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In this paper, we present results of the first comprehensive study of the introgression of both autosomal and sex-chromosome

markers across the central European portion of the hybrid zone between two house mouse subspecies, Mus musculus musculus

and M. m. domesticus. More than 1800 individuals sampled from 105 sites were analyzed with a set of allozyme loci (hopefully

representing neutral or nearly neutral markers) and X-linked loci (which are assumed to be under selection). The zone center is

best modeled as a single straight line independent of fine-scale local geographic or climatic conditions, being maintained by a

balance between dispersal and selection against hybrids. The width (w ) of the multilocus autosomal cline was estimated as 9.6 km

whereas the estimate for the compound X-chromosome cline was about 4.6 km only. As the former estimate is comparable to that

of the Danish portion of the zone (assumed to be much younger than the central European one), zone width does not appear to

be related to its age. The strength (B) of the central barrier was estimated as about 20 km; with dispersal (σ) of about 1 km/gen1/2,

this means effective selection (s∗) is approximately 0.06–0.09 for autosomal loci and about 0.25 for X-linked loci. The number of loci

under selection was estimated as N = 56–99 for autosomes and about 380 for X-linked loci. Finally, we highlight some potential

pitfalls in hybrid zone analyses and in comparisons of different transects. We suggest that conclusions about parts of the mouse

genome involved in reproductive isolation and speciation should be drawn with caution and that analytical approaches always

providing some estimates should not be used without due care regarding the support or confidence of such estimates, especially if

conclusions are based on the difference between these estimates. Finally, we recommend that analysis in two-dimensional space,

dense sampling, and rigorous treatment of data, including inspection of likelihood profiles, are essential for hybrid zone studies.
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Free gene flow among individuals of the same species and its ab-

sence between individuals of different species is the central tenet

of the biological species concept (Dobzhansky 1937; Mayr 1942;

Coyne and Orr 2004). Separation of biological species requires the

evolution of genetic barriers that either directly cause a substan-

tial reduction in exchange of alleles or facilitate further evolution

of genetic differences eventually leading to a reproductive isola-

tion. Therefore, the study of the origin and evolution of genetic
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barriers, and the effects these barriers have on gene flow, is the

main prerequisite for understanding speciation.

To distinguish between causes and consequences of genetic

isolation, one should focus on cases in which the isolation is not

complete. Excellent areas for such studies are naturally occur-

ring zones of contact between genetically diversified populations

(“hybrid zones;” Barton and Hewitt 1985; Harrison 1990, 1993;

Arnold 1997; Lijtmaer et al. 2003). An advantage of this approach

is that mixing parental genomes in hybrid zones brings together

new gene combinations that could not have been under selective

scrutiny before hybridization. Accordingly, fitness of hybrids can

vary considerably relative to fitness of their parents.

Hybrid zone theory predicts that selection acting on particu-

lar traits can be estimated using an analysis of changes in allele

frequencies along a geographic transect or cline. In the simplest

models based on analysis of divergence at one or two loci, the

relationship between cline shape and selection is straightforward:

the stronger the selection, the narrower the cline (Slatkin 1973,

1975; Nagylaki 1975, 1976; Endler 1977). However, hybrid zones

typically involve divergence at more than a single locus or a few

loci. If we assume that in a hybrid zone many loci are under weak

selection and clines in gene frequency of these loci coincide, then

the influx of different parental gene combinations into the zone

causes linkage disequilibrium between them. Because the strength

of these gene associations is proportional to the gradient of gene

frequencies, only weak linkage disequilibrium occurs at the tails

of a cline in which the gradient is shallow. However, as the gradi-

ent gets steeper towards the center of the zone, the disequilibrium

increases; at the same time, selection on an individual locus is

strengthened by its associations with other loci. This results in a

sharp step at the center of each cline, even for neutral loci. This

part of the cline is steeper than it would be if selection affected

each locus separately and strengthens the barrier to introgression

of foreign alleles (Szymura and Barton 1986, 1991; Barton and

Gale 1993; Baird 1995; Kruuk et al. 1999). On the other hand,

negligible disequilibria at the edges of the cline result in long in-

trogression tails and selection outside the central region is regarded

as acting at each locus separately. Importantly, by assessing dif-

ferences in cline shapes between traits, we can detect areas of the

genome that are under strong selection and thus potentially con-

tribute to speciation (Barton and Hewitt 1985; Barton and Gale

1993; Payseur et al. 2004).

Several lines of evidence indicate that sex chromosomes

carry more genes causing disruption of fertility and/or viability

in hybrids than autosomes and hence can be under stronger selec-

tion (Grula and Taylor 1980; Zouros et al. 1988; Coyne and Orr

1989, 2004; Prowell 1998; Jiggins et al. 2001; Tao et al. 2003;

Counterman et al. 2004; Harr 2006). One of the possible expla-

nations of this phenomenon comes from the dominance theory of

Haldane’s rule (Haldane 1922; Orr 1997; Coyne and Orr 2004)

based on the assumption that if alleles causing hybrid problems

are recessive, their effect will be much stronger on the X chromo-

some that is hemizygous in males (“large X-effect”; Orr 1997).

Stronger selection is thus expected to be manifested by more lim-

ited introgression and hence narrower clines of X-linked markers.

However, to detect differences in selection pressures between dif-

ferent parts of the genome, we must know, in the first place, exact

positions of analyzed markers.

The house mouse, Mus musculus, represents a very use-

ful model for the study of differential introgression of various

parts of the genome across zones of contact. First, the mouse

genome has recently been sequenced (Mouse Genome Sequenc-

ing Consortium 2002) and a dense genetic map is available for

this species (Dietrich et al. 1996; Lindblad-Toh et al. 2000; Abe

et al. 2004; Pletcher et al. 2004). Second, there are two mouse sub-

species, M. m. musculus and M. m. domesticus (sometimes referred

to as species, M. musculus and M. domesticus), which hybridize

in Eurasia. In Europe, the contact front is about 2500 km long

and runs across the Jutland Peninsula and from the Baltic coast

in East Holstein (northern Germany), through Central Europe and

the Balkan Peninsula to the Black Sea coast (Boursot et al. 1993;

Sage et al. 1993; Macholán et al. 2003). Two transects have been

studied intensively thus far, one in Denmark (Ursin 1952; Selander

and Yang 1969; Hunt and Selander 1973; Vanlerberghe et al. 1986,

1988b; Dod et al. 1993, 2005; Lanneluc et al. 2004; Raufaste et al.

2005) and one near Munich in southern Germany (Tucker et al.

1992; Payseur et al. 2004; Payseur and Nachman 2005). Intro-

gression of sex-chromosome markers has been shown to be lim-

ited comparing to autosomal markers (Vanlerberghe et al. 1986;

Tucker et al. 1992; Dod et al. 1993); however, only a few recent

papers have used rigorous likelihood-based statistical methods to

fit clines to the data and estimate cline and fitness parameters (Dod

et al. 2005; Raufaste et al. 2005).

In this paper, we present results of the first comprehensive

study of the central European portion of the musculus/domesticus

hybrid zone based on the study of more than 1800 individuals sam-

pled from 105 sites and analyzed with a set of allozyme loci, rep-

resenting neutral or nearly neutral markers, and X-chromosome

markers, which are assumed to be linked to loci under selection.

Rate of dispersal, linkage disequilibrium, fitness of hybrids, se-

lection against hybrids, and the number of loci under selection are

estimated from the data. We highlight some potential pitfalls in

hybrid zone analyses and suggest that conclusions about parts of

the mouse genome involved in reproductive isolation and speci-

ation should be drawn with caution. Finally we recommend that

analysis in two-dimensional space, dense sampling, and rigorous

treatment of data including inspection of likelihood profiles is

essential for hybrid zone studies.
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Materials and Methods
SAMPLING

Mice were trapped with metal and/or wooden live traps during

several trapping seasons between 1991 and 2003 although the

majority of the individuals (95.5%) were collected since 1997. In

total, 1841 mice were collected from 105 sites, scattered across an

area ca. 110 km long and 40 km wide covering western Bohemia

(Czech Republic) and northeastern Bavaria (Germany) (Fig. 1).

There were slightly more females (948) than males (893) in the

sample, but this difference was not significant at the 95% and

even the 85% level (chi-square test: χ2 = 1.645, P = 0.200).

The sampling sites are listed in the Appendix and shown in

Figure 1. Geographic coordinates of all the sites are available

at http://www.iach.cz/legs.

Figure 1. (A) The course of the musculus/domesticus hybrid zone

in Europe. Circles indicate previously studied transects. In the in-

sert, the position of the study area is indicated. (B) Location of

sampling sites. Locality numbers correspond to those in the Ap-

pendix. The thick dashed line is an approximate zone center de-

fined as a 0.5-isocline derived from the bicubic spline smoothing of

allele frequencies at each site. Intersection of this isocline with the

bottom margin of the figure was used as a starting point for sub-

sequent maximum likelihood-based positioning of the zone center

(see text for details).

AUTOSOMAL MARKERS

Mice were sacrificed and dissected either in the field or in the

laboratory. Samples of kidney and muscle were frozen in liquid

nitrogen and kept at −80◦C until processed. Seven enzymatic

loci that appeared to discriminate the two taxa in previous stud-

ies (Bonhomme et al. 1984; Munclinger et al. 2002) were used

as autosomal markers: isocitrate dehydrogenase-1 (E.C. 1.1.1.42;

Idh1, chromosome 1; N = 1485), glucose dehydrogenase-1 (E.C.

1.1.1.47; Gpd1, Chr. 4; N = 1436), superoxide dismutase-1 (E.C.

1.15.1.1; Sod1, Chr. 16; N = 1478), nucleoside phosphorylase

(E.C. 2.4.2.1; Np, Chr. 14; N = 1503), esterase-1 and 2 (E.C.

3.1.1.1; Es1, Es2, Chr. 8; N = 1416 and 1439, respectively), and

mannose phosphate isomerase (E.C. 5.3.1.8; Mpi, Chr. 9; N =
1485). All the allozymes were scored after standard horizontal

starch gel electrophoresis (Harris and Hopkinson 1976; Pasteur

et al. 1988) using samples of the C57BL/6J inbred strain as stan-

dards (see Munclinger et al. 2002 for details).

X-CHROMOSOME MARKERS

DNA was isolated from frozen or ethanol-preserved tissues using

proteinase K digestion and subsequent extraction with phenol-

chloroform and ethanol precipitation (Hoelzel and Green 1992).

Five X-chromosome markers were scored, three of them being

subspecies-specific short interspersed nuclear elements or SINEs.

Genetic positions of these markers (in cM) refer to closest known

markers in the Whitehead-MIT F2 intercross (Dietrich et al. 1996;

http://www.broad.mit.edu/) to allow an easy comparison with re-

sults in Payseur et al. (2004).

The first SINE is a B1 insertion in the Btk gene (43.7 cM;

N = 1655 individuals), which is fixed in M. m. domesticus

and absent in M. m. musculus (Munclinger et al., 2002, 2003).

The second marker, a B1 insertion in the Tsx gene (29.5 cM;

N = 1627), is not fixed in all domesticus populations, but it

is a diagnostic marker in Central Europe (Munclinger et al.

2003). The primers for Btk and Tsx markers are described in

Munclinger et al. (2003). The third marker is a B2 insertion

3′ downstream the Syap1 gene (55.7 cM; N = 1375). The

primers used were 5′–TGGCTGAGTCACCACTTGTT–3′ and

5′–TGGGGAATGACATTTGAGGT–3′. This insertion is fixed

in M. m. domesticus and absent in M. m. musculus (P. Mun-

clinger, unpubl.).

Two SNPs, Nt (Payseur et al. 2004; N = 1237) and DXMit18.2

(Lindblad-Toh et al. 2000; N = 1354), were also used. These

markers are mapped to intergenic regions of the X chromosome

at 20.8 cM and 29.5 cM, respectively (note that the map position

is the same for DXMit18.2 and Tsx so that independence of those

markers may be questioned).

The PCR conditions for fragments potentially containing

SINEs followed Munclinger et al. (2003). The temperature pro-

file was modified only for the insertion in the Tsx gene, where
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after 3 min incubation at 95◦C, 35 cycles were performed at 95◦C

(3 min), 55◦C (30 sec), and 72◦C (30 sec). The conditions for

Nt and DXMit18.2 were those described in Payseur et al. (2004).

All PCR products were run on 2% agarose gels and visualized by

ethidium bromide staining.

MICROSATELLITES

To get an estimate of the rate of dispersal σ independent from

that estimated from a cline shape, genotypes at four microsatel-

lite loci were used. Dispersal was estimated under the isolation-

by-distance model (Wright 1943) using two methods. First, the

regression between the θ/(1−θ) statistic (Weir and Cockerham

1984), where θ denotes the fixation index, and the logarithms of

geographic distances between populations was calculated (Rous-

set 1997). The θ rather than RST (Slatkin 1995) was used as

recommended by Gaggiotti et al. (1999) for situations in which

sample sizes and number of loci are small and because of un-

certainties concerning the mutation model of microsatellites. The

second method used the â parameter (Rousset 2000) estimated

by comparing individuals rather than population samples. In both

cases, the regression slopes b equal 1/(4πDσ2), where D is pop-

ulation density. Under the isolation-by-distance model (Wright

1943) we could estimate the slope, b, of the regression of two

variables, θ/(1−θ) (Weir and Cockerham 1984), and â (Rousset

2000), on geographic distance. The dispersal was then calculated

as σ = √
1/(4πDb). The detailed information about the loci and

methods is given in Supplementary Material available online.

FITTING THE CLINE IN TWO DIMENSIONS

To pool samples from successive years we must assume that the

zone has been sufficiently stable and that allele frequencies at

individual loci have not significantly changed from year to year.

Although we have no information about the stability of the zone in

Central Europe, there is no evidence of its movement in Denmark

since the 1960s (Raufaste et al. 2005). We further tested the as-

sumption of temporal homogeneity of allele frequencies in poly-

morphic samples of sufficient size: Neuenreuth (1999: N = 17;

2001: N = 13), Lužná (1999: N = 16; 2000: N = 13; 2001: N =
27; 2002: N = 11), Hůrka (2002: N = 42; 2003: N = 7), Plesná

(1997: N = 114; 1999: N = 19), Milhostov (2000: N = 14; 2003:

N = 7), Kaceřov 2 (1999: N = 11; 2001: N = 26; 2003: N =
5). Only frequencies of Sod1 from Plesná and Kaceřov 2 were

proven to be significantly different between successive years after

a Bonferroni correction (6 sites × 6 loci; one locus, Es2, was not

considered for reasons given in Results); therefore, samples from

different years were pooled.

Aside from the sampling error, allele frequencies between

sites can be expected to fluctuate randomly due to a drift. There-

fore, to avoid giving undue weight to very large samples, allele

frequencies at each site were weighed in proportion to the effective

sample size, Ne. According to Szymura and Barton (1986, 1991),

Ne is defined as an inverse of the variance in average frequency

of one taxon’s alleles (here musculus is chosen) at the ith locus

around the average cline, V = 1/n + FST/k, where n is the number

of all alleles summed over k scored loci, and FST = var(pi)/piqi.

The latter term is called the standardized variance of an allele

frequency (Szymura and Barton 1986, 1991) and represents the

residual variation around the regression of allele frequencies at

individual loci against the average of all loci in each sample.

To minimize potential bias resulting from incorrect orienta-

tion of a linear transect across the hybrid zone, its orientation in

two-dimensional space was estimated as follows. First, the bicu-

bic spline smoothing procedure using the 3D Contour Plot routine

of the Statistica software package (StatSoft, Inc., Prague, Czech

Republic 2000) was applied to the data in the two-dimensional

plane in which each site was defined by the x and y coordinates

and the third coordinate was given by allele frequencies averaged

across six allozyme loci (excluding Es2, see Results). The posi-

tion of the zone center was then defined as the 0.5-isocline (Fig.

1B).

In the second step, a maximum likelihood (ML) method using

a Metropolis algorithm was used (for details, see below). In this

method, the position of the cline center can be approximated either

by a single straight line or by a more-or-less angled line made up

by various numbers of segments (Bridle et al. 2001). Obviously,

the more segments a given cline center has, the better overall fit we

should expect because a greater number of parameters allow the

zone position to be defined at a finer geographical scale. However,

adding further segments into the model increases the support in-

terval around parameter estimates as they must be calculated from

the same amount of data. Therefore, new segments should only be

added until there is no further significant improvement of fit. This

can be tested with the likelihood ratio test (LRT) in which the test

statistic, LR = 2(lnL0 − lnL1), can be approximated by the chi-

square distribution with one degree of freedom per each segment

added. The chi-square approximation is valid only when the two

hypotheses compared are nested. In this case, multisegment clines

may only be considered nested if the simpler (null) hypothesis is

a special case of the more parameter-rich (alternative) hypothe-

sis. This means that more complex clines must be derived from

simpler ones by subdividing existing segments. Such a series of

segments may be, for example, {1, 2, 4, 8, . . .} (i.e., an eight-

segment cline is created by halving each part of a four-segment

cline, which in turn was created by halving a two-segment cline

etc.) or {1, 3, 6, 12, . . .} or {1, 3, 9, 27, . . .} or {1, 5, 10, 20, . . .}
etc., where individual segments are of equal length. Conversely,

series such as {1, 2, 3, 4, . . .} do not represent sets of nested

hypotheses and LRT cannot be applied. Although one can use

another criterion that is not constrained by this requirement, for

instance AIC (Akaike 1973), comparing nonnested families of

hypotheses can lead to likelihood oscillations rather than to
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smooth increase of likelihood values as more parameters are

added (Bridle et al. 2001). For each series, the total length of the

cline remains constant to ensure the hypotheses to be comparable

and to keep the total number of parameters at a computationally

reasonable level.

We analyzed three nested series: {1, 2, 4}, {1, 3, 6}, and

{1, 3, 9}, and for each number of segments we estimated ML

using three cline models of increasing complexity: sigmoid, sym-

metrical stepped, and asymmetrical stepped models with two, four,

and six parameters, respectively (see the next section for details).

Thus, in total 6 × 3 = 18 hypotheses were tested with LRT. During

computations, the cline parameters were free to vary; however, the

same cline width was maintained across all segments, that is, it

was not allowed to differ in different parts of the cline. Similarly,

although angles between segments could vary freely, the position

of the starting point was fixed. We used the intersection of the

0.5-isocline with the southern edge of the study area as the start

(cf. Fig. 1B and 2A). In this way, together with fixing the total

cline length and keeping the length of each segment constant, we

minimized the number of parameters and made convergence to a

likelihood peak computationally feasible.

When the course of the zone in two-dimensional space

was estimated, distances from each site to the cline center were

measured. Subsequently, the distance of the most distant site

on the domesticus side (i.e., Straas 1) was set to zero and all

other distances were recalculated accordingly. By this procedure

the three-parameter space was collapsed to a two-parameter

situation in which each site was defined by its distance from

Straas 1 along an imaginary linear transect perpendicular to the

course of the hybrid zone. Both a three-dimensional contour

plot and ML approach gave almost identical results (Pearson

product-moment correlation R = 0.997) with average difference

�d = 0.44 km (range 0–6.64 km) so only maximum-likelihood

estimates (MLE) of distances were used in all subsequent analy-

ses. The Analyse 1.3 program (Barton and Baird 1995; available at

http://helios.bto.ed.ac.uk/evolgen/Mac/Analyse/Version1.3.html)

was used for the ML estimations.

COMPARISON OF CLINE SHAPES

The simplest cline model fitted to the data (referred here to as

“Sig” model) is defined by a hyperbolic tangent function

p(xi ) = 1

2

[
1 + tanh

(
2 (xi − c)

w

)]
, (1)

where p(xi) is the allele frequency at ith site, (xi – c) is the distance

of this site from the cline center (c), and w is the cline width,

given as an inverse of the maximum slope of the curve. This is

a general single-locus model giving a smooth sigmoid curve (or

a straight line if plotted on a logit scale) that can be used for

modeling clines caused by either heterozygote disadvantage or
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Figure 2. Values of F IS (A) and standardized linkage disequilib-

rium averaged over all pairs of loc. (B) Rij plotted against the dis-

tance along the transect. (C) Rij plotted against the product of allele

frequencies, p̄q̄, averaged over six autosomal loci. The regression

line is given by the equation y = 0.0301 + 0.1965x. The slope of

the regression line is not significantly different from zero; after

removing the three outliers (marked with circles) the slope of the

new regression (y = 0.0023 + 0.3196x) becomes significant.

extrinsic selection favoring different alleles in different places

(Haldane 1948; Bazykin 1969; Kruuk et al. 1999; Barton and

Shpak 2000). This model is based on the diffusion approximation

(Haldane 1948; Fisher 1950; Bazykin 1969), which assumes weak

selection acting on each locus separately with no epistasis (Barton

and Shpak 2000).
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However, when dispersal is balanced by selection on several

to many loci, we should expect a pattern different from the simple

model outlined above. As pointed out above, if clines at these loci

coincide, linkage disequilibria cause the selection on individual

loci to be strengthened, resulting in a characteristic sharp step

at the center of each cline. When plotted on a logit scale, the

whole cline can be described by three straight lines. According to

this “stepped” model, most change occurs around the center, yet

foreign alleles introgress far beyond the zone. The central segment

of a cline is described by the sigmoid function (eq. 1) whereas

the regions outside the center are characterized by exponential

decay towards the tails described by two parameters: the rate of

decay, θ, and the size of the central step, B = �p/p′, where �p

is the difference in allele frequency across the central step and

p′ = δp/δx is the gradient of allele frequency p along distance

x at the edges outside this step (Nagylaki 1976; Barton 1986;

Szymura and Barton 1986). The parameter B describes the strength

of the central selective barrier to diffusion of alleles from one

genetic background to another and is usually expressed as the

physical distance (in kilometers) to which a foreign allele would

introgress without the barrier. The parameter θ then measures the

strength of selection acting separately on the characters outside

the central region. The left tail can be expressed by the equation

(after Raufaste et al. 2005)

p(xi ) = w

2
√

θ0
.
�u

B0
exp

[
2 (xi − c)

w

√
θ0

]
, (2)

and similarly for the right tail

p(xi ) = 1 − w

2
√

θ1
.
�u

B1
exp

[−2 (xi − c)

w

√
θ1

]
, (3)

where �u is given as

�u =
2
w

B0
√

θ0 B1
√

θ1

B0
√

θ0 + B1
√

θ1 + 2
w

B0
√

θ0 B1
√

θ1
, (4)

which simplifies to

�u = B
√

θ

w + B
√

θ
(5)

when the model is symmetrical. Note that even though �p (Barton

1986; Porter et al. 1997) and �u (defined Raufaste 2001 see also

Raufaste et al. 2005) both describe the central cline step, the two

parameters have slightly different meaning, which is not obvious

at first glance. Because �u is defined as the difference of allele

frequencies between the intersections of introgression tails with

an imaginary vertical line passing through the cline center (x = c)

whereas �p is the distance between the intersections of the tails

with the central cline segment itself, it should hold �u ≤ �p. The

rate of decay, θ, can be expressed in terms of the ratio between the

selection acting on an individual locus itself (se) and the effective

selection on the locus at the center due to association with other

loci (s∗): θ = se/s∗ (hence, θ = 1 when selection affects the loci

separately; Szymura and Barton 1986).

In this paper, we used all three models, that is, sigmoid

(Sig, described by two parameters: c and w), symmetrical stepped

(Sstep, with four parameters: c, w, B, and θ), and asymmetrical

stepped model (Astep, with six parameters: c, w, B0, B1, θ0, and

θ1, where subscripts 0 and 1 denote the domesticus and musculus

side, respectively). The best-fitting model was then chosen using

LRT with two degrees of freedom.

As in the case of two-dimensional clines we used the ML

method (Edwards 1992) for fitting one of the three hybrid zone

models to the data. However, because searching over the whole

four- or even six-parameter space cannot be done analytically,

we applied a Markov chain Monte Carlo (MCMC) method based

on a modified Metropolis–Hastings algorithm (Metropolis et al.

1953; Hastings 1970). Several runs of chains of 103–106 steps

(depending on the complexity of the likelihood surface) were car-

ried out for all parameters and MLEs were then scored. Following

Edwards (1992), two-unit support limits were used as approxi-

mately 95% confidence intervals. For this purpose, we followed

an approach suggested by Phillips et al. (2004): for each model

and each locus, the likelihood surface was explored stepwise along

an axis for one of the parameters with the other parameters free

to vary at each step and the resulting likelihood profile was then

constructed (see also Takami and Suzuki 2005). The same proce-

dure was repeated for all the cline parameters. The support limits

were found at Lmax–2 (2LL). In a few allozyme loci, we had to

make some arbitrary decisions (cf. Idh1, Mpi, and Np in Fig. 5): in

these cases, log-likelihoods increased monotonically from a width

of several kilometers until nearly zero and hence we would arrive

at an extreme value of few meters only, substantially lower than

individual dispersal. Because a central step of infinite steepness

can be placed between any two discrete sampling points, analyses

using the stepped models can often only place an upper bound on

the width (S. J. E. Bird, pers. comm.). In this study, we arbitrarily

accepted only those values of w that were higher than 5 km and

for which we could identify an apparent peak on the likelihood

profile.

Coincidence of clines was tested as follows. First, a composite

likelihood profile for the cline center position was constructed by

summing likelihood profiles for all individual loci. Then the ML

value of this composite profile (hereafter LL�) was found and

compared with the sum of all MLEs for individual loci (hereafter

�LL). If the clines are staggered the value of LL� should be

significantly lower than the value of �LL according to LRT with

n – 1 degrees of freedom where n is the number of loci. The same

procedure was used for testing the concordance of clines using

likelihood profiles for the cline width. As described in Phillips

et al. (2004), summing log-likelihoods over loci assumes that these

loci are independent, otherwise the tightness of support limits on
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consensus parameters may be overestimated. This assumption is

fulfilled for the six autosomal markers (excluding Es2), which are

on a different chromosome each, and for comparisons between

the consensus allozyme and X-chromosome clines. Even though

individual X loci are all linked on the same chromosome, the

rate of recombination between them seems to be sufficiently high

for rendering reliable estimates (with a possible exception of two

loci, Tsx and DXMit18.2, which map to the same position on the

X chromosome).

ESTIMATION OF DISPERSAL AND SELECTION

PARAMETERS

From the estimates of cline shape parameters we can infer several

important parameters of process in a contact zone such as selec-

tion on marker loci, selection on selected loci, effective selection,

number of genes under selection, or mean fitness of hybrids. To

do so, we need to make several assumptions, the most restrictive

being that fitness is not frequency-dependent and linkage dise-

quilibria are weak (Dij � 1). Here we use ML estimates of the

standardized linkage disequilibrium, Ri j = Di j/
√

pi qi p j q j , av-

eraged across all allozyme loci. We simplified the estimation of

linkage disequilibria by neglecting higher-order disequilibria. Val-

ues of F IS were estimated from the data rather than assuming them

to be zero during the computation of Rij. Only samples of six or

more individuals (N = 1409 mice from 62 sites) were used for

estimating linkage disequilibria (Hatfield et al. 1992).

If we assume that selected loci are randomly scattered over

all chromosomes and that the rate of recombination between two

loci x map units apart is [1 – exp(−2x)]/2, we can compute the

harmonic mean recombination rate among genes (Szymura and

Barton 1991; Barton and Gale 1993) according to the equation

given in Porter et al. (1997)

1

r̄
= 2 (C − 1)

C
+ C

R2

R/C∑
y=0

r0. ln

(
e2y − 1

2r0

)
, (6)

where C is the effective number of chromosomes (here we take

all 20 pairs as the effective number of chromosomes), R/C is

the average chromosome length, and r0 is the minimum distance

between a marker locus and a locus under selection (note r0 is

missing in the numerator in eq. 7 of Porter et al. 1997). Accord-

ing to the Ob × Cast F2 intercross and the Copeland/Jenkins

map of a M. m. domesticus × M. spretus backcross (Broad In-

stitute, http://www.broad.mit.edu/cgi-bin/mouse/index) the mean

chromosome length of the mouse is 0.7 Morgans. This value is

consistent with the mean number of chiasmata per chromosome

estimated by Polani (1972) to 1.35. This gives the average chro-

mosome length of 0.675 M. The summation in equation (6) was

done over steps of size r0 = 10−4. This value is arbitrary, but as the

result depends only on lnr0, it does not make much difference if

we use 10−3 or 10−5. The resulting harmonic mean recombination

rate is then r̄= 0.402.

The rate of dispersal can be estimated from the average

linkage disequilibrium, recombination rate, and the cline width

(Szymura and Barton 1986; Barton and Gale 1993)

σ = w

√
Ri j r̄

1 + r̄
, (7)

where σ is expressed as the standard deviation of distances be-

tween birthplaces of parents and their offspring measured after

migration. The linkage disequilibrium was averaged across sam-

ples from the central step segment of the composite cline of six

allozyme loci (about center ± 5 km).

Assuming intrinsic selection against hybrid genotypes, the

effective selection pressure on a locus at the center of the zone is

(Barton and Gale 1993; Raufaste et al. 2005)

s∗ = 8
( σ

w

)2
. (8)

If we further assume that selection of strength s acts multiplica-

tively against heterozygotes at n loci, that the number of selected

loci is large and that linkage disequilibrium is generated predom-

inantly by dispersal, then the barrier B can be approximated as

B ≈ (nσ
√

2s)/r̄ (Barton and Shpak 2000) and ns/r̄ = 2 ln(B/w)

(Barton 1986; Barton and Bengtsson 1986; Szymura and Barton

1986, 1991). From these equations we can derive formula for s

and n (Raufaste et al. 2005)

s = 8σ2

B2

[
ln

(
B

w�u

)]2

, (9)

where �u is the height of the central step estimated according to

equation (4), and

n = r̄ B2

4σ2 ln
(

B
w

) . (10)

The total selection is then given as S = ns.

The strength of the barrier can be expressed in terms of the

cline width, mean fitness of hybrids relative to mean fitness of

populations outside the zone, and the rate of recombination as

B = w�p(W H/W P)−1/r̄ (Barton and Bengtsson 1986). If we fix

the mean fitness of both parental populations arbitrarily at 1,

we get

W H =
(

w�p

B

)r̄

. (11)

Where P = 0.5, a half of individuals will be heterozygous

at any one of the n loci so the mean fitness of hybrids can

also be approximated as W H ≈ exp(−S/2)(Szymura and Barton

1986, 1991).

Except for the microsatellite data, the Analyse 1.3 program

was used to perform all the computations given above. Because
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the current version of Analyse does not allow direct processing of

haplodiploid data, we used pooled allele frequencies as input in

the case of the X-linked markers. However, this step is only possi-

ble if male and female frequencies are not significantly different.

This assumption was tested with Fisher exact test using Statis-

tica (StatSoft, Inc. 2000). As long as neither of the pairwise tests

proved significant differences between male and female frequen-

cies, the two sexes were pooled together for subsequent statisti-

cal treatment.

For comparison, the parameters for the X-linked loci were

also estimated from individual genotypes using the ClineFit pro-

gram (Porter et al. 1997; available at http://www-unix.oit.umass.

edu/∼aporter/software/). Several independent runs with changing

parameters (burn-in: parameters tries per step ≥ 500; sampling

for support limits: replicates saved ≥ 3000, and 30–50 replicates

between saves) were performed for each locus. Because this pro-

gram does not directly estimate the strength of the barrier, B0, this

parameter was derived from the equation

B0 = �p(
∂ A
∂x

) , (12)

evaluated at x0, where �p is the height of the central step as spec-

ified above and x0 is the position of the intersection between the

central step and the left introgression tail, that is, the intersection

between equations (1) and (2). The derivative (∂A/∂x) is given as

∂ A

∂x
= 4

√
θ0

w
exp

[
4 (x0 − [c + z0])

√
θ0

w

]
, (13)

where c + z0 is the distance of a vertical asymptote for the ex-

ponential decay on the left side of the zone from the cline center

(Porter et al. 1997; but note incorrect typing of parentheses in their

eqs. [10a] and [10b]). Analogically, by substituting z1 for z0 and

θ1 for θ0 we can compute B1 for the right side.

Results
ALLELE AND GENOTYPE FREQUENCIES

AT AUTOSOMAL LOCI

Individual genotypes at all autosomal and X-linked loci are avail-

able at http://www.iapg.cz/legs. The Es2 locus appeared not to

behave as a good diagnostic marker because too many “for-

eign” alleles occurred far within territories of both taxa (see

also Munclinger et al. 2002) and was excluded from subsequent

analyses. Allele frequencies of musculus alleles averaged across

the remaining six autosomal loci (hybrid index, HI6) as well

as five X-linked loci (HIX) for each population are given in

the Appendix.

Populations within the zone harbored mixtures of individuals

with complex hybrid ancestry. No individuals heterozygous at all

autosomal loci scored (which would indicate presence of F1 hy-

brids) were found, nor were any females heterozygous for the five

X-chromosome markers. Introgressed diagnostic alleles appeared

at low frequencies even at the edges of the transect, about 60 km

from the hybrid zone center.

Two rare alleles occur in the hybrid zone: Idh155 on the mus-

culus side (Anenská Ves: P = 0.036; Krajková 1: P = 0.125;

Krajková 2: P = 0.111; Nová Role: P = 0.500; Rudolec 2: P =
0.089; Staré Sedlo: P = 0.088); and Np110 on the domesticus

side (Benk: P = 0.025; Křižovatka: P = 0.141; Neuenreuth: P

= 0.077; Plesná: P = 0.211; Straas 2: P = 0.015; Thierstein:

P = 0.139). This can be an example of the so-called rare allele

phenomenon (Sage and Selander 1979); that is, alleles absent in

adjacent “pure” populations (called hybrizymes; Woodruff 1989)

appear in hybrids (see also Hunt and Selander 1973). Barton and

Hewitt (1985) noted that rare alleles have been found in 19 of 23

electrophoretic studies of hybrid zones. According to these au-

thors, such genetic variants are the result of increased mutation

rate, intragenic recombination (see also Godinho et al. 2006), or

relaxed selection within the zone. However, although frequencies

of both Idh155 and Np110 tended to increase towards the center

of the zone, the slopes of regression lines were not significantly

different from zero and occurrence of these alleles was limited to

the edges of the zone (i.e., they were missing in populations with

hybrid indices between 0.25 and 0.75).

No “pure” mice, those homozygous at all autosomal and

X-linked loci, were found on the “wrong” side of the hybrid

zone. Presence of such individuals would indicate the occasional

long-distance migration. However, a single individual from a site

10.5 km from the center on the musculus side was homozygous for

domesticus alleles at all X-linked and five autosomal loci whereas

heterozygous at the sixth autosomal locus. Another individual

from the same population was found to possess the “pure” do-

mesticus genotype at all X-marker loci. On the domesticus side,

one animal from a site 9.5 km from the center was found to be

homozygous for musculus alleles at all five X loci.

At several sites, allele frequencies at one of the loci differed

markedly from others, suggesting a possible founder event or es-

tablishment of a migrant into an existing population. Although

in many populations we could not establish whether this phe-

nomenon was simply an artifact of small sample size, there were

few notable exceptions. The first one was the population in Plesná,

from which the largest sample was analyzed (N = 134). This pop-

ulation (HI6 = 0.211; Appendix) was characterized by a high

frequency of the musculus allele at Gpd1 (p[Gpd1] = 0.961) on

a predominantly domesticus background (the value of the hybrid

index based on remaining five loci was HI5 = 0.079). A simi-

lar situation was found in Dolnı́ Luby, about 6 km east of Plesná

(N = 10; HI6 = 0.202; p[Gpd1] = 0.850, HI5 = 0.080). Even more

dramatic examples of suspected founder events were found in sev-

eral populations within the musculus territory, between the 60th

and 75th km of the transect, with high frequencies of domesticus
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alleles at either the Nt or Tsx (or both) loci and fixed musculus

alleles at the remaining X-linked loci scored.

ALLELIC AND GENOTYPIC DISEQUILIBRIA

AT AUTOSOMAL LOCI

Significant heterozygote deficit was found at all six autosomal

loci with a mean value of F̄IS= 0.409 (2LL support limit: 0.376–

0.442), yet there was significant heterogeneity both among loci

(�L5 = 17.94, P � 0.001) and among samples (�L61 = 106.64,

P = 0.0003). The lowest value of F IS was found for Mpi (0.285;

2LL = 0.205–0.365) and the highest at Es1 (0.604; 2LL = 0.492–

0.691). We hypothesized that these high F IS values may have been

caused by three outliers—Lehsten on the domesticus side and

Buškovice and Kostelnı́ Břı́za on the musculus side. In the two

former cases, a single individual among genetically pure animals

was found to be homozygous for a foreign allele at one locus (Np90

in Lehsten, Es194 in Buškovice) whereas three animals exhibited

two domesticus alleles, Mpi100 in the pure musculus background

in Kostelnı́ Břı́za. However, when the five spurious individuals

were excluded from the analysis, the overall decrease in F IS was

negligible: F̄IS = 0.405 (0.372–0.438; heterogeneity among loci:

�L5 = 18.76, P � 0.001; and among samples: �L61 = 46.92,

P = 0.0044). Importantly, there is an apparent peak of F IS values

in the zone center (Fig. 2A).

Values of the mean standardized linkage disequilibria be-

tween pairs of autosomal loci are listed in Table 1. Overall link-

age disequilibrium averaged across the samples was R̄i j= 0.0391

(2LL=0.0244–0.0532; heterogeneity among sites:�L61 =42.77,

P = 0.0208; heterogeneity among loci: �L5 = 14.06, P < 0.001).

As for F IS, there was a peak of high values of Rij in the central

part of the zone (Fig. 2B). When only the central populations were

considered the average disequilibrium increased to R̄i j= 0.0584

(2LL=0.0385–0.0748; heterogeneity among sites:�L22 =23.55,

P = 0.0014; heterogeneity among loci: �L5 = 9.19, P = 0.0025).

As “central populations” we considered sites from an area char-

acterized by a steep gradient of allele frequencies, that is, a belt

approximately of ±5 km from the center (see below). This sub-

Table 1. Values of standardized variance of fluctuations about the fitted cline (FST) and the average standardized linkage disequilibrium

between each pair of loci (R̄i j ).

Locus FST R̄i j � �

Es1 Gpd1 Idh1 Mpi Np Sod1

Es1 0.0937 – 0.0538 −0.0610
Gpd1 0.3184 0.040 – 0.2435 −0.2387
Idh1 0.1440 0.052 0.013 – 0.1091 0.0601
Mpi 0.1050 0.043 0.043 0.098 – −0.1230 0.0698
Np 0.1572 0.087 0.000 0.013 0.042 – −0.0076 −0.1526
Sod1 0.1572 0.050 0.025 0.010 0.077 0.017 – −0.3005 0.2825
All 0.1693 0.0391

sample consisted of 23 sites and 478 individuals. Figure 2C shows

the disequilibrium plotted against the product of averaged allele

frequencies, pq, for each site of N ≥ 6. The regression line is given

by the equation y = 0.0301 + 0.1965x (R2 = 0.0282; slope not

significantly different from zero at the 95% and even 85% lev-

els, P = 0.1690). This result seems to be due to the three outliers

characterized by strong heterozygote deficit at three sites. Indeed,

when these outliers are removed, the slope becomes significantly

different from zero (regression equation: y = 0.0023 + 0.3196x;

R2 = 0.172; P = 0.0011). The linkage disequilibrium estimated

from the regression equation at pq = 0.25 is Rij = 0.0822.

CLINE SHAPES

Allozyme cline in two dimensions
The allozyme data were best fitted to a cline with the straight line

oriented 22◦ clockwise from the northsouth direction (Fig. 3A).

The line runs between site numbers 55, 56, 60, 61, and 62 on

the domesticus side, and 63, 64, 65, 67, 68, 69, 70, and 71 on the

musculus side (Fig. 3B). The cross-section of this two-dimensional

cline was symmetrical and stepped. The two alternative models

as well as more segmented clines did not provide significantly

better fits.

Single- and multilocus autosomal clines
All clines were centered within approximately 5 km of one an-

other, between the 45th and 50th km of the transect (Table 2).

Sigmoid clines were considerably wider (ca. 24 km on average)

than stepped clines (ca. 10 km on average). Clines at each of the au-

tosomal loci are shown in Figure 4 and the parameter estimates are

given in Table 2. Three loci (Es1, Mpi, Np) revealed symmetrical

(Sstep) clines whereas two loci (Gpd1, Idh1) gave a significantly

better fit with asymmetrical (Astep) clines. The sixth locus (Sod1)

was best described with the simple sigmoid (Sig) model.

Likelihood profiles for cline widths are shown in Figure 5.

This figure illustrates that likelihoods for the sigmoid curves tend

to peak at higher estimates of w than those for stepped clines

(cf. also Table 2). This is caused by the fact that the Sig model
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Figure 3. (A) Values of the hybrid index (HI6), defined as the frequency of musculus alleles averaged over six allozyme loci, at each

locality. The pies are proportional to sample sizes. The black line indicates the center of the average six-allozyme cline. The data were

best fitted with the Sstep model as a straight line (solid line) oriented 22◦ clockwise from the north–south direction. In the lower right

corner of the figure, the width of the cline, together with two-unit support limits, and the log-likelihood value are shown. The grid is

10 km × 10 km. Below, the cline course is shown in more detail with numbers of adjacent sites indicated (B). Note that for clarity, the pies

are not proportional to sample sizes. The two dashed lines delimit the central step of the cline (about ±5 km from the center). Samples

falling into this belt were regarded as “central.”

consists of two parameters only and thus is less flexible when

fitting the data. Profiles for both stepped models are very similar

in their height and peak position in most cases, as expected from

the predominantly symmetric pattern of the clines.

When superimposed, the clines appear relatively coincident

and concordant (Fig. 6; note that only a part of the transect, be-

tween the 20th and 80th km, is shown to render the pictures more

informative). However, when the allele frequencies at each of

the six loci (pi) were plotted against the average frequency ( p̄)

the points were largely scattered around the diagonal suggesting

considerable deviations of individual frequencies from the mean

(figure not shown). We can fit polynomials to these points accord-

ing to the formula pi = p̄ + 2 p̄q̄[α + ( p̄ − q̄)β] (Szymura and

Barton 1986, 1991), where α describes an increase of musculus

alleles above the average (i.e., a shift of the cline to the domesticus

territory) and β describes narrowing the cline below the average

(Table 1). These polynomials were less coincident on the western

than on the eastern side of the hybrid zone with Idh1 (α = 0.1091)

and Gpd1 (α = 0.2435) most markedly shifted to the domesticus

territory and Sod1 (α = −0.3005) shifted to the musculus territory

(cf. Table 1).

Coincidence and concordance of clines was tested using the

LRT where the null (constrained) hypothesis is represented by

MLE of summed (composite) likelihood profiles (LL�) and the

alternative (unconstrained) hypothesis is represented by the sum

of MLEs for individual loci (�LL) for the cline center position

and width, respectively. LRTs were performed for all three cline

models yet for simplicity we present here only tests for the most

parameter-rich Astep model. The autosomal clines appeared very

similar in the position and width: all the clines have coincident

estimates of c with the exception of Sod1 (�L5 = 14.71, P �
0.001; without Sod1: �L4 = 0.54, P = 0.8962).

The six-locus autosomal cline was best described by a sym-

metrical step model with w = 9.62 km (2LL = 0.0–16.9). This

symmetry was also suggested by t-tests of B0 versus B1 values

and θ0 versus θ1 values, respectively (B: t10,α = 1.2263, P =
0.2482; θ: t10,α = 0.7039, P = 0.4976). According to equa-

tion (7) and given the average standardized linkage equilibrium

from the zone center R̄i j= 0.0584 and harmonic mean recombi-

nation r̄= 0.402, the multilocus cline width yields an estimate

of the σ = 1.0472 km/gen1/2. This estimate is somewhat higher

than the average dispersal estimated from microsatellite genotypes
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Figure 4. Frequencies of musculus alleles at six autosomal loci, their mean, and those at five X-linked loci, plotted against geographic

distance along the one-dimensional transect across the hybrid zone. Gray bubbles represent real data (the area of each bubble is pro-

portional to sample size) whereas the black dots show the best fit of the same data based on one of the three cline models used in this

paper. Vertical lines depict the position of the average six-allozyme cline. Nt(–) and Tsx(–) denote the data with outliers excluded.

(σ = 0.8172 km/gen1/2; see Supplementary Material available on-

line for details).

X-chromosome clines
The transitions of individual X-chromosome markers and fitted

clines are shown in Figure 4. All the clines were significantly

asymmetrical. This asymmetry is most conspicuous in the Nt and

Tsx loci, due to low frequencies of musculus alleles at several

eastern sites, between 60th and 75th km of the transect, within

the musculus territory. Importantly, high incidence of domesticus

alleles either at the Nt or Tsx (or both) loci occurred in popula-

tions with fixed musculus alleles at the remaining loci, suggesting

recent founder events after human-mediated long-distance mi-

gration (see above). Therefore, samples with high frequencies of

domesticus alleles on fixed musculus background were excluded

as outliers for the two loci (Nt: nos. 71, 72, 88, 93, 97–99; Tsx: 72,

88, 89, 97, 99). These reduced datasets are hereafter denoted as

Nt(–) and Tsx(–), respectively. When outliers are removed, both
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Figure 4. Continued.

the Nt(–) and Tsx(–) clines are much more symmetrical, but the

Astep model still fit the data significantly better than the Sstep

model (cf. Table 3).

After superposition, all the X-marker clines are apparently

very similar to each other both in their position and their shape

regardless of the model used (Fig. 6, bottom row). The Astep

model revealed high coincidence, with only the cline center for

Btk significantly different from that of the others (�L3 = 12.27,

P � 0.001; excluding Btk: �L3 = 3.90, P = 0.0504). Discordance

of the clines was caused by the significantly narrower Syap1 cline

(Astep: �L4 = 5.22, P = 0.0337; without Syap1: �L3 = 2.34,

P = 0.1963). Indeed, the width of the Syap1 cline was almost

six times lower than that of Nt(–) or almost 10 times lower than

the Tsx cline uncorrected for outliers. The compound five-locus

X-chromosome cline was best described by an asymmetrical step

model with w = 4.61 km (2LL = 3.7–5.0).

Comparison of multilocus autosomal
and X-chromosome clines
When w is estimated from a multilocus cline and cline centers

for particular loci are noncoincident, the resulting value of w and,

hence, σ may be overestimated (see Porter et al. 1997). In our

study, the compound autosomal cline width may be overestimated

due to higher w and different position of the center of the Sod1

cline relative to remaining loci and thus it could be argued that

we should exclude this locus from fitting a multilocus cline (see

also Dod et al. 2005; Raufaste et al. 2005). However, excluding

Sod1 revealed virtually the same w estimate for the best-fit Sstep

model (w = 9.52 km, 2LL = 1.2–16.2); thus there is no rea-

son to exclude this marker from the analysis. Both step models

yielded coincident autosomal and X-chromosome clines, that is,

although the stepped multilocus clines for the five analyzed X-

chromosome markers were apparently much narrower than the

compound autosomal clines fitted with the same models (about

35% and about 47% of the autosomal cline width for the Sstep and

Astep model, respectively; cf. Tables 2 and 3), the differences were

insignificant.

COMPARISON OF ANALYSE AND CLINEFIT RESULTS

To allow the comparison of the results of the two programs, we

used equations (12) and (13) to obtain estimates of parameters

B0 and B1 from the ClineFit output. The ML estimates of the six
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Figure 5. Marginal likelihood surfaces along the cline width (w ) axis for all autosomal and X-linked markers as well as for average

allozyme and X-chromosome data. The profiles are made of maximum-likelihood values with w fixed in 0.1-km increments, whereas all

other parameters are free to vary at each step. All three models are compared for each dataset and the best-fitting model, chosen using

LRT, is indicated with an asterisk (cf. also Tables 3 and 4). Inserts show details of the profiles and arrows point to local likelihood peaks

that can be considered “real.”

parameters and their two-unit support limits are given in Table

S1 (see Supplementary Material available online). As expected,

the highest congruence was found in the estimates of the param-

eter c: the difference was 18.6 m for the Sig model and 301.4 m

for the Astep model, representing 0.097% and 1.574% of the av-

erage cline width, respectively. The congruence in the estimates

of cline widths was slightly lower: the difference between Anal-

yse and ClineFit estimates were 1.85 km for Sig and 1.51 km for

Astep, representing 9.67% and 26.21% of the average cline width,

respectively. Estimates of B and theta parameters were consider-

ably less congruent, ranging from 132.04% (θ0) to 194.67% (B1)

of average values of the respective parameters.

ESTIMATING SELECTION PARAMETERS

FROM CLINE SHAPES

The strength of the central barrier to gene flow into the domesti-

cus territory estimated both from the multilocus autosomal and X-

chromosome cline was approximately 20 km (Table 4). In Table 4,

we used both dispersal rate estimates (σ) for the allozyme data, that

is, σ based on the cline parameters (eq. 7) as well as σ estimated

independently from the microsatellite data (see Supplementary

Material available online); for X-chromosome data only the lat-

ter estimate was used. Both the clines were fitted with the Astep

model to allow their comparison. On the musculus side, the barrier

estimated from the autosomal data was also about 20 km whereas
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Figure 6. Superimposed Sig, Sstep, and Astep clines for six autosomal (top) and five X-linked (bottom) loci. Note that only central parts

of clines (between the 20th and 80th kilometer of the transect) are shown.

the multilocus cline based on the five X-linked markers gave an

estimate six times higher (124 km). These parameters can be inter-

preted as the distance a neutral allele would introgress without the

barrier. This barrier can also be interpreted as the time (in genera-

tions) that a neutral allele is delayed when crossing the zone: T 0 =
(B0/σ)2 on the domesticus side and T 1 = (B1/σ)2 on the musculus

side, respectively (Barton and Gale 1993). This delay was of the

order of few to many hundreds of generations except for X-linked

loci, where the time required to reach the musculus side exceeded

20,000 generations (Table 4). This means that given two gener-

ations per year, the average autosomal gene that has crossed the

barrier in either direction will have taken about 160 years when

the higher dispersal estimate is used or about 400 years when the

lower estimate is considered. On the other hand, diffusion of an

average X-linked gene would take roughly 2500–4000 years.

Raufaste et al. (2005) used a more conservative estimate of

a single generation per year assuming that the autumn generation

does not contribute to migration. However, it is known that in

temperate zones of Central Europe some mice continue to breed

throughout the year (Pelikán 1981) so there can be up to three

generations per year. Even though it is doubtful that animals

born in late autumn and during winter move outdoors, the second

generation of late summer/early autumn is likely to contribute

to migration.

The effective selection pressure on an average enzyme locus

in the center of the zone was s∗ ≈ 5.6–9.0%, whereas the effective

selection on the X chromosome was 3.5-times higher. Outside

the central part of the zone, the selection acting directly on each

allele was se ≈ 0.8–1.4% for autosomes and se ≈ 1.1% for X-

linked markers. Finally, the selection against hybrids acting at

loci responsible for reproductive isolation (s) was s ≈ 2.8–4.9%

for autosomal and about 2.7% for X-chromosome markers. The

estimates of the number of loci under selection were between 56

and 99 for autosomes and almost 380 for the X chromosome.

The mean fitness of hybrids in the center of the zone relative to

the mean fitnesses of pure populations outside the zone (eq. 11),

when the fitnesses of domesticus and musculus were considered

W D = W M = 1, was W H ≈ 60% for autosomal and W H ≈ 35%

for the X-linked loci.

Discussion
CLINE SHAPE AND SELECTION AGAINST HYBRIDS

IN THE MOUSE HYBRID ZONE

The central European portion of the musculus/domesticus hybrid

zone, studied across a two-dimensional field area stretching from

eastern Bavaria (Germany) to western Bohemia (Czech Republic),

is best modeled as a single straight line oriented 22◦ clockwise

from the north–south direction. This simple pattern, independent

of fine-scale local geographic conditions, is consistent with the

synanthropic niche of the house mouse and absence of any cli-

matic or other environmental gradient throughout the study area.

It is also consistent with the notion of the zone as being maintained

by dispersal and selection against hybrids (so-called tension zone;

Key 1968) rather than by extrinsic habitat selection. The position

and orientation of the hybrid zone in our study area matches fairly

well with those in other sections of the zone near Munich in south-

ern Germany (Sage et al. 1986; Tucker et al. 1992) and that east

of Leipzig in eastern Germany (K. C. Teeter, pers. comm.). Thus,

the zone appears to run in a straight line from Munich through

the western tip of the Czech Republic to the Elbe River where

it turns north–northwest to Kiel Bay in East Holstein (Prager

et al. 1993).

Changes in allele frequencies along a one-dimensional

transect in five of the six allozyme loci and all five X-linked loci

studied were best fitted with one of the stepped cline models.

760 EVOLUTION APRIL 2007



GENETIC ANALYSIS OF A MOUSE HYBRID ZONE

T
a
b

le
3
.

C
lin

e
sh

ap
e

p
ar

am
et

er
es

ti
m

at
es

fo
r

ea
ch

X
-c

h
ro

m
o

so
m

e
lo

cu
s

an
d

th
e

av
er

ag
e

X
-l

in
ke

d
lo

cu
s.

L
oc

us
M

od
el

L
nL

c
(k

m
)

w
(k

m
)

B
0
/w

θ
0

B
1
/w

θ
1

N
t

Si
g

−2
18

.8
61

52
.5

2
(5

1.
5–

53
.6

)
25

.2
1

(2
2.

4–
28

.5
)

–
–

–
–

Ss
te

p
−2

07
.2

32
50

.2
4

(4
9.

6–
51

.5
)

11
.4

4
(.

1–
14

.4
)

3.
45

(.
7–

10
.3

)
.1

36
5

(.
04

0–
.3

80
)

–
–

A
st

ep
∗

−1
78

.9
21

∗
47

.6
4

(4
6.

7–
48

.9
)

4.
35

(.
1–

7.
6)

8.
41

(1
.6

–i
nf

.)
.0

46
2

(.
01

5–
.3

00
)

4.
69

(1
.8

–i
nf

.)
.0

11
0

(1
.3

5×
10

−4
–.

04
5)

N
t(

–)
a

Si
g

−1
33

.3
64

49
.3

9
(4

8.
75

0.
4)

13
.6

5
(1

2.
9–

13
.8

)
–

–
–

–
Ss

te
p

−1
01

.6
50

49
.4

0
(4

8.
8–

49
.9

)
8.

13
(6

.9
–9

.8
)

8.
05

(2
.6

–2
7.

9)
.0

84
1

(.
02

0–
.2

38
)

–
–

A
st

ep
∗

−9
7.

08
0∗

49
.3

0
(4

7.
7–

48
.6

)
8.

13
(6

.8
–1

0.
0)

3.
59

(.
8–

20
.0

)
.2

17
7

(.
05

0–
.7

30
)

7.
95

(2
.3

9–
89

.8
)

.0
41

7
(.

00
4–

.1
52

)
D

X
M

it
Si

g
−1

19
.6

95
48

.3
2

(4
7.

7–
49

.0
)

12
.9

0
(1

1.
4–

14
.6

)
–

–
–

–
18

.2
Ss

te
p

−9
3.

47
1

48
.5

3
(4

7.
8–

49
.3

)
5.

16
(2

.3
–8

.3
)

3.
51

(1
.1

–1
1.

1)
.1

12
4

(.
02

0–
.3

80
)

–
–

A
st

ep
∗

−8
9.

53
9∗

48
.6

8
(4

7.
8–

52
.0

)
6.

77
(.

1–
8.

6)
1.

30
(.

3–
6.

0)
.3

85
3

(.
01

0–
.9

70
)

8.
09

(2
.0

–5
5.

0)
.0

50
5

(.
00

4–
.1

82
)

T
sx

Si
g

−3
39

.9
64

56
.0

2
(5

4.
4–

57
.8

)
40

.0
1

(3
5.

3–
45

.7
)

–
–

–
–

Ss
te

p
−3

32
.5

55
50

.6
5

(4
9.

8–
51

.3
)

11
.9

2
(9

.2
–1

5.
5)

6.
41

(.
4–

18
.3

)
.0

37
6

(.
00

9–
.1

12
)

–
–

A
st

ep
∗

−2
45

.7
58

∗
49

.3
1

(4
8.

4–
50

.2
)

13
.2

3
(1

1.
0–

15
.8

)
49

4.
75

(4
9.

9–
in

f.
)

.0
05

4
(.

00
4–

1.
00

0)
26

.1
5

(7
.2

8–
in

f.
)

.0
01

1
(2

.1
0×

10
−6

–.
01

1)
T

sx
(–

)a
Si

g
−1

29
.6

20
48

.8
4

(4
8.

1–
49

.6
)

13
.6

2
(1

1.
6–

15
.7

)
–

–
–

–
Ss

te
p

−1
13

.9
58

48
.8

4
(4

8.
1–

50
.1

)
6.

13
(.

0–
8.

5)
1.

67
(.

4–
in

f.
)

.1
98

4
(.

00
1–

.5
62

)
–

–
A

st
ep

∗
−1

08
.2

76
∗

48
.9

6
(4

8.
0–

50
.3

)
3.

48
(.

0–
8.

8)
1.

32
(.

1–
in

f.
)

.1
30

4
(.

01
0–

1.
00

0)
8.

05
(1

.2
–i

nf
.)

.0
13

9
(.

00
0–

.1
50

)
B

tk
Si

g
−2

17
.6

72
46

.9
5

(4
6.

3–
47

.5
)

14
.7

3
(1

3.
3–

16
.4

)
–

–
–

–
Ss

te
p

−1
71

.7
80

47
.4

9
(4

7.
0–

48
.3

)
5.

34
(3

.7
–8

.1
)

8.
75

(3
.5

–2
1.

6)
.0

52
4

(.
01

7–
.1

61
)

–
–

A
st

ep
∗

−1
64

.2
30

∗
47

.8
1

(4
7.

2–
48

.4
)

6.
36

(4
.4

–8
.2

)
7.

43
(2

.7
–2

0.
2)

.0
53

3
(.

01
6–

.1
60

)
5.

45
(1

.2
–2

2.
0)

.1
84

7
(.

04
0–

.6
85

)
Sy

ap
1

Si
g

−1
26

.1
99

47
.2

4
(4

6.
5–

47
.9

)
14

.1
4

(1
3.

3–
14

.3
)

–
–

–
–

Ss
te

p
−1

06
.4

40
48

.0
4

(4
7.

4–
48

.7
)

9.
90

(6
.8

–1
1.

9)
5.

32
(1

.3
–2

5.
5)

.1
70

0
(.

04
0–

.4
84

)
–

–
A

st
ep

∗
−8

3.
15

5∗
51

.4
0

(4
9.

7–
52

.0
)

1.
40

(.
5–

5.
1)

3.
59

(1
.7

–1
5.

0)
.0

08
5

(.
00

3–
.0

63
)

2.
80

×1
05

(2
10

–i
nf

.)
3.

28
3×

10
−8

(.
00

0–
.0

10
)

A
llb

Si
g

−4
41

.1
14

48
.0

2
(4

7.
7–

48
.4

)
13

.9
6

(1
3.

5–
14

.1
)

–
–

–
–

Ss
te

p
−2

40
.4

37
48

.8
0

(4
8.

5–
49

.4
)

3.
33

(.
1–

5.
6)

9.
84

(5
.2

–i
nf

.)
.0

25
3

(.
01

6–
.0

74
)

–
–

A
st

ep
∗

−2
17

.5
98

∗
49

.5
6

(4
9.

4–
49

.3
)

4.
61

(3
.7

–5
.0

)
4.

35
(2

.9
–6

.4
)

.0
66

9
(.

03
9–

.0
98

)
26

.9
3

(1
2.

7–
65

.4
)

.0
18

1
(.

00
7–

.0
39

)

a
“(

–)
”

d
en

o
te

s
d

at
a

w
it

h
o

u
tl

ie
rs

ex
cl

u
d

ed
(s

ee
te

xt
fo

r
ex

p
la

n
at

io
n

).
b

In
th

is
ca

se
,t

h
e

N
t(

–)
an

d
Ts

x
(–

)
lo

ci
w

er
e

u
se

d
to

g
et

h
er

w
it

h
D

X
M

it
18

.2
,B

tk
,a

n
d

Sy
ap

1
fo

r
fi

tt
in

g
th

e
av

er
ag

e
cl

in
e.

Tw
o

-u
n

it
su

p
p

o
rt

lim
it

s
ar

e
g

iv
en

in
p

ar
en

th
es

es
.

EVOLUTION APRIL 2007 761
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Table 4. Parameters estimated from the multilocus autosomal and X-chromosome cline, respectively, fitted with the Astep model in both

cases. For autosomal data, the dispersal was estimated either from equation (7) or based on the distribution of microsatellite alleles,

whereas the latter estimate was only used for the X-chromosome data. All selection parameters and the mean fitness of hybrids were

averaged for the left and right sides of the zone.

Parameters Autosomes (six loci) Chromosome X (five loci)

Cline shape Microsatellites

Standardized linkage disequilibrium, Rij .0584 (.039–.075) – –
Harmonic mean recombination rate, r .402
Cline width, w (km) 9.89 (5.69–15.04) 4.61 (3.71–5.00)
Barrier to flow into domesticus, B0 (km) 25.14 (5.18–109.54) 20.05 (14.35–27.88)
Barrier to flow into musculus, B1 (km) 17.14 (7.53–50.29) 124.01 (18.06–329.87)
Introgression tail (domesticus side), θ0 .0906 (.0229–.2662) .0669 (.0393–.0980)
Introgression tail (musculus side), θ1 .2289 (.020–.4693) .0181 (.0066–.0395)
Dispersal rate, σ (km.gen−1/2) 1.047 .817 .817
Delay on the domesticus side, T 0 (gen.) 577.6 (23.3–12,677.5) 1025.9 (56.5–30,748.8) 602.0 (308.2–1163.5)
Delay on the musculus side, T 1 (gen.) 268.5 (15.1–2.0×105) 556.2 (36.6-4.9×105) 23,029.5 (5272.3–1.6 × 105)
Effective selection, s∗ .0895 (.0391–.2842) .0564 (.0236–.1649) .2517 (.2139–.3913)
Selection on marker loci, se .0143 (.0027–.0353) .0081 (.0013–.0216) .0107 (.0080–.0144)
Selection on selected loci, s .0488 (.0049–.5732) .0278 (.0019–.2417) .0272 (.0191–.0440)
Number of loci under selection, n 56 (0–545) 99 (0–1435) 378 (128–1952)
Total selection on hybrids, S 2.716 (0–164.562) 2.752 (0–164.562) 10.25 (4.349–45.967)
Mean fitness of hybrids, W̄H(%) 59.26 (26.37–90.01) 35.23 (29.82–41.97)

The stepped cline shape may be explained by three nonexclusive

circumstances. First, the central step could be caused by a geo-

graphic barrier inhibiting or impeding migration. Such a barrier

was, for example, found to affect the cline shape in the hybrid

zone between two chromosome races of the grasshopper Podisma

pedestris in the Alpes Maritimes, France (Barton and Gale 1993).

In the M. musculus contact zone, the presence of a geographic

barrier has been reported from Bulgaria (Vanlerberghe et al.

1986, 1988a), southern Germany (Sage et al. 1986), and Denmark

(Raufaste et al. 2005).

Coincidence of a hybrid zone position with a geographic

barrier is in agreement with the theoretical assumptions of the

tension-zone model, which predicts that the zone be trapped

either at a physical barrier or in an area of low population den-

sity. However, sometimes it is questionable whether a physical

obstacle per se can explain cline shape and the strength of bar-

rier to gene flow. For instance, in the case of the Podisma hybrid

zone, the barrier strength of two small streams at Lac Autier and

near Col de la Lombarde was estimated 150 and 95 m, respec-

tively, yet the barrier estimated from cline shapes was signifi-

cantly stronger: 1700 and 1240 m, respectively (Barton and Gale

1993). The geographic barriers were thus augmented by selection

against hybrids.

In the Czech-Bavarian transect across the mouse hybrid zone

studied here, the widest body of water is the Ohře (Eger) River.

However, this river flows with the direction of gene flow between

the taxa, rather than cutting across it, so it can hardly act as a

barrier to gene flow (see Fig. 1). On the other hand, there are

two left-bank tributaries of the Ohře River near the zone center,

which run in a northsouth direction, that is, perpendicular to the

main axis of the transect. On the western stream (Fig. 1), there

is a water reservoir surrounded by steep slopes covered by mixed

forests; the valley of the eastern stream is characterized by steep,

up to 100-m high, slopes covered by woods and substantially

limited connections between both sides both for mice and humans.

Whether these geographic barriers affect the cline shape will be

tested elsewhere.

A second possible explanation for the steep central segments

of the clines revealed in this study is epistatic interactions among

loci. According to Barton and Gale (1993), fitness under epistasis

can be described as W ( p̄) = 1 − s[4 p̄(1 − p̄)]β, where p̄ is the

mean frequency of an allele (domesticus in this case) at a given

site. When β is large (�1) and a moderate-to-large number of

loci interact, only individuals with nearly F1-hybrid genotypes

from the central area suffer reduced fitness whereas backcrosses

are almost as fit as “pure” individuals from parental populations,

causing the cline to be shallow at the edges, where animals with

50% mean frequency are rare, and steep in the center. The shape

of the multilocus cline based on six allozyme loci corresponds to

β > 4 (fig. 2-2c in Barton and Gale 1993). However, although one

can imagine physiological pathway(s) that would embrace several

to many loci interacting in their effect on fitness it is difficult to

model the precise interactions that may be relevant to two given

genomes meeting in a particular contact zone.
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A third explanation seems to be the most likely: a perma-

nent influx of parental genotypes into a hybrid zone causes non-

random associations between allele combinations, or linkage dis-

equilibria. When a moderate-to-large number of loci are involved,

dispersal generates stronger disequilibria than epistasis (Barton

1983); this is expected also from the fact that dispersal is a first-

order effect whereas epistatic selection is (at most) second order.

Because linkage disequilibrium is proportional to the gradient in

allele frequency it increases towards the zone center. Strong asso-

ciations among loci cause selection pressure on them to be higher

in the center than at the edges where the loci are affected sep-

arately. This synergistic effect is manifested by a steep central

part of the cline. Increased linkage disequilibria have been found

in hybrid zones of various species, including Uroderma (Barton

1982), Caledia (Shaw et al. 1985), Rana (Kocher and Sage 1986),

Bombina (Szymura and Barton 1986, 1991), Gryllus (Rand and

Harrison 1989), Heliconius (Mallet et al. 1990), Pontia (Porter

et al. 1997), Carlia (Phillips et al. 2004), and Mus (Payseur et al.

2004; Raufaste et al. 2005). Nonrandom associations are also sug-

gested by the correlations between unrelated traits that cannot be

explained by pleiotropic effects. For example, such correlations

have been found between genotype at enzyme loci and mating

calls or belly color in Bombina (Szymura and Barton 1991) or

between genotype and diagnostic morphological traits in Mus

(M. Macholán, unpubl. results).

Porter et al. (1997) give an alternative explanation for the

occurrence of stepped clines: strong selection acting on a small

number of loci. In this case, the loci under selection would have

steep, narrow clines without introgression tails whereas neutral

or nearly neutral marker loci would recombine away from the se-

lected loci resulting in shallow and long introgression tails. In the

case of the mouse hybrid zone, this could be true for the Y chro-

mosome that is characterized by an abrupt transition between the

subspecies with no or negligible introgression (Vanlerberghe et al.

1986; Dod et al. 1993, 2005). However, the clines for most of the

X-linked markers analyzed, although apparently narrower than the

clines of autosomal loci, were shown to resemble the latter in hav-

ing rather long and shallow introgression tails (Fig. 4). Although

it is possible that the recombination rates between the marker and

selected X-linked loci are sufficient to escape strong selection

pressure, the apparently high number of selected X-linked loci

(although probably overestimated, see below) does not seem to be

consistent with this hypothesis (Table 4).

The estimates of effective selection and the number of se-

lected X-linked loci (s∗ ≈ 0.25; N ≈ 380) were much higher than

those of the autosomes (s∗ ≈ 0.06–0.09; N = 56–99) in agree-

ment with the notion of the X chromosome as being involved in

reproductive isolation (Grula and Taylor 1980; Zouros et al. 1988;

Coyne and Orr 1989, 2004; Prowell 1998; Jiggins et al. 2001;

Tao et al. 2003; Counterman et al. 2004). Indeed, although the

difference between the width of the compound allozyme and X-

chromosome cline was insignificant, the former was two to three

times wider than the latter (cf. Tables 2 and 3), consistent with pre-

dictions of the “large X-effect” hypothesis (Orr 1997; Coyne and

Orr 2004) and corroborating findings of limited introgression

of X-linked markers in the German and Danish portions of the

mouse hybrid zone (Tucker et al. 1992; Dod et al. 1993). On the

other hand, the great differences in cline width among individual

X-linked loci (even after correcting for outliers; Table 3) suggest

differential selection acting on different parts of the X chromo-

some (see also Payseur et al. 2004; Storchová et al. 2004; Payseur

and Nachman 2005; Harr 2006).

The number of X-linked loci under selection may seem too

high. For example, Payseur et al. (2004) argue that the number of

selected loci in this hybrid zone is probably moderate given the

incompleteness of reproductive isolation and recent divergence of

the two hybridizing taxa. We should keep in mind that all our es-

timations were based on an assumption that epistatic interactions

between loci can be neglected. Even though our information on

epistasis is very limited, several studies indicate that such interac-

tions occur between X-linked genes (Oka et al. 2004; Storchová

et al. 2004) and between these genes and autosomal loci (Forejt

1981, 1996; Montagutelli et al. 1996; Britton-Davidian et al. 2005;

Payseur and Hoekstra 2005). Therefore, the number of X-linked

loci under selection in the Czech-Bavarian hybrid zone is probably

overestimated.

On the other hand, from equations (9) and (10) it follows

that estimates of both parameters, s and n, are strongly influenced

by the square of the barrier (B2). The average barrier for the five

X-linked loci studied here was about 3.5 times stronger than the

barrier for autosomes (Table 4). However, the reliability of B and

θ estimates is compromised by the fact that they are negatively

correlated (Fig. 7; see also Szymura and Barton 1986; Dod et al.

2005) so we can arrive at the same or very similar likelihood value

with large B and small θ as with small B and large θ. Therefore,

estimates of these parameters should be taken with caution.

Our estimates of selection, number of selected loci, and fit-

ness of hybrids are comparable to those from Denmark based on

eight autosomal loci (s∗ ≈ 0.03–0.07; s ≈ 0.01–0.04; N = 46–120;

W H ≈ 45%; Raufaste et al. 2005). The lower estimate of hybrid fit-

ness from Denmark can arise from the slightly different estimation

methods used by Raufaste et al. (2005); indeed, if we approximate

W H as ≈ exp (− S/2) we get a much lower value (W H ≈ 25%).

However, as pointed out by Raufaste et al. (2005), the estimates

of selection, the number of selected loci, and fitness of hybrids

are highly derived and quite heavily dependent on model assump-

tions so that they should be considered only approximate. Overall,

low values of hybrid fitness estimated in this study are consistent

with more direct measures. For example, hybrid males have been

shown to suffer high rates of infertility (reduced testis size and
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0

0.2

0.4

0.6

0.8

0 2 4 6 8 10 12 14 16

B/w

T
he

ta

Figure 7. Values of B/w plotted against the rate of decay, θ. Each

point represents the joint ML estimate falling within the 2LL sup-

port limit after one run of biased random walk using Analyse; the

run was based on the mean frequencies of six allozymes and the

Sstep model.

sperm count) and hybrid females have also been shown to have

reduced fertility (Britton-Davidian et al. 2005; J. Piálek, unpubl.

results).

Comparison of our results with those from southern Germany

(Payseur et al. 2004; Payseur and Nachman 2005) is more difficult.

The barriers estimated from their data approach infinity, preclud-

ing any meaningful estimation of selection and fitness parameters.

Moreover, it is not clear to what extent the results from the German

transect are affected by the presence of a strong geographic barrier

(the presence of the Isar River passing right through the zone cen-

ter [Sage et al. 1986, 1993; cf. also appendix and fig. 1 in Tucker

et al. 1992]), by a one-dimensional sampling design, as well as

by markedly lower numbers of sampled localities and animals

analyzed.

Regardless of the transect analyzed, one characteristic has

been reported from all parts of the zone studied so far: asym-

metric transition of diagnostic alleles between the two taxa. The

introgression of domesticus alleles into the musculus territory has

been consistently more gradual than vice versa (Vanlerberghe et al.

1986; Tucker et al. 1992; Dod et al. 1993, 2005). Interestingly,

clines of four of six autosomal loci scored and the six-locus com-

pound cline were found to be symmetrical in this study (it should

also be pointed out that asymmetry of the Gpd1 cline was most

probably caused by a high frequency of the musculus allele at

Plesná and surrounding sites, located on the domesticus side of

the zone; cf. Fig. 4 and Appendix; genotype data available at

http://www.iach.cz/legs). In addition, although two autosomal and

all X-linked loci were fitted with asymmetric clines, this asymme-

try was skewed towards the domesticus side, that is, in the opposite

direction than in other transects.

This apparent asymmetry may be caused by recent movement

of the zone. For example, if the zone moves from the domesticus to

musculus territory, cline shapes of neutral loci will have a higher

variance on the domesticus side because some loci will lag be-

hind. This is also suggested by the larger scatter of points on the

domesticus side when the allele frequencies at the six loci (pi) are

plotted against the average frequency ( p̄) (figure not shown). Al-

ternatively, the same pattern can be explained by the movement of

the zone in the opposite direction: in this case, clines of positively

selected loci would be faster than neutral or counterselected loci,

causing a “wave of advance” (Piálek and Barton 1997; but see

Dasmahapatra et al. 2002). To some extent, asymmetry in cline

tails can be a product of interspecific differences in behavior such

as assortative mating in one subspecies and aggressive dominance

in the other. It has been demonstrated that wild M. m. musculus

prefer homosubspecific urine signals (Smadja and Ganem 2002,

2005) and, to some extent, salivary androgen-binding proteins

(Bı́mová et al. 2005; Smadja and Ganem 2005) whereas no such

preferences were found in M. m. domesticus. Furthermore, in the

interaction M. m. domesticus males usually dominate less aggres-

sive M. m. musculus males (Thuesen 1977; Van Zegeren and Van

Oortmerssen 1981; B. Bı́mová, unpubl. data). The asymmetrical

divergence of the behavioral isolation can result from differen-

tial selection acting on both subspecies or, alternatively, can itself

cause the differential selection leading to asymmetric gene flow.

However, if these behavioral differences caused asymmetry of the

mouse hybrid zone we would expect the clines to be skewed to

the musculus side.

DISPERSAL

From equations (8) to (10) it is obvious that estimates of the fitness

parameters listed in Table 4 depend on an accurate estimate of the

dispersal rate. Here we used two independent estimations, one

derived from linkage disequilibrium and cline width (eq. 7) and

the other one based on microsatellite genotypes. It may be argued

that strong heterozygote deficit in the zone center, demonstrated

by high F IS values (Fig. 2A), inflates the estimate of Rij and hence

σ. To deal with this problem properly, one should estimate F IS and

Rij together with frequencies for each locus in a single analysis;

however, the genotype space is very large so even huge samples

would be insufficient for likelihood estimates to be informative.

Therefore, we used at least the nonzero option for F IS available

in Analyse to get an improved estimate of Rij.

Another potential source of differences in estimates of the

dispersal rate can be the choice of sites from which linkage

disequilibrium is computed. For example, if we adopted an ap-

proach similar to that of Szymura and Barton (1986) and es-

timated disequilibria from all samples polymorphic for studied

loci, we would get σ = 0.922, the figure close to σ = 0.817 based

on microsatellite data. Also other parameters would get closer
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to microsatellite-derived estimates (cf. Table 4, middle column):

s∗ = 0.0693 (0.0303–0.2201); se = 0.0111 (0.0021–0.0273); s =
0.0378 (0.0038–0.4439); N = 72 (0–39,284). However, according

to our opinion, what one should concern oneself about is selection

acting within the hybrid zone, that is, within an area delimited ap-

proximately by the central step of the multilocus allozyme cline.

This approach also enabled us to compare the results with those

published from the Danish contact zone (Raufaste et al. 2005).

Dispersal exceeding 1 km/gen1/2 might seem to be too high

for the house mouse. Movement of mice is mainly limited to sev-

eral tens of meters (see Berry 1981; Sage 1981; Hauffe et al.

2000; Pocock et al. 2004, 2005; and references therein). How-

ever, studies of population structure and migration in the mouse

have been generally limited to a single farm neglecting long-range

migrations (but see Pocock et al. 2004, 2005). As pointed out by

Barton and Hewitt (1985), rare long-distance movements and fre-

quent extinction-recolonization events may greatly inflate disper-

sal, and hence most of published measurements are usually un-

derestimates. Indeed, several authors (e.g., Berry 1968; Pearson

1963) have reported migrations over 1000 m, or even up to 2400 m

(Tomich 1970, cited in Sage 1981).

There is an interesting point that has not been discussed be-

fore. Higher dispersal in the zone center can be consistent with

lower population densities in the zone center expected from the

tension-zone predictions. However, there is a question whether the

mouse densities in central populations can per se explain the in-

creased dispersal rate. Although we have no exact data available,

our rough estimates (see below) do not indicate any substantial de-

crease of the mean population density within the zone. Then taking

into account equation (7) one can hypothesize that the harmonic

recombination rate may be lower in the hybrid zone than outside

it so there is no need to expect higher dispersal of mice caused by

decreased population density. One of the possible causes of lower

recombination could be an assortative mating between individuals

of the same subspecies.

To get an estimate of dispersal rate independent of cline pa-

rameters, the parameter was inferred by analyzing variation at four

microsatellite loci under the isolation-by-distance model. The re-

sulting value of σ ≈ 800 m/gen1/2 was closer to values reported

from Denmark (σ ≈ 500–800 m/gen1/2; Raufaste et al. 2005)

than to dispersal estimated here from the multilocus cline (σ ≈
1000 m/gen1/2; Table 4). However, the former value should be

treated with caution. First, it is questionable whether four loci

can give unbiased results. Second, and more importantly, our es-

timates of population density are only approximate and may be

afflicted with large error.

It might be argued that using neutral models for estimating σ

in the center of a hybrid zone in which selection is involved is inap-

propriate (Wright 1978). This problem may not be trivial because

selection against hybrids will influence FST in the zone center and

hence estimates of σ (Wright 1978). Therefore, we first compared

the density estimated from the central populations with that esti-

mated from a cluster of 11 sites outside the zone center (HI6 <

0.2) on the domesticus side, sampled in 2001 (nine sites sampled,

N = 106) and 2002 (nine sites, N = 107). The distance between

the sites does not exceed 15 km. The data yielded ≈2 individu-

als/km2 and dispersal ≈ 750 m/gen1/2, close to the estimates from

the center (≈ 1.7 individuals/km2; see Supplementary Material

available online).

According to simulations by Slatkin and Barton (1989), when

migration rate is m = 0.01, selection of s = 0.02 acting against

heterozygotes in populations of N = 50 decreases from FST =
0.33, estimated under the neutral model, to FST = 0.26 in inter-

mediate allele frequencies (P = 0.5). The authors conclude that

selection must be of the same order as the migration rate before

FST to be substantially distorted (Slatkin and Barton 1989). Al-

though we know neither N nor m, the selection coefficient (s ≈
0.028; Table 4) and FST estimated from the zone center based on

the neutral model (FST = 0.257; M. Šugerková, unpubl. results)

are very close to parameter values used in Barton and Slatkin’s

simulation.

Cline width and the age of the house mouse
hybrid zone
The age of the zone could potentially affect its width and estima-

tion of key parameters of selection and fitness of hybrids. After

a secondary contact, we may expect a rapid diffusion of neu-

tral alleles across the zone and homogenization of diverged gene

pools. However, such a process may take quite a long time be-

cause it is difficult for an immigrant allele to enter an established

deme (Endler 1977; Barton and Bengtsson 1986). As a result, even

clines for perfectly neutral markers, unlinked to any selected loci,

will look like those under selection immediately after the contact

and their width will decay proportionally to the time because sec-

ondary contact due to dispersal at a rate w =
√

2πσ2t , where t is

time in generations (Endler 1977; Barton and Hewitt 1985).

It is widely accepted that the musculus/domesticus hybrid

zone has resulted from the secondary contact of the two taxa

in the Holocene. According to Kratochvı́l (1986), Auffray et al.

(1990), and others, M. m. domesticus colonized Europe from Lev-

ant through the eastern and western Mediterranean whereas M. m.

musculus has followed a route north of the Black Sea. From this

scenario it follows that different parts of the zone may differ in

age. Even though exact dating of the origin of the mouse hybrid

zone in Europe is doubtful and individual estimates vary con-

siderably (Sokal et al. 1991: 4000–5000 BP; Cucchi et al. 2005:

1000 BC–300 AD; Hunt and Selander 1973: 1850s), there is little

doubt that the northern part of the zone is much younger than the
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central and southern parts; therefore, we can expect zone width to

be correlated with its age. For example, Sage et al. (1993) noticed

data from various transects to suggest widening of the zone from

the east to the west and pointed out that “The width difference is

inversely related to the postulated age of the zone . . .” (Sage et al.

1993: p. 534). However, the results on which Sage and his col-

laborators based their conclusions often suffered from insufficient

sampling and lack of any statistical analysis.

Although the compound autosomal cline in Denmark was

found to be slightly narrower (eight loci: w = 8.9 km, 2LL =
7.7–12.4; Raufaste et al. 2005) than in Central Europe (six loci:

w = 9.6 km, 2LL = 0.0–16.9; this study), the support limits are

widely overlapping. In addition, the estimate by Raufaste et al.

(2005) may have been influenced by excluding Idh1 and Sod1,

that is, two loci best fitted with rather wide sigmoid clines, from

multilocus cline analyses. More importantly, cline widths for the

Danish data are likely to be reduced by the presence of a geo-

graphic barrier. Interestingly, an area of the highest gradient of

change in allele frequency in the Danish mouse hybrid zone was

noncoincident with its center. There, the central step of particular

clines of most allozyme loci was shifted entirely or almost en-

tirely below frequency 0.5. This phenomenon was caused by the

presence of a steep-edged river valley just south of the zone center

(Dod et al. 2005; Raufaste et al. 2005).

Although it could be argued that the Danish zone may be

too young for the cline shape of neutral markers to be unbiased,

according to Raufaste et al. (2005) molecular data suggest that

the time elapsed from the initial contact of the two subspecies in

Denmark is sufficient for neutral alleles to cross the zone. Thus, it

appears that the width of (at least) the Danish and central European

sections of the mouse hybrid zone is independent of age.

Comparison of Analyse and ClineFit and inspection
of likelihood profiles
With Analyse, individual genotypes at the X-linked loci need to

be transformed to frequency data and male and female allele fre-

quencies are pooled before processing. Instead, the ClineFit pro-

gram (Porter et al. 1997) allows haplodiploid data to be processed

directly. Moreover, the sets of estimated parameters one gets as

output are not identical in the two programs, while the exponential

decays are described in terms of their slopes (θ values) and the

points at which they intersect the upper and lower boundaries of

the central step (B values), ClineFit describes the left and right

sides of the cline as exponential functions with asymptotes on the

x-axis (Z values) and slopes (θ values) describing the exponential

decay away from the asymptotes.

Regardless of different philosophies in processing data, the

two programs should give very similar results (A. Porter, pers.

comm.) provided allele frequencies in males and females do not

significantly differ and the same weighting is applied. As ex-

pected, the highest congruence of resulting estimates was found

for the position of cline centers whereas the least congruent were

estimates of B and θ (cf. Tables 3 and 4). More surprising, however,

is the fact that in independent ClineFit analyses performed by three

of the present authors (M. Macholán, P. Dufková, J. Piálek) two

arrived at the same or very similar estimates of cline width (∼1 km

for all five loci) even after running several chains when proceed-

ing from default values yet these runs apparently resulted in being

“trapped” on lower peaks. Close inspection of likelihood profiles

appears to be necessary in such cases. However, for a higher num-

ber of parameters, some likelihood surfaces can be rather com-

plex. More importantly, some peaks may be of nearly the same

height. This can be illustrated, for example, with cline width for

Syap1 (Fig. 5). In addition, a peak on the maximum-likelihood

surface can be very broad and flat. In Tsx(–), for instance, the

same likelihood values were obtained for widths from 4 km to a

few meters (Fig. 5). According to our opinion, constructing like-

lihood profiles used in this study (see Materials and Methods;

Phillips et al. 2004) renders a more precise image of the likeli-

hood surface than simple plotting of log-likelihoods against para-

meter values.

CONCLUDING REMARKS

The abovementioned conclusions are quite sobering. Even though

we analyzed a rather large dataset consisting of 1237–1655 spec-

imens from 105 sites scattered across a 110 km long and 40 km

wide transect, support limits of some parameters were large po-

tentially due to one or more of the following factors: varying

geographic setting, method of generating a 1D cline, random

drift, founder events after extinctions and recolonizations, and/or

human-mediated long-distance movements (this held especially

for parameters B and θ; cf. Tables 2 and 3). Often, the same data

could be fitted with identical or nearly identical likelihood with

central cline steps oriented in various directions leading to a wide

range of width estimates. The latter problem was typical for X-

chromosome data: for example, in the data for all five X-linked

markers, most points were located near extreme values (i.e., either

0% or 100% of domesticus alleles); intermediate points, necessary

for correct fitting the central segment of the stepped cline, were

scarce. In such a case, several more-or-less equivalent estimates

of w are possible. When the likelihood peak is flat, the problem

is exacerbated because the range of possible results is continu-

ous. Unfortunately, this means that in analyses based on models

with a central step we can often only place an upper bound on the

width so identification of regions on the X chromosome (and in the

whole genome in general), which are under strong selection and

likely to contribute to reproductive isolation may be considerably

complicated.
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We contend that two-dimensional analysis is essential for hy-

brid zone studies. It is not difficult to demonstrate that orientation

of a transect across a hybrid zone can substantially alter the results

even in simple cases like that surveyed here. Additionally, when

the course of the zone is complicated (e.g., Bridle et al. 2001)

sampling along a single straight line, regardless whether correctly

oriented or not, can potentially lead to highly biased results. Fit-

ting a cline to data from sufficiently sampled two-dimensional area

should therefore be a prerequisite for subsequent analyses. This

may differ depending on the scale and clarity of change in traits

over the field area. However, the presence of apparent outliers

in the Nt and Tsx loci brought about most probably by human-

mediated founder events (see above) is cautionary because they

can affect the shape of resulting clines substantially even in such

a densely sampled transect as that reported in this study. Similar

outliers have been found also in some other segments of the mouse

hybrid zone (Payseur et al. 2004; Božı́ková et al. 2005; Dod et al.

2005; Raufaste et al. 2005).

To conclude, we strongly suggest, first, to analyze hybrid

zones across a two-dimensional transect and to use a rigorous

method of fitting a cline in two-dimensional space. This proce-

dure should include tests of the best-fitting number of cline seg-

ments because the zone can have a rather complex spatial pattern,

and there is no reason to exclude this possibility a priori even in

commensal species such as the house mouse. Second, we should

be cautious about our results, especially if we want to localize

strongly selected regions with the aim of identifying loci respon-

sible for reproductive isolation (speciation genes), because very

different parameter combinations can yield similar or even identi-

cal ML values. Inspection of likelihood profiles thus appears to be

an essential step. Finally, differences between various sections of

the hybrid zone highlight the importance of analyzing and com-

paring a number of transects before any generalizations can be

made.
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Forejt. 2004. Genetic analysis of X-linked hybrid sterility in the house
mouse. Mamm. Genome 15:515–524.

Szymura, J. M., and N. H. Barton. 1986. Genetic analysis of a hybrid zone
between the fire-bellied toads, Bombina bombina and B. variegata, near
Cracow in southern Poland. Evolution 40:1141–1159.

———. 1991. The genetic structure of the hybrid zone between the fire-
bellied toads Bombina bombina and B. variegata: comparisons between
transects and between loci. Evolution 45:237–261.

Takami, Y., and H. Suzuki. 2005. Morphological, genetic and behavioural
analyses of a hybrid zone between the ground beetles Carabus lewisianus
and C. albrechti (Coleoptera, Carabidae): asymmetrical introgression
caused by movement of the zone? Biol. J. Linn. Soc. 86:79–94.

Tao, Y., S. Chen, D. L. Hartl, and C. C. Laurie. 2003. Genetic dissection of hy-
brid incompatibilities between Drosophila simulans and D. mauritiana.
I. Differential accumulation of hybrid male sterility effects on the X and
autosomes. Genetics 164:1383–1397.

Thuesen, P. 1977. A comparison of the agonistic behaviour of Mus musculus
musculus L. and Mus musculus domesticus Rutty (Mammalia, Rodentia).
Vidensk. Meddr. dansk. naturh. Foren. 140:117–128.

Tucker, P. K., R. D. Sage, J. Warner, A. C. Wilson, and E. M. Eicher. 1992.
Abrupt cline for sex chromosomes in a hybrid zone between two species
of mice. Evolution 46:1146–1163.

Ursin, E. 1952. Occurrence of voles, mice and rats (Muridae) in Denmark,
with a special note on a zone of intergradation between two subspecies

EVOLUTION APRIL 2007 769
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APPENDIX. List of localities studied; Dfit = distance along transect; HI6 = frequency of musculus alleles at six allozyme loci; HIX =

frequency of musculus alleles at five X-linked loci.

No. Locality Dfit HI6 HIX No. Locality Dfit HI6 HIX

1 Straas 1 .00 0 0 54 Dolnice 45.55 .222 .184
2 Straas 2 .11 .015 .004 55 Doubı́ 45.93 .404 .27
3 Münchberg 1.41 .042 0 56 Jindřichov 46.56 .603 .16
4 Grassemann 6.30 0 0 57 Děvı́n 46.58 .417 0
5 Benk 7.40 .025 0 58 Mlýnek 2 46.83 .133 0
6 Lehsten 12.91 .028 0 59 Mlýnek 1 47.02 .167 .556
7 Meierhof 13.60 0 0 60 Milhostov 47.91 .684 .744
8 Roeslau 16.63 0 0 61 Kopanina 2 48.23 .417 .25
9 Hebanz 21.35 .073 0 62 Kopanina 1 48.25 .174 0

10 Trojmezı́ 23.19 .147 0 63 Hluboká 50.24 .583 1
11 Kleinwendern 23.27 0 0 64 Nebanice 1 50.75 .625 .833
12 Unterweissenbach 24.36 0 0 65 Nebanice 3 50.83 .842 .933
13 Hranice 24.50 .109 0 66 Nebanice 2 51.22 .798 .864
14 Plössberg 24.52 .042 0 67 Obilná 51.58 .923 .989
15 Krásňany 25.82 .061 0 68 Krajková 1 51.75 .776 1
16 Thierstein 26.44 .139 0 69 Kaceřov 1 52.13 .865 .945
17 Höchstädt-Zelch 26.80 0 .071 70 Krajková 2 52.14 .769 .875
18 Smrčina 26.97 .038 0 71 Kaceřov 2 52.21 .776 1
19 Neuenreuth 28.32 .077 0 72 Mostov 52.30 .889 1
20 Neuenreuth8 28.65 .108 0 73 Dolina 52.48 .810 .909
21 Aš 29.57 .011 0 74 Krajková 3 52.64 .753 .9
22 Kothigenbibersbach 30.53 .118 0 75 Krajková 4 52.69 .833 .9
23 Libá 1 34.23 .133 .067 76 Chotı́kov 52.92 .889 .833
24 Polná 34.28 .202 0 77 Anenská Ves 53.47 .878 .974
25 Libá 2 34.29 .142 .037 78 Lipoltov 53.72 .833 .5
26 Hammermühle 1 34.40 .052 .1 79 Okrouhlá 53.83 .583 1
27 Hohenberg 34.50 0 0 80 Hřebeny 54.47 .833 1
28 Skalka (Hazlov) 34.91 .159 0 81 Boučı́ 54.95 .944 1
29 Hazlov 35.80 .102 0 82 Habartov 54.97 .917 1
30 Hůrka 2 35.99 .188 .077 83 Lomnice 58.13 .774 1
31 Hůrka 1 36.00 .133 .217 84 Dolnı́ Nivy 58.37 .870 1
32 Poustka 2 38.21 .189 .033 85 Hlavno 58.41 .833 .889
33 Poustka 1 38.34 .280 .091 86 Svatava 59.19 .833 1
34 Plesná 38.56 .211 .015 87 Rudolec 1 60.24 .864 .92
35 Vojtanov 39.49 .333 0 88 Rudolec 2 60.45 .981 1
36 Lužná 39.51 .198 .131 89 Kostenı́ Břı́za 61.20 .978 1
37 Klest 40.95 .083 0 90 Vintı́řov 64.03 1 1
38 Starý Rybnı́k 41.50 .280 .15 91 Staré Sedlo 65.42 .995 .977
39 Luby 41.77 .196 0 92 Nová Role 67.88 .750 1
40 Skalka (Cheb) 42.40 .261 0 93 Děpoltovice 69.06 .978 1
41 Křižovatka 42.58 .141 .05 94 Počerny 1 69.83 .904 .793
42 Dolnı́ Luby 43.30 .208 0 95 Počerny 2 69.83 1 .967
43 Střı́žov 43.56 .232 .3 96 Hornı́ Slavkov 71.64 1 1
44 Dolnı́ Pelhřimov 43.58 .470 .188 97 Nová Ves 1 (So.) 72.68 1 1
45 Čirá 43.78 .028 0 98 Nová Ves 2 (So.) 72.80 1 1
46 Suchá 43.85 .250 0 99 Nová Ves 3 (So.) 72.83 1 .937
47 Hornı́ Ves 43.91 .189 .077 100 Dalovice 75.71 1 1
48 Spálená 44.18 0 0 101 Sedlečko 80.22 1 .958
49 Nový Drahov 44.56 .079 .018 102 Osvinov 81.28 .972 1
50 Dlouhé Mosty 44.56 .289 .369 103 Stráž nad Ohřı́ 81.80 1 1
51 Svatý Křı́ž 44.93 .305 0 104 Podb. Rohozec 101.70 .958 1
52 Nová Ves (Cheb) 45.17 .176 .088 105 Buškovice 108.50 .990 1
53 Nový Kostel 45.17 .073 0
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