts between domesticus and musculus in the Cau-

casus cannot be ruled out since they have been shown

to presently occur (Orth et al. 1996; Milishnikov et al.

2004), a probable place for such exchanges is Iran. It is

however difficult to conceive that a contact in such a

place did not also involve the third subspecies,

M. m. castaneus. The present-day genetic composition

of Iranian mice is yet poorly described. Populations

west of the Zagros Mountains clearly belong to domes-

ticus (Baines & Harr 2007; Geraldes et al. 2008; Rajabi-

Maham et al. 2008) and those from the extreme north-

east resemble musculus, but there appears to be a tran-

sition between musculus in the extreme north-east and

castaneus-like populations further south (Darvish et al.

2006). Therefore, if admixture between domesticus and

musculus occurred in Iran, the process most likely also

implied castaneus. The models we built here for ABC

inference may thus be incomplete in failing to take

into account such a possibility. Future studies should

clearly include the three subspecies, and Iran appears

a hot spot of house mouse diversity, perhaps holding

important clues of our understanding of the evolution

of reproductive isolation between the three house

mouse subspecies.
� 2011 Blackwell Publishing Ltd
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Bı́mová BV, Macholán M, Baird SJE et al. (2011) Reinforcement

selection acting on the European house mouse hybrid zone.

Molecular Ecology, 20, 2403–2424.

Blum MGB, François O (2010) Non-linear regression models

for approximate Bayesian computation. Statistics and

Computing, 20, 63–73.

Bonhomme F, Rivals E, Orth A et al. (2007) Species-wide

distribution of highly polymorphic minisatellite markers

suggests past and present genetic exchanges among house

mouse subspecies. Genome Biology, 8, 1034–1043.

Boursot P, Auffray J-C, Britton-Davidian J, Bonhomme F (1993)

The evolution of the house mice. Annual Review of Ecology

and Systematics, 24, 119–152.

Boursot P, Din W, Anand R et al. (1996) Origin and radiation

of the house mouse: mitochondrial DNA phylogeny. Journal

of Evolutionary Biology, 9, 391–415.

Bradley RK, Roberts A, Smoot M et al. (2009) Fast statistical

alignment. PLoS Computational Biology, 5, e1000392.

Britton-Davidian J, Fel-Clair F, Lopez J, Alibert P, Boursot P

(2005) Postzygotic isolation between the two European

subspecies of the house mouse: estimates from fertility

patterns in wild and laboratory-bred hybrids. Biological

Journal of the Linnean Society, 84, 379–393.

Butlin RK, Galindo J, Grahame JW (2008) Sympatric, parapatric

or allopatric: the most important way to classify speciation?

Philosophical Transactions of the Royal Society B: Biological

Sciences, 363, 2997–3007.

Chevret P, Veyrunes FR, Britton-Davidian J (2005) Molecular

phylogeny of the genus Mus (Rodentia: Murinae) based on

mitochondrial and nuclear data. Biological Journal of the

Linnean Society, 84, 417–427.

Coyne JA, Orr AH (2004) Speciation. Sinauer Associates,

Sunderland, Massachusetts.

Cucchi T, Vigne J-D, Auffray J-C (2005) First occurrence of the

house mouse (Mus musculus domesticus Schwarz & Schwarz,

1943) in the Western Mediterranean: a zooarchaeological

revision of subfossil occurrences. Biological Journal of the

Linnean Society, 84, 429–445.

Darvish J, Orth A, Bonhomme F (2006) Genetic transition in

the house mouse, Mus musculus of Eastern Iranian Plateau.

Folia Zoologica, 55, 349–357.

Delaneau O, Coulonges C, Boelle P-Y et al. (2007) ISHAPE:

new rapid and accurate software for haplotyping. BMC

Bioinformatics, 8, 205.

Din W, Anand R, Boursot P et al. (1996) Origin and radiation

of the house mouse: clues from nuclear genes. Journal of

Evolutionary Biology, 9, 519–539.

Dod B, Jermiin LS, Boursot P et al. (1993) Counterselection on

sex chromosomes in the Mus musculus European hybrid

zone. Journal of Evolutionary Biology, 6, 529–546.

Donnelly P, Tavare S (2003) Coalescents and genealogical

structure under neutrality. Annual Review of Genetics, 29,

401–421.

Duplantier J-M, Orth A, Catalan J, Bonhomme F (2002)

Evidence for a mitochondrial lineage originating from the

Arabian peninsula in the Madagascar House Mouse (Mus

musculus). Heredity, 89, 154–158.

Estoup A, Beaumont MA, Sennedot F et al. (2004) Genetic

analysis of complex demographic scenarios: spatially



5262 L. DUVAUX ET AL.
expanding populations of the cane toad, Bufo marinus.

Evolution, 58, 2021–2036.

Excoffier L, Estoup A, Cornuet J-M (2005) Bayesian analysis of

an admixture model with mutations and arbitrarily linked

markers. Genetics, 169, 1727–1738.

Fagundes NJR, Ray N, Beaumont M et al. (2007) Statistical

evaluation of alternative models of human evolution. Pro-

ceedings of the National Academy of Sciences, 104, 17614–17619.

Faure B, Jollivet D, Tanguy A, Bonhomme F, Bierne N (2009)

Speciation in the deep sea: multi-locus analysis of

divergence and gene flow between two hybridizing species

of hydrothermal vent mussels. PLoS ONE, 4, e6485.

Felsenstein J (2006) Accuracy of coalescent likelihood estimates:

do we need more sites, more sequences, or more loci?

Molecular Biology and Evolution, 23, 691–700.

Frazer KA, Eskin E, Kang HM et al. (2007) A sequence-based

variation map of 8.27 million SNPs in inbred mouse strains.

Nature, 448, 1050–1055.

Gavrilets S (2003) Perspective: models of speciation: what have

we learned in 40 years? Evolution, 57, 2197–2215.

Gelman A, Meng X-L, Stern H (1996) Posterior predictive

assessment of model fitness via realized discrepancies.

Statistica Sinica, 6, 733–760.

Geraldes A, Basset P, Gibson B et al. (2008) Inferring the

history of speciation in house mice from autosomal,

X-linked, Y-linked and mitochondrial genes. Molecular

Ecology, 17, 5349–5363.

Good JM, Handel MA, Nachman MW (2008) Asymmetry and

polymorphism of hybrid male sterility during the early

stages of speciation in house mice. Evolution, 62, 50–65.
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Supporting information

Data S1 Aligned sequences used for the ABC inferences. For

each sequence we give the locus name, the sample name, and

an arbitrary haplotype name.

Fig. S1 Efficiency of the simulation of the consequences of

locus choice. Each graph corresponds to one of the 57 loci. His-

tograms represent the distribution of the distance between one

domesticus and one musculus, in number of substitutions. Black

histogram: distribution genome-wide in 1 kb windows of non-

coding DNA, estimated from complete sequences of strains

WSB ⁄ EiJ and PWK ⁄ PhJ. Red histogram: same but from win-

dows with ‡4 SNPs in the Perlegen experiment. Dotted black

histogram: Distribution obtained from the simulations, aimed
at following the red distribution. All distributions were calcu-

lated after scaling by the divergence between the house mouse

and M. spretus to account for differences of mutation rates

between loci.

Fig. S2 Distributions of the priors realized after discarding

simulations not obeying the criterion to simulate locus choice

bias. Three histograms are superimposed here. The red one is

the prior realized using all simulation sets (expected to follow

the uniform prior). The white histogram shows the prior actu-

ally used after keeping only simulation sets with no more than

three loci not obeying the criterion. The grey histogram is the

distribution for simulation sets retained despite having up to

three loci not obeying the criterion.

Fig. S3 Results of the posterior predictive simulations for the

57 locus dataset. Each graph shows the distribution of one sta-

tistic in the simulated dataset, under the F (continuous curve)

or IF (dotted curve) model. The vertical line indicates the value

of the statistics from the real data. The P-values for both mod-

els are given on each graph.

Fig. S4 Result of the ROC analysis for the comparison of the F

and IF models. The full and open red dots correspond to pos-

terior probabilities of 0.7 and 0.5 for IF, respectively.

Fig. S5 Estimation of the quality and precision of the estima-

tion of parameter Tm in the IF model. Each square in these

plots represents the results of 100 simulations for one value of

Tm ⁄ Ts and one of Ts. The left graph shows the proportion of

times the true value of Tm was included in the HPD90 inter-

val, according to the color chart. The graph on the right gives

the color-coded absolute deviation between the true value of

Tm and its modal estimate from the ABC analysis. The thick

black lines delineate the region of parameter space broadly

corresponding to the posterior distribution obtained from our

data.

Table S1 Coordinates of the 61 amplicons in mouse genome

sequence Build37, and sequences of the PCR primers used.

Table S2 Descriptive statistics for the 57 locus dataset.

Table S3 Tests of goodness of fit of individual loci to the F

and IF models. P-values result from locus-specific posterior

predictive simulations. They are signed to indicate the direc-

tion of deviation from the median of the distribution.

*P < 0.05; **P < 0.01, ***P < 0.001, 1: outlier locus for just one

model, 2: outlier locus for both models.
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