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PRISCILLA K. TUCKER*

*Department of Ecology and Evolutionary Biology and Museum of Zoology, University of Michigan, Ann Arbor MI 48109

USA, †Department of Evolution and Ecology, University of California Davis, Davis, CA 95616, USA, ‡Department of Zoology,

Faculty of Science, Charles University in Prague, Prague, Czech Republic, §Department of Population Biology, Institute of

Vertebrate Biology, Academy of Sciences CR, Studenec, Czech Republic, –Laboratory of Mammalian Evolutionary Genetics,

Institute of Animal Physiology and Genetics, ASCR, Brno, Czech Republic, **Department of Ecology and Evolutionary Biology,

University of Arizona, Tucson, 85721 AZ, USA
Corresponde

E-mail: ptuck

‡‡Present ad

University, M

� 2011 Black
Abstract

Theory predicts that naturally occurring hybrid zones between genetically distinct taxa

can move over space and time as a result of selection and ⁄ or demographic processes, with

certain types of hybrid zones being more or less likely to move. Determining whether a

hybrid zone is stationary or moving has important implications for understanding

evolutionary processes affecting interactions in hybrid populations. However, direct

observations of hybrid zone movement are difficult to make unless the zone is moving

rapidly. Here, evidence for movement in the house mouse Mus musculus domesti-
cus · Mus musculus musculus hybrid zone is provided using measures of LD and

haplotype structure among neighbouring SNP markers from across the genome. Local

populations of mice across two transects in Germany and the Czech Republic were

sampled, and a total of 1301 mice were genotyped at 1401 markers from the nuclear

genome. Empirical measures of LD provide evidence for extinction and (re)colonization

in single populations and, together with simulations, suggest hybrid zone movement

because of either geography-dependent asymmetrical dispersal or selection favouring

one subspecies over the other.
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Introduction

Hybrid zones, narrow regions where genetically distinct

populations overlap and reproduce (Barton & Hewitt

1985, 1989), provide an opportunity to explore the evo-

lutionary processes that isolate taxa. Barton & Hewitt

(1985, 1989) argued that most hybrid zones are ‘tension

zones’ (Key 1968), i.e. clines maintained by a balance
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between dispersal and selection against hybrids. Tension

zones can move according to differences in population

density, rate of dispersal and ⁄ or direction of dispersal

and are more likely to move as a result of changes in

population structure than by asymmetric selection

(Barton 1979; Barton & Hewitt 1985). Tension zones can

also be stationary owing to a reduction in dispersal or a

decrease in population density in the zone resulting

from environmental factors or lower fitness of hybrids

(Hewitt 1975; Barton 1979; Barton & Hewitt 1985).

Barton (1979) predicted that tension zones are more

likely to remain where they first formed than to move.
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Fig. 1 The location of the house mouse hybrid zone in Europe

and the collecting localities for the two transects studied. The

black line demarcates the hybrid zone, and the shaded rectan-

gles indicate the location of the two transects (top map). Col-

lecting localities for the Czech (CZ) transect and the southern

Bavaria transect (BV) are denoted by numbers that are cross-

referenced in Table S1 (Supporting information).
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Determining whether a hybrid zone is stationary or

moving has important implications for understanding

evolutionary processes affecting interactions in hybrid

populations. However, the extent to which tension

zones move is not well established, given the difficulties

detecting hybrid zone movement (Buggs 2007). The

most reliable method of detecting hybrid zone move-

ment is direct observation over time, but this requires

long-term studies and ⁄ or fast-moving hybrid zones.

Hybrid zone movement can also be inferred based on

historical records and ⁄ or patterns of introgression,

i.e. the spread of an allele from one taxon into the gene

pool of the other, using molecular markers. For exam-

ple, a moving zone will leave in its wake a tail of clines

at unlinked neutral loci (Arntzen & Wallis 1991; Buggs

2007). However, this pattern could also be interpreted

as evidence for adaptive introgression of alleles at vari-

ous loci away from a stationary hybrid zone (reviewed

in Buggs 2007). Thus, inferring hybrid zone movement

based on patterns of gene flow, alone, can lead to

uncertain conclusions about the nature and direction of

introgression from one taxon to another.

Availability of genomic data from naturally occurring

organisms provides an opportunity to use the measures

of linkage disequilibrium (LD) among ‘neighbouring’

alleles on a genome-wide scale to assess population his-

tory such as changes in population size and patterns of

gene exchange (Slatkin 2008). For example, LD is cre-

ated when two genetically distinct populations first

hybridize and it will decay over time as a result of

recombination (Reich et al. 2001). Assuming low muta-

tion rates, a comparison of genome-wide measures of

LD between adjacent diallelic SNPs across hybrid popu-

lations could provide evidence for the relative age of

the hybrid populations sampled. If genome-wide LD

increases asymmetrically across a hybrid zone, one can

infer hybrid zone movement in the direction of the

higher estimates. This information can then provide a

context for understanding the evolutionary significance

of introgression, e.g. whether it is adaptive.

House mice, Mus musculus musculus and Mus muscu-

lus domesticus (also referred to, in the literature, as Mus

musculus and Mus domesticus), hybridize in a narrow

zone of secondary contact that extends from Denmark

to Bulgaria. Hybrid mice have also been recently dis-

covered in Norway (Jones et al. 2010). The history of

initial contact is unknown. However, because house

mice are commensal in nature, their population dynam-

ics, including range expansions, are likely to be influ-

enced by human migration patterns. For example, the

establishment of M. m. domesticus in western Europe is

attributed to the 1st millennium BC coincident with an

increased maritime exchange between the eastern and

western Mediterranean regions (Cucchi et al. 2005). The
first reliably dated occurrence of M. m. musculus in

southeastern Europe is attributed to the 4th millennium

BC (Cucchi et al. in press). The hybrid zone is likely a

tension zone with selection against hybrids because of

genetic incompatibilities including hybrid male sterility

(Forejt 1996; Storchová et al. 2004; Britton-Davidian

et al. 2005; Vyskočilová et al. 2005, 2009; Good et al.

2008a,b, 2010; Mihola et al. 2009), hybrid female sterility

(Britton-Davidian et al. 2005) and increased parasite

loads of hybrids (Sage et al. 1986a; Moulia et al. 1993),

although a recent study has shown the opposite pattern

(Baird et al., submitted). The best studied incompatibil-

ity is hybrid male sterility, where complex epistatic

interactions are involved in spermatogenic failure (Fore-

jt 1996; Good et al. 2008a). These include X-autosome

interactions that result in asymmetric sterility in

some reciprocal crosses (Britton-Davidian et al. 2005;

Good et al. 2008a), typically when the maternal line is
� 2011 Blackwell Publishing Ltd
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M. m. musculus or when the M. m. musculus X is intro-

gressed on to the background of M. m. domesticus

(Storchová et al. 2004; Good et al. 2008b). Several stud-

ies have argued that there has been reinforcement for

mate choice preferences (Smadja & Ganem 2005; Vošla-

jerová Bı́mová et al., 2011).

Multiple studies of several transects across the

hybrid zone have been conducted (Hunt & Selander

1973; Sage et al. 1986b; Vanlerberghe et al. 1986,

1988a,b; Tucker et al. 1992; Dod et al. 1993, 2005; Fel-

Clair et al. 1996; Orth et al. 1996; Boissinot & Boursot

1997; Prager et al. 1997; Payseur et al. 2004; Božı́ková

et al. 2005; Raufaste et al. 2005; Macholán et al. 2007,

2008, 2011; Teeter et al. 2008, 2010), and comparisons

have been made between transects when identical

markers or markers from the same chromosomes have

been used (Božı́ková et al. 2005; Teeter et al. 2010;

Dufková et al. 2011). One study (Teeter et al. 2010)

compared two transects, one spanning a portion of the

state of Bavaria in Germany and Austria (the BV tran-

sect, Fig. 1) and a second spanning portions of the

states of Thuringia, Saxony-Anhalt and Saxony in Ger-

many, and found different patterns of introgression for

multiple autosomal markers. The authors concluded

that the genetic basis of isolation may be dependent

on local genetic or environmental effects. Another

study (Božı́ková et al. 2005) compared the BV transect

with a transect located 200 km to the north spanning a

portion of Bavaria, Germany and the Czech Republic

(the CZ transect, Fig. 1). Asymmetric introgression of

mitochondrial DNA from M. m. musculus to M. m. do-

mesticus was noted in the CZ transect, but introgres-

sion of mitochondrial DNA from M. m. domesticus to

M. m. musculus was found in the BV transect. A com-

parison of the nonrecombining portion of the Y chro-

mosome between these same two transects (Tucker

et al. 1992; Macholán et al. 2008) suggests asymmetric

introgression from M. m. musculus to M. m. domesticus

in the CZ transect and no introgression in the BV tran-

sect. These differences may also reflect local effects.

Here, we utilize genetic (SNP) resources available for

house mice to investigate the genome-wide patterns of

LD in naturally occurring hybrid populations from the

BV and CZ transects to determine whether there is evi-

dence for hybrid zone movement and, if so, whether

observed differences in the patterns of introgression

between transects can be explained by dispersal history.

We greatly expand on all previous studies of this

hybrid zone (Tucker et al. 1992; Payseur et al. 2004;

Božı́ková et al. 2005; Macholán et al. 2007, 2008, 2011;

Teeter et al. 2008, 2010; Dufková et al. 2011) by interro-

gating 1401 X-linked and autosomal SNPs, spaced

approximately 2 Mb apart across the genome. This
� 2011 Blackwell Publishing Ltd
high-resolution genomic perspective allows us to study

the detailed patterns of LD for the first time.
Material and methods

Samples

House mice were collected from the CZ and BV tran-

sects (Fig. 1, Table S1, Supporting information). The BV

transect, located 200 km south of the CZ transect, is

176 km long and extends from south-central Bavaria,

Germany, to western Austria (Tucker et al. 1992; Pay-

seur et al. 2004; Božı́ková et al. 2005). A total of 437

mice were collected by Richard Sage in a roughly linear

east–west manner from 41 localities in 1984, 1985 and

1992. The CZ transect is 130 km long · 50 km wide and

extends from northeastern Bavaria, Germany, to wes-

tern Bohemia, Czech Republic (Božı́ková et al. 2005;

Macholán et al. 2007, 2008). A total of 895 mice were

collected from 79 localities between 1991 and 2003, with

>95.5% collected since 1997. To calculate the distances

in CZ, Cartesian coordinates were projected onto a one-

dimensional axis parallel to the most likely direction of

change in allele frequencies and ordered with increas-

ing distance from the western-most locality (Dufková

et al. 2011). Sampling in both transects involved setting

traps in suitable areas or where mouse activity was evi-

dent, typically within dwellings. While sampling meth-

ods may have differed slightly between transects, they

were consistent within a transect and are thus not likely

to impact the observed trends within transects.
SNP development

A total of 1536 SNPs (Fig. 2) from autosomal and

X-linked chromosomes with fixed differences between

Mus musculus musculus and Mus musculus domesticus

were selected from a beta version of the Mouse Diver-

sity Array (Yang et al. 2009). The diagnostic SNPs were

determined by genotyping seven M. m. musculus and

nine M. m. domesticus mice collected from naturally

occurring European populations outside the hybrid

zone (Table S2, Supporting information; Yang et al.

2011). We aimed for a density of approximately 1 SNP

every 2 Mb across the genome. However, gaps in cover-

age exist as a result of the absence of SNPs in certain

regions of the genome (e.g. 10.488-Mb gap in the proxi-

mal region of the X chromosome) on the Mouse Diver-

sity Array and an inadvertent loss of data during the

SNP selection process (e.g. a 23.261-Mb gap in the distal

portion of chromosome 12). The mean and median gap

sizes between two SNPs were 1.6 and 1.8 Mb, respec-

tively, on the final 1536 SNP array.
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Genotyping

DNA was isolated from mouse tissues using proteinase

K digestion and subsequent extraction using either a

phenol ⁄ chloroform protocol or the Qiagen� DNeasy�

kit. Double-stranded DNA was quantitated with the

PicoGreen� Assay, and samples were diluted to concen-

trations of 50–100 ng ⁄ lL. Mice were genotyped at auto-

somal and X-linked SNPs using the Illumina�

Goldengate� Assay on an Illumina� Beadstation 500 at

the University of Michigan Genotyping Core. Genotyp-

ing results were analysed using Illumina’s Genome Stu-

dio Genotyping Module software. Individual samples

with less than a 96% call rate success for SNP markers

were eliminated, and individual SNPs with Gencall

scores <0.15 were also removed. The standard cluster

files for all SNPs were evaluated by eye, and SNP clus-

ter positions were manually edited in some cases.
Data analysis

Population delimitation. Samples collected from popula-

tions in close geographic proximity were subjected to a

permutation-based statistical test to determine whether

they were genetically differentiated following Hudson

et al. (1992) and using the program DnaSP v. 5.10

(Librado & Rozas 2009). Populations were pooled for

subsequent analyses if they were not genetically differ-

entiated (P = 0.01). These included three pairs of

subpopulations in BV and four pairs of subpopulations
in CZ (Table S3, Supporting information). Only two of

the pooled populations, Augs and Simb from the BV

transect, had sample sizes, from a single collecting year,

large enough (n ‡ 10) to be used in LD analyses.

Hybrid index. The ancestry of individual mice from each

transect was summarized using a hybrid index (0–1),

which is the fraction of autosomal alleles at all success-

fully genotyped SNP loci inherited from M. m. musculus

using the R package INTROGRESS (Buerkle 2005; Gompert

& Buerkle 2010).

Geographic cline analyses. The software ClineFit (Porter

et al. 1997) was used to estimate geographic clines for

each SNP marker in each transect. A two-parameter

model that uses cline centre and width to describe cline

shape along the length of each transect was used

instead of the more complex six-parameter model

(Barton & Hewitt 1985; Barton & Bengtsson 1986; Bar-

ton & Gale 1993) because the likelihood surface for the

more complex models can be uninformative and optima

can be difficult to find (Raufaste et al. 2005; Macholán

et al. 2007). The western-most localities in both transects

were set at zero distance.

Linkage disequilibrium (LD) analyses. Haplotype recon-

struction and missing data imputation for each individ-

ual were performed using the program PHASE v. 2.1

(Stephens et al. 2001; Stephens & Scheet 2005). Haplo-

type estimation using this program is not sensitive to
� 2011 Blackwell Publishing Ltd
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departures from HWE (Stephens et al. 2001; Stephens

and Donnelly, 2003; Marchini et al., 2006). The default

setting, which incorporates the general model with

varying recombination rate (Li & Stephens 2003), and

the –X10 option, which increases the final runs 10 times

longer than the main iteration, were used. Predicted

phases with best pair probabilities >0.80 were retained

for each individual.

The squared correlation of alleles at two sites, r2, was

used to quantify linkage disequilibrium between adja-

cent markers separated by <2 Mb. It is less sensitive to

allele frequency differences between loci and shows less

inflation than D¢ (Weir 1996) in small samples (Ardlie

et al. 2002). Gametic r2, the squared correlation of allelic

indicators at two loci in a haploid gamete (Weir et al.

2004), was calculated from autosomal (males and

females) and X-linked (females only) loci. Because LD

can be affected by sample size and allele frequency, r2

was calculated from each locality using the same num-

ber (n = 10) of randomly chosen individuals collected in

the same year and by removing alleles from each local-

ity with a minor allele frequency £0.05. SNPs with a

proportion of missing data >0.5 within each locality

were also removed. In addition, localities with n ‡ 10

but with <40 possible pairwise SNP comparisons were

removed from the analysis. These included six locali-

ties, all from the edges of the hybrid zone in CZ. The

resulting data set included eight localities in BV and 14

in CZ. For some localities, a sufficient number of indi-

viduals (n ‡ 10) were collected in multiple years, mak-

ing it possible to generate r2 estimates for different

years from the same locality. In addition, for a subset of

localities, a sufficient number of individuals were col-

lected in a single year to estimate r2 from a sample of

n = 15, 19 and ⁄ or 20 mice.

Estimates of r2 were calculated using the equation

r2 =
D2

AB

PAð1�PAÞPBð1�PBÞ, where D is the coefficient of linkage

disequilibrium for a pair of alleles (A and B) at two loci

and PAand PB are the frequencies, respectively, of allele

A at the first locus and allele B at the second locus (Hill

& Robertson 1968). Mean r2 was calculated from 100

replicates of a randomly selected sample of 10 individu-

als per locality. Standard errors of mean r2 were calcu-

lated using
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
varðr2Þ=n

p
. The physical distance (Mb) at

which r2 drops below 0.5, the ‘half-length of LD’ (Reich

et al. 2001), was estimated to compare haplotype block

size between populations along each transect.

The age, in generations, of each population was calcu-

lated based on the decline of r2 using equation
r2

t

r2
0

¼ ð1� cÞt, where the linkage disequilibrium at time t

(r2
t or current LD) is compared with initial time 0 (r2

0)

given a certain recombination rate c (Hedrick 2005).

Assuming the target pairwise SNPs are in complete

linkage disequilibrium at original time, i.e. r2
o ¼ 1, and
� 2011 Blackwell Publishing Ltd
the rate of recombination is known, the age for two

SNPs at r2
t can be estimated. A genome-wide average

recombination rate of 0.63 cM ⁄ Mb for mice (Shifman

et al. 2006) was used. Analyses were conducted in the

R GENETICS package (Warnes et al. 2011).

Simulation analyses. We conducted computer simula-

tions to compare our data with various models that

incorporate hybrid zone movement. Forward simula-

tions were conducted using a modification of the pro-

gram developed by Pool & Nielsen (2009). Each

generation, each individual (or chromosome, in this

haploid framework) randomly chooses two parents.

The number of recombination events along a 100 cM

chromosome is determined by a simple exponential

process, and recombination breakpoints are distributed

randomly. One hundred evenly spaced ancestry-infor-

mative markers were simulated on each chromosome,

and genome-scale data sets were assembled by com-

bining data from 10 independent runs. Ten stepping-

stone populations were simulated, each containing

1000 individuals. [Simulations conducted using a pop-

ulation of 100 individuals produced qualitatively simi-

lar results.] The five ‘left-most’ populations were

initially composed entirely of subspecies A, and the

five ‘right-most’ populations were initially composed

entirely of subspecies B.

Under the null model of symmetric migration with

equal dispersal rates, the migration rate between any

adjacent pair of populations is simply defined by m. Fit-

ness of the two subspecies are equal to 1, but individu-

als with a hybrid index of 0.5 (e.g. F1 hybrids) have a

fitness h = 0.5. In general, the hybrid component of fit-

ness is given by h + (abs(i)0.5) ⁄ 0.5) · (1)h), where i

indicates an individual’s hybrid index (proportion of

subspecies B ancestry), such that hybrid fitness is a lin-

ear function of hybrid index between 0.5 and either 0 or

1. The value of h used here is close to the fitness of

hybrid mice estimated by Raufaste et al. (2005) from the

centre of a Danish hybrid zone transect using cline the-

ory. This null model was varied in three ways to reflect

potential causes of a moving hybrid zone (in each case,

advancing from right to left):

1 A geography-dependent asymmetric dispersal model

where ‘rightward’ migration rates are a constant pro-

portion (u) lower than ‘leftward’ migration rates,

regardless of the subspecies composition of each

population. Thus, rightward migration rates were

determined by um, where 0 £ u £ 1.

2 An ancestry-dependent asymmetric dispersal model

in which difference in dispersal rates between spe-

cies led subspecies A to have a migration rate a
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proportion d of the base migration rate m defined by

subspecies B (where 0 £ d £ 1). The migration proba-

bility of a hybrid individual was governed by

m(d + i(1)d)), where i represents the hybrid index.

3 A selection model in which subspecies A has a lower

fitness than subspecies B. Defining the fitness of sub-

species B as 1, the fitness of subspecies A is denoted

by f. The subspecies component of fitness for a

hybrid individual is a linear function of hybrid

index, given by f + i(1)f). Subspecies and hybrid

components of fitness are combined multiplicatively,

such that an individual’s fitness equals (f + i(1)f))

· (h + (abs(i)0.5) ⁄ 0.5) · (1)h)).

Simulations were run for 500 generations, with sum-

mary data recorded at intervals of 10 generations.

Hybrid index and linkage disequilibrium (mean r2)

were analysed at each interval, with the goal of testing

whether patterns observed in the empirical data could

reflect a shifting hybrid zone under these conditions.

Summaries were calculated based on the samples of 20

chromosomes from each population. LD was calculated

between adjacent SNPs that each had a minor allele fre-

quency ‡0.05, and LD was reported only for popula-

tions with at least 25 SNP pairs contributing to mean r2.

Two base migration probabilities were examined

(m = 0.002 or 0.01) in conjunction with alterations to at

most one of the following parameters. For u or d, the

default value of 1 was modified to 0.95, 0.75, 0.5 or
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0.25. For f, the default value of 1 was modified to 0.99,

0.95, 0.9 or 0.8.
Results

Data matrices

Of the original 1536 SNP markers, 135 did not yield

reliable genotyping calls resulting in a genotype matrix

consisting of 1316 autosomal SNPs and 85 X-linked

SNPs. The mean and median gap sizes between two

SNPs for these markers are approximately 1.86 Mb

(Fig. 2). Of the 895 mice genotyped from the Czech

(CZ) transect, SNP data were recovered for 869 sam-

ples, and of the 437 mice genotyped from the BV tran-

sect, SNP data were recovered for 432 samples.

Individual genotyping calls for some samples were

eliminated resulting in a data matrix consisting of

1 817 678 genotyped markers or 0.41% missing data

(Fig. S1A, B, Supporting information). The final phased

data matrix consisted of 3 533 871 SNP alleles from

autosomal and X-linked loci. The former matrix was

used in the geographic cline analyses, and the latter

matrix, in r2 analyses.
Hybrid index

Hybrid indices plotted against inter-subspecific hetero-

zygosity (Fig. 3a, b, Table S1, Supporting information)
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indicate that sampling from the BV and CZ transects

yielded similar distributions of admixture. Both tran-

sects show a nearly continuous distribution of hybrid

genotypes and provide evidence that most hybrids are

the result of multiple generations of intercrossing

and ⁄ or backcrossing. One exception is a mouse col-

lected from the eastern end of the Bavaria transect. It

has a hybrid index score near 0.5 and is almost com-

pletely heterozygous. This hybrid individual is likely to

be only a few generations removed from a long-dis-

tance dispersal event of a Mus musculus domesticus

mouse to the eastern edge of the hybrid zone. Hybrid

index plotted against distance from the western-most

locality (Fig. 3c, d) demonstrates that the proportion of

Mus musculus musculus alleles increases with geographic

distance from the western-most locality with a charac-

teristic abrupt change in both transects. However, the

proportion of M. m. musculus alleles increases more

gradually east of this abrupt transition in BV vs. CZ.
Geographic cline analysis

Estimates of cline width and centre were calculated for

all SNP markers. A small number of SNPs (37 for BV

and 11 for CZ) with estimated cline widths greater than

the actual length of the transects are likely to be unreli-

able estimates and were excluded from the calculations

of mean ⁄ median cline centre and width (Table 1, Table

S5, Supporting information). In BV, the mean ⁄ median

cline width and centre for X-linked markers are

10.23 ⁄ 5.87 km and 57.26 ⁄ 56.22 km, respectively, and the

mean ⁄ median cline width and centre for autosomal

markers are 45.99 ⁄ 24.03 km and 66.21 ⁄ 61.05 km, respec-

tively. In CZ, the mean ⁄ median cline width and centre

for X-linked markers are 14.7 ⁄ 11.79 km and 68.03 ⁄
68.36 km, respectively, and the mean ⁄ median cline

width and centre for autosomal markers are 26.45 ⁄ 21.03

and 67.29 ⁄ 66.95, respectively. These estimates provide

evidence for steep clines in accord with a tension zone
Table 1 Mean and median cline centre and width for SNP markers f

BV

No. of

markers†

Cline centre

mean ⁄ median

km

Cline

mean

in km

Autosomal SNPs 1281 66.21 ⁄ 61.05 45.99

X-linked SNPs 84 57.26 ⁄ 56.22 10.23

X-linked and autosomal

SNPs, combined

1365 65.66 ⁄ 60.65 43.79

†SNPs with estimated cline widths greater than the actual length of th

calculations.

� 2011 Blackwell Publishing Ltd
model with selection against hybrids owing to genetic

incompatibilities (Fig. S2, Supporting information). The

simple two-parameter model returns larger estimates of

cline width than the six-parameter model (Macholán

et al. 2007; Teeter et al. 2010) and does not, in and of

itself, capture asymmetry in cline shape. However,

when cline width is plotted against cline centre for each

SNP marker (Fig. 4), asymmetry is revealed. In BV,

cline centre shifts to the east as cline width increases

for many markers. In CZ, a different pattern is found.

Cline centre shifts in both directions as cline width

increases. The two-parameter mean cline centres for the

X-linked SNPs from BV and CZ are very similar to the

mean cline centre of 55.10 km and 68.26, respectively,

as calculated for 13 X-linked markers for the same tran-

sects analysed with the six-parameter model (Payseur

et al. 2004; Dufková et al. 2011).

When cline centres of individual markers are com-

pared with median cline centre for all SNPs in each

transect (Fig. 5), several interesting patterns emerge.

First, a large number of markers (approximately 50%)

show minimal deviations in cline centre. Because cline

centre and cline width are correlated, these SNPs are in

genome regions exhibiting narrow clines, on average,

and therefore, they may be in, or closely linked to,

regions associated with reproductive isolation. Second,

many markers (>300) show a marked deviation in cline

centre to the east in BV but little or no deviation from

median cline centre in CZ. If the hybrid zone is moving

from east to west in BV, we might predict these mark-

ers to be neutral. Third, a few markers show deviations

in cline centre in the same direction, either from east to

west or from west to east, in both transects. These

markers may be in genome regions with genes that con-

fer strong fitness advantages and, as such, escape barri-

ers to gene flow, regardless of the direction of hybrid

zone movement. Finally, excluding the large number of

markers showing a marked deviation in cline centre to

the east in BV, there are a few markers with deviations
or the Bavaria (BV) and Czech (CZ) transects

CZ

width

⁄ median No. of

markers†

Cline centre

mean ⁄ median

km

Cline width

mean ⁄ median

km

⁄ 24.03 1306 67.29 ⁄ 66.95 26.45 ⁄ 21.03

⁄ 5.87 85 68.03 ⁄ 68.36 14.70 ⁄ 11.79

⁄ 22.60 1391 67.34 ⁄ 67.01 25.73 ⁄ 20.38

e transects are unreliable estimates and were excluded from
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in cline centre that are transect specific. These markers

may indicate regions with genes conferring fitness

advantages on a local scale.
Linkage disequilibrium analyses

The decay of LD with physical distance for SNP mark-

ers was measured in a single population (Neufahrn)

located in the central portion of the BV transect and is

summarized in Fig. S3 (Supporting information). LD,

measured separately for samples collected in 1984 and

1985, showed similar patterns of decay for similar sam-
ple sizes (n = 10, 15 or 25) between years and is slightly

lower when sample size is increased by five or 10 indi-

viduals. Because mean and median gap size among

SNPs for all chromosomes are approximately 1.8 Mb,

we compared the r2 values of all pairwise SNPs with a

genomic distance £2 Mb, as this measure includes most

of the adjacent SNPs. For populations sampled across

the BV transect, mean r2 ranged from 0.2679 to 0.7093,

with values generally increasing from east to west

(Table 2). For populations sampled across the CZ tran-

sect, mean r2 ranged from 0.3471 to 0.8217, with values

generally increasing from west to east. Similar results
� 2011 Blackwell Publishing Ltd



Table 2 Values of r2, D¢, half-length of LD (HLD) or block size in Mb, estimated age in generations, mean hybrid index and mean

heterozygosity (He) based on samples (n = 10) collected at specific localities in specific years. Locality code refers to map location in

Fig. 1

Pop.

Locality

code

Collection

date

Distance

(km)†

SNP

pairs‡ r2 SE of r2 D¢ SE of D¢
HLD

(Mb) Age§

Hybrid

index

(mean)

He

(mean)

BV transect

Appe 5 1992 49.20 3697 0.5979 0.0067 0.9239 0.0039 7.2704 41 0.0312 0.3199

GessZ 7 1992 51.80 20227 0.6401 0.0028 0.9647 0.0011 9.2058 35 0.0990 0.1310

GessW 6 1984 51.80 19762 0.6754 0.0027 0.9601 0.0011 13.7778 31 0.1001 0.1276

GessW 6 1985 51.80 20018 0.6136 0.0029 0.9432 0.0014 7.4431 39 0.0862 0.1174

GessW 6 1992 51.80 27064 0.7093 0.0022 0.9656 0.0009 24.7567 27 0.1057 0.1048

Neuf 12 1984 55.60 95382 0.5296 0.0011 0.8910 0.0008 3.4506 50 0.3881 0.3958

Neuf 12 1985 55.60 96334 0.5345 0.0011 0.8876 0.0008 3.6275 49 0.4050 0.3716

Rudl 20 1984 67.20 44161 0.2680 0.0014 0.8376 0.0014 0.5021 104 0.7833 0.2591

Sonn 24 1984 84.60 24320 0.2679 0.0019 0.8796 0.0017 0.6093 104 0.8655 0.1775

Brun 27 1992 103.40 18627 0.2908 0.0023 0.9070 0.0017 0.7532 97 0.8777 0.1502

Simb 30 1985 152.40 10511 0.3384 0.0036 0.8890 0.0025 1.0802 85 0.9225 0.0966

CZ transect

NEU8 15 2006 50.27 5037 0.4749 0.0056 0.9205 0.0031 1.9613 59 0.0537 0.0641

NEU8 15 2007 50.27 4800 0.4776 0.0059 0.9453 0.0026 1.9778 58 0.0516 0.0589

HOHE1 16 2007 54.85 17520 0.4766 0.0029 0.9523 0.0013 1.9610 58 0.1033 0.1357

HUR1 19 2002 57.07 29218 0.4876 0.0022 0.9277 0.0013 1.9751 57 0.1452 0.1618

HUR1 19 2006 57.07 24848 0.5516 0.0026 0.9596 0.0011 3.7503 47 0.1453 0.1517

LUZN 20 1999 60.13 45676 0.5066 0.0018 0.9073 0.0011 2.0946 54 0.2077 0.2500

LUZN 20 2006 60.13 39333 0.5020 0.0020 0.9073 0.0012 2.0053 54 0.2062 0.2223

WOHL 22 2007 61.56 14222 0.4081 0.0034 0.9235 0.0018 1.3238 71 0.0818 0.1070

DLMO 26 2001 65.02 83631 0.5053 0.0012 0.9003 0.0008 2.0317 54 0.3960 0.3516

JIND 32 2000 67.12 74912 0.5508 0.0014 0.9227 0.0008 3.6702 47 0.4818 0.3363

MIL1 33 2000 67.94 95337 0.5933 0.0012 0.9240 0.0007 6.5661 41 0.6474 0.3643

MIL1 33 2001 67.94 89200 0.5770 0.0013 0.9237 0.0007 5.5899 43 0.6823 0.3663

NEB3 36 2007 71.30 44937 0.5729 0.0018 0.9374 0.0009 5.0091 44 0.8246 0.1564

KAC2 39 2005 72.19 53100 0.7565 0.0015 0.9776 0.0005 86.4630 22 0.8997 0.1547

OBIL1 40 2000 72.23 59820 0.5857 0.0016 0.9295 0.0009 5.1163 42 0.6946 0.2780

OBIL1 40 2007 72.23 65873 0.5196 0.0015 0.9079 0.0009 2.3240 52 0.7452 0.2940

MOST2 42 2002 72.64 47816 0.5864 0.0018 0.9469 0.0008 5.3077 42 0.7794 0.2651

MOST2 42 2006 72.64 36195 0.6784 0.0020 0.9740 0.0006 10.2532 31 0.8260 0.1848

CHL1 46 2007 73.68 46462 0.7683 0.0016 0.9738 0.0006 25.8102 21 0.7935 0.1976

RUD2 48 2003 80.29 42926 0.6221 0.0018 0.9536 0.0008 8.0806 37 0.8277 0.2213

†Distance is calculated from the western-most locality. ‡Total number of SNP comparisons at £2-Mb distance is based on 100

permutations of samples at each locality. SNPs with minor allele frequency <0.05 and missing values >50% were excluded. §The

age, in generations, of each population was calculated based on the decline of r2 using equation
r2

t

r2
0

¼ ð1� cÞt as described in the

Material and methods and is an estimate of age at the point in time when the population was sampled. BV, Bavaria; CZ, Czech.
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are found for a subset of the same populations in BV

and CZ when sample size is increased by increments of

5, i.e. n = 10, n = 15 and n = 20 (Table S6, Supporting

information). When r2 values are plotted against dis-

tance from mean cline centre, estimated using ClineFit,

they are greatest in populations to the west of cline cen-

tre in the BV transect and to the east of cline centre in

the CZ transect (Fig. 6). Similarly, when r2 values from

these same populations are plotted against mean hybrid

index per locality, they increase as the proportion of

M. m. musculus alleles decrease across the BV transect
� 2011 Blackwell Publishing Ltd
and as the proportion of M. m. musculus increase across

the CZ transect (Fig. 7a, b). The distribution of popula-

tions from which we could measure values of r2, i.e. a

sufficient number of SNPs with a minor allele frequency

‡0.05 allowing for >40 pairwise comparisons, differed

between transects. In CZ, these populations included a

region 17 km to the west and 13 km to the east of med-

ian cline centre, whereas in BV, these populations

included a region 12 km to the west but over 90 km to

the east of median cline centre. This difference reflects

the pronounced asymmetry in cline shape in BV in
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comparison with CZ as demonstrated by the relation-

ship between cline centre and width (Fig. 4) and the

asymmetrical distribution of clines centres relative to

median cline centre (Fig. 6).

Estimates of the physical distance (Mb) at which r2

drops below 0.5 (H-LD) across the BV transect range

from 0.5021 to 24.7567 Mb, with values increasing from

east to west (Table 2; Fig. 6). Estimates across the CZ

transect range from 1.2787 to 86.4630 Mb with the high-

est values to the east (Table 2; Fig. 6). The extreme

value for KAC2, a population in the CZ transect, is

likely due to the presence of several individuals hetero-

zygous at many SNP loci in an otherwise predomi-

nantly M. m. musculus population. This locality is a

storage site for agricultural products. The mixture of

mice with different genotypes may have resulted from

passive long-distance travel.

The population age (in generations) for BV, sampled

in 1984, 1985 and 1992, varied from as young as 27 gen-
erations (GessW sampled in 1992) to as old as 104 gen-

erations (Rudl and Sonn, both sampled in 1984)

(Table 2, Fig. 6). The population age for the CZ tran-

sect, sampled between 1999 and 2007, varied from as

young as 21 generations (CHL1, sampled in 2007) to as

old as 71 generations (WOHL sampled in 2007). Inter-

estingly, population age estimates for mice collected

from GessW in 1984 and 1985 are older than an esti-

mate for mice collected from the same locality in 1992,

suggesting this population experienced an episode(s) of

extinction and (re)colonization. Similar patterns, more

or less extreme, are observed for Neuf in the BV tran-

sect and NEU8, HUR1 and MOST2 in the CZ transect.

In addition, estimates of population age are identical

for one population in the CZ transect (LUZN) sampled

in 1999 and 2006, again suggesting that these popula-

tions experienced extinction and (re)colonization events.

The remaining populations (MIL1 and OBIL1) in the

CZ transect for which multi-year data were collected
� 2011 Blackwell Publishing Ltd
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Fig. 7 The relationship between hybrid index (HI) and linkage disequilibrium (measured by mean r2) in the empirical data (top pan-

els, a–b, give the mean HI’s and r2 values for localities with identical distances including those sampled over multiple years, see

Table 2) and in simulated data (panels c–h, see Material and methods). Models of symmetric gene flow (Null model, panel c) and

biased dispersal based on subspecies ancestry (ancestry-dependent asymmetric dispersal model, ADAD, refer to panel d) failed to

re-create the asymmetric pattern of HI vs. LD observed in the BV and CZ transects. Some models involving either biased dispersal

based on geography alone (geography-dependent asymmetric dispersal model, GDAD, panels e–f) or fitness differences between sub-

species (Selection model, panels g–h) were able to generate a qualitatively similar pattern. Among 10 simulated populations, only

those with LD based on ‡25 SNP pairs were plotted here. The dotted lines indicate the populations where initial contact occurred.
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show an increase in age with time as expected if the

population remains relatively stable.
Simulation analyses

Forward simulations were conducted to identify pro-

cesses that might generate the asymmetric pattern of

linkage disequilibrium (LD) observed across the BV and
� 2011 Blackwell Publishing Ltd
CZ transects. The results in Fig. 7 illustrate the patterns

observed among 26 parameter combinations (see Mate-

rial and methods section). In some cases, models that

involved a geographic effect or a subspecies fitness dif-

ference were capable of generating asymmetric patterns

of LD across the hybrid zone. However, these results

were sensitive to the particular parameter values and

generations examined, and in some cases, hybrid zones
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shifted without creating asymmetric LD. In addition,

the simulated data did not recapitulate the empirical

pattern of populations with intermediate hybrid index

having higher LD than populations at one end of the

transect. Nonetheless, these simulations clearly show

that some models of hybrid zone movement can cap-

ture a key aspect of our data, namely that patterns of

LD are distributed asymmetrically across transects of

this hybrid zone.
Discussion

LD and hybrid zone movement—direction and timing

Comparing measures of LD among ‘neighbouring’

SNPs across hybrid populations of house mice to assess

evidence for hybrid zone movement is based on the

idea that LD is highest when two genetically distinct

populations first hybridize and then decays over time

as a result of recombination (Reich et al. 2001). Our

measures of LD between adjacent diagnostic SNPs

across two transects in the house mouse hybrid zone

sampled at different points in time provide a snapshot

documenting the history of the sampled populations.

They suggest hybrid zone movement as manifested in

several trends in the data. Values of r2 and haplotype

block size (half-length of LD) measured from popula-

tions sampled in 1984, 1985 and again in 1992 across

the BV transect change in a unidirectional mode across

geographic distance, from east to west and across

hybrid index from Mus musculus musculus to Mus mus-

culus domesticus, a pattern consistent with hybrid zone

movement from east to west over time. The highest val-

ues of r2 do not coincide with mean cline centre calcu-

lated for autosomes or for X-linked markers, as might

be expected in a stationary zone (Barton & Hewitt

1985). Values of r2 and haplotype block size measured

from populations sampled more recently, from 1999 to

2007, across the CZ transect, change across geographic

distance from west to east and across hybrid index

from M. m. domesticus to M. m. musculus, although

these trends are not as pronounced as in BV. The range

of values of r2 is lower in CZ than in BV and the lowest

values of r2 in CZ are higher than the lowest values in

BV, suggesting less stability in CZ populations and pos-

sibly past movement in both directions. However, the

highest values of r2 are east of the cline centre suggest-

ing more recent movement from west to east. Simula-

tions indicate that under certain conditions, particularly

when geography or selection halted the spread of

hybrid chromosomes in one direction but not the other,

a moving hybrid zone may produce aspects of the LD

patterns observed in the BV and CZ transects. Unique

aspects of the empirical data, however, suggest that fur-
ther study using different models is warranted to more

fully understand the evolutionary forces behind poten-

tial hybrid zone movement.

Age estimates provide some information on the rela-

tive stability of mouse populations. Some populations

sampled later in time are, in fact, estimated to be youn-

ger than populations sampled earlier in time. Consistent

with findings from other studies of population size (e.g.

Dallas et al. 1998; Hauffe et al. 2000), these data suggest

that house mouse populations are likely to consist of

small demes that are subject to extinction–(re)coloniza-

tion events. The older age estimates for populations on

the eastern side of the BV transect suggest that these

populations are more stable than populations on the

western side of the BV transect. Raufaste et al. (2005)

combined cline theory and migration rates to calculate

initial contact between M. m. musculus and M. m. do-

mesticus in central Jutland between 700 and 1800 years

ago, an estimate consistent with archaeological data

(Cucchi et al. 2005). Estimates of age across the BV and

CZ transects are much younger, suggesting the possibil-

ity that age of initial contact is not easily captured from

the estimates of LD when populations are unstable.

Nevertheless, the estimates of LD using SNPs diagnos-

tic for M. m. musculus and M. m. domesticus provide

information on relative recency of mixing of the two ge-

nomes. The clear pattern of increase in the values of r2

across geographic distance, from east to west in BV,

suggests that mixing has occurred more recently in the

west in this transect.
Hybrid zone movement and clinal variation

Asymmetries in cline shape have been provided as evi-

dence for hybrid zone movement in a number of hybrid

zones in nature (reviewed in Buggs 2007). However,

asymmetry is viewed as equivocal evidence for move-

ment because it could also explain adaptive introgres-

sion away from a stationary front (Dasmahapatra et al.

2002). The shift in cline centre, either to the east or to

the west, as cline width increases (Fig. 4), is suggestive

of asymmetrical introgression in the house mouse

hybrid zone. Across the BV transect, asymmetry is espe-

cially pronounced and previous studies have inter-

preted this pattern as a possible example of adaptive

introgression of M. m. domesticus alleles away from a

stationary front (e.g. Teeter et al. 2008). However, cou-

pled with evidence for increased LD from east to west,

we now suggest that M. m. domesticus alleles are lag-

ging behind a westward moving front and, as such,

they may represent ‘neutral’ footprints of this move-

ment. It is interesting to note that several markers in

BV show a shift in cline centre to the west. Given the

direction of hybrid zone movement, these markers may
� 2011 Blackwell Publishing Ltd
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be in genomic regions where M. m. musculus alleles are

conferring fitness advantages in hybrid mice. For CZ,

asymmetrical introgression is not as pronounced as in

BV and occurs in both directions depending on the SNP

marker. This may be a signature of movement in both

directions as suggested by the pattern of LD discussed

earlier or evidence for adaptive introgressions. In a pre-

vious study, Macholán et al. (2011) found evidence for

X-linked introgression in both directions. However,

these authors found qualitative differences between

the east- and west-introgressing markers. The west-

introgressing markers were geographically localized

and displayed significant linkage disequilibria. The

east-introgressing loci formed isolated and mutually

independent islands of M. m. domesticus alleles on a

M. m. musculus background. This pattern was inter-

preted as being a result of westward zone movement

leaving some alleles behind as footprints of this move-

ment (Macholán et al. 2011).
The role of selection and geography in hybrid zone
movement

Of the 23 cases of possible hybrid zone movement

reviewed by Buggs (2007), selection was proposed as

the mechanism responsible for the pattern in all

instances. These, as well as more recent studies

(Chatfield et al. 2010), suggest, in particular, that mating

asymmetries and responses to environmental changes

(Garcı́a-Parı́s et al. 2003; Leaché & Cole 2007) may be

selective explanations for hybrid zone movement. In

house mice, behaviour of both males and females is

thought to play a role in reproductive isolation (Vošlaje-

rová Bı́mová et al. 2011) and asymmetric behavioural

selection has been proposed as a possible explanation

for hybrid zone movement (Raufaste et al. 2005; Teeter

et al. 2008 and 2010), although it is difficult to imagine

how these could result in differences in hybrid zone

movement between transects. Asymmetric sterility

because of genetic incompatibilities between the X chro-

mosome and autosomes in some reciprocal crosses

(Storchová et al. 2004; Britton-Davidian et al. 2005;

Good et al. 2008a,b) might also play a role. In this case,

the differences in the direction of hybrid zone move-

ment may result from known instances of polymor-

phism of hybrid sterility alleles (Forejt and Ivanyi, 1975;

Britton-Davidian et al. 2005; Good et al. 2008b; Vy-

skočilová et al. 2009). Alternatively, differences in

hybrid zone movement between transects may result

from selective effects associated with responses to the

local (extrinsic) environment. However, because our

simulations are equivocal regarding the role of selection

vs. geography-dependent dispersal in hybrid zone

movement, it is also possible that dispersal asymmetry
� 2011 Blackwell Publishing Ltd
is the result of human-mediated transportation of mice

and land-use change. This possibility was suggested as

an explanation for clinal patterns in the Danish hybrid

zone transect (Raufaste et al. 2005). Alongside selection,

it could also account for the remarkable differences

between the CZ and BV transects. Continued sampling

over time of the same populations in CZ and BV may

help determine the role of selection vs. geography in

hybrid zone movement. If selection is responsible for

the observed patterns, one might expect to see contin-

ued evidence of movement over time. If, however,

movement is geography dependent, one might expect

that changes in the landscape may alter or even halt

movement.
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analysis of autosomal and X-linked markers across a mouse

hybrid zone. Evolution, 61, 746–771.

Macholán M, Baird SJE, Munclinger P, Dufková P, Bı́mová B,
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Fig. S1 Genotype matrices for the BV transect (A) and the CZ

transect (B). Each column is an individual mouse and each

row is an individual SNP. Mice are arranged geographically

from west (left) to east (right) and SNPs are arranged by chro-

mosome. Genotypes are color-coded in the following way.

Green is homozygous M. m. domesticus, blue is homozygous

M. m. musculus, red is a heterozygous genotype, and white is
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missing data [Correction added after online publication 14 June

2011: the labelling in Fig. S1 was corrected].

Fig. S2 A comparison of geographic clines estimated using a 2-

parameter model between the Bavaria and Czech transects.

The autosomal clines were calculated based on median values

of cline center and width for all SNPs (see Table 1). The X-

linked clines were calculated for 84 or 85 SNP markers in the

BV and CZ transects, respectively. For comparative purposes

the median cline center, estimated from autosomal markers,

was set to 0 km in both transects.

Fig. S3 Decay of LD for samples sizes of 10 (black), 15 (red)

and 25 (blue) from a single population (Neufahrn) sampled in

two separate years. Dashed lines = mice from 1984, solid line-

s = mice from 1985.
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based on the decline of r2 as described in the Material and

methods.
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