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We explored the transition of 13 X-linked markers across two separate portions of the house mouse hybrid zone, asking whether

such a comparison can distinguish the effects of selection from random factors. A heuristic search in the likelihood landscape

revealed more complex likelihood profiles for data sampled in two-dimensional (2D) space relative to data sampled along a linear

transect. Randomized resampling of localities analyzed for individual loci showed that deletion of sites away from the zone center

can decrease cline width estimates whereas deletion of sites close to the center can significantly increase the width estimates.

Deleting localities for all loci resulted in wider clines if the number of samples from the center was limited. The results suggest that,

given the great variation in width estimates resulting from inclusion/exclusion of sampling sites, the geographic sampling design

is important in hybrid zone studies and that our inferences should take into account measures of uncertainty such as support

intervals. The comparison of the two transects indicates cline widths are narrower for loci in the central part of the X chromosome,

suggesting selection is stronger in this region and genetic incompatibilities may have at least partly common architecture in the

house mouse hybrid zone.
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Identification of the genomic regions contributing to reproductive

isolation is a fundamental key to understanding of speciation.

Such studies require the detection of natural selection, teasing

apart deterministic selective effects from stochastic effects and,

ideally, identifying their causes. Although seemingly a trivial task,

there are still very few datasets that can be used for the rigorous

assessment of the effects of selection versus stochastic effects in

natural populations.

Selection can be detected in natural populations if three con-

ditions are met: variation exists in a trait under study, this varia-

tion is related to fitness differences among individuals, and it is at

least partly heritable (Endler 1986). In a large population, these

conditions are necessary for predicting the systematic change

in gene frequencies over many generations; however, most nat-

ural populations consist of more or less locally isolated repro-

ducing units with finite numbers of individuals. This geograph-

ical substructuring causes random perturbations from predicted

gene frequencies (Wright 1969). These stochastic processes can

decrease or increase selection estimates derived from observed

gene frequencies, occasionally suggesting selection where there

is not. Generally, it is difficult to delimit the effects of the deter-

ministic and stochastic factors, especially as the latter can be a

complex mixture of various processes either innate to the biolog-

ical system studied (Millstein 2002), or introduced by investiga-

tors, for example during genotyping of samples (Pompanon et al.

2005).
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Hybrid zones, defined as regions where genetically distinct

populations meet, mate, and produce hybrids (Barton and Hewitt

1985), are natural laboratories for the study of the genetic basis

of reproductive barriers, and are common in plants and animals

(Harrison 1993; Ellstrand et al. 1996; Arnold 1997; Rieseberg and

Willis 2007; Widmer et al. 2009). Tension zones are maintained

by a balance between dispersal of parental genes into the zone

and natural selection, which acts against hybrids or recombinants

(Barton and Hewitt 1985; Barton and Gale 1993). For example,

reduced fitness of hybrids or heterozygotes causes gradients of

gene frequencies (clines) whose steepness is a function of the

strength of selection (Haldane 1948; Slatkin 1973). Two extreme

outcomes can be envisaged, depending on selection intensity. If

hybrids are inviable or sterile, there will be no introgression at

the hybrid zone center, and the cline width will approach zero.

In contrary, a neutral gene will diffuse freely through the hybrid

zone and the cline width will become infinity (Barton and Hewitt

1985). Because a variety of models of selection on single loci

produce clines with similar shapes (Barton and Gale 1993; Kruuk

et al. 1999), we can directly compare cline widths at different

loci and thus determine genomic regions that can harbor genes

involved in reproductive isolation. Indeed, many studies have

documented differences in cline widths (Rieseberg et al. 1999;

Marshall and Sites 2001; Martinsen et al. 2001; Sætre et al. 2003;

Geraldes et al. 2006; Kronforst et al. 2006; Carling and Brumfield

2008, 2009; Carneiro et al. 2008; Stuckas et al. 2009; Teeter et al.

2008, 2010) with nearly 210-fold variation in the cline width esti-

mates among markers (Carling and Brumfield 2009), suggesting

suitability of this approach for detecting genetic incompatibilities

between hybridizing taxa.

Studies of postzygotic reproductive barriers generally as-

sume a model of speciation postulated by Bateson (1909),

Dobzhansky (1937), and Muller (1942). According to the

Bateson–Dobzhansky–Muller model, reproductive barriers can

arise through accumulation of mutations in geographically sepa-

rated populations, bringing about mutually incompatible combi-

nations under secondary contact. This causes reduction of fitness

in hybrid or recombinant individuals (Coyne and Orr 2004).

A review of Drosophila studies reveals that genes causing

reproductive isolation are evolving rapidly, diverging as the result

of positive selection (Orr 2005). This suggests these genes are

fixed for alternative alleles in parental genomes. Under this as-

sumption, reproductive barriers are expected to reduce gene flow

at the same genomic regions along the whole length of a contact

zone. Intuitively, a comparison of two or more geographically

distant transects across the same hybrid zone can be used to dis-

tinguish the effects of selection and random processes. However,

empirical studies measuring gene flow across different segments

of the same hybrid zone in various organisms have come to con-

flicting conclusions: whereas in some cases, a consistent pattern

across the transects has been reported (Szymura and Barton 1991;

Buerkle and Rieseberg 2001; Gow et al. 2006), most studies have

revealed incongruences between transects (Howard and Waring

1991; Cianchi et al. 2003; Vines et al. 2003; Riginos and Cunning-

ham 2005; Gow et al. 2006; Yanchukov et al. 2006; Nolte et al.

2009; Aboim et al. 2010; Teeter et al. 2010). These incongruences

could be due to drift or to heterogeneous selection. However, until

now, no attempts to evaluate their effects have been made.

Here, we use multiple transect comparisons to explore the ef-

fects of deterministic and stochastic processes on cline shapes. To

minimize the potential confounding effects of the environment,

we chose the house mouse contact zone. Because this species

lives predominately in and/or around human buildings, evolution

of substantial ecological differences between hybridizing popula-

tions is unlikely (Sage 1981; but see Hunt and Selander 1973).

There are two house mouse subspecies in Europe: Mus mus-

culus musculus (Mmm), which occupies eastern and northern Eu-

rope, and M. m. domesticus (Mmd), which occurs in western and

southern parts of the continent. Along their contact, a ca. 2500 km

long hybrid zone has been formed, transversing the Jutland Penin-

sula and running from the Baltic coast across Central Europe to the

Black Sea (Boursot et al. 1993; Sage et al. 1993; Macholán et al.

2003; Fig. 1A). Genetic studies of this zone have been carried out

in Denmark (Hunt and Selander 1973; Vanlerberghe et al. 1986,

1988b; Dod et al. 1993, 2005; Fel-Clair et al. 1998; Raufaste et al.

2005), East Holstein (Prager et al. 1993, 1997), the Czech Re-

public (Munclinger et al. 2002; Božı́ková et al. 2005, Macholán

et al. 2007, 2008), Bavaria (Sage et al. 1986; Tucker et al. 1992;

Payseur et al. 2004; Teeter et al. 2008, 2010), Saxony (Teeter et al.

2010), and Bulgaria (Vanlerberghe et al. 1986, 1988a). There is

an agreement that this tension zone is maintained by selection on

multiple genes (Raufaste et al. 2005; Macholán et al. 2007). Dif-

ferential introgression has been reported between loci both within

and among transects; however, a direct comparison among stud-

ies has been hampered by the application of different methods or

sets of markers used in the analyses (see Macholán et al. 2007 for

discussion). Despite these complicating issues, all studies collec-

tively report significantly limited introgression of markers linked

to sex chromosomes when compared to autosomal loci (Tucker

et al. 1992; Dod et al. 1993; Macholán et al. 2007, 2008; Teeter

et al. 2008, 2010). This conclusion is consistent with studies on

various organisms, reporting a disproportionate involvement of

sex chromosomes in speciation (Charlesworth et al. 1987; Coyne

and Orr 1989; Sætre et al. 2003; Presgraves 2008; Qvarnström

and Bailey 2009).

Despite reduced environmental influences in the mouse com-

mensal habitat, there are several factors that can potentially have

confounding effects on selection estimates. The most pervasive of

these effects appears to be the biology of the species. House mice

live in small reproductive units (demes) consisting usually of one
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Figure 1. A map of Europe showing the course of the house mouse hybrid zone with location of the two transects indicated by shaded

rectangles (A) and positions of localities in the Czech (B) and southern Bavarian (C) transects. The distance between the two transects

is approximately 200 km. Numbers of localities in the Czech transect correspond to Appendix 1, numbers in the Bavarian transects

correspond to Payseur et al. (2004).

dominant male and few females (Berry 1981; Sage 1981). The

distribution of demes in the landscape is not uniform, being re-

stricted primarily to human settlements, and demes are subjected

to high extinction–recolonization rates (Sage 1981; Hauffe et al.

2000; Pocock et al. 2004). Young mice are often forced to mi-

grate (Gerlach 1990; Krackow and König 2008); although most

movements are between adjacent demes, long-distance migration

due to human transportation is not negligible (Pocock et al. 2005).

Another source of stochastic change in gene frequencies is larger

scale temporal fluctuations in population densities. Because these

frequencies are then typically sampled by tens of individuals from

tens of localities, the stochastic effects of the sampling process

may be considerable. Furthermore, the results may be biased due

to various kinds of processing error such as sample labeling,

EVOLUTION APRIL 2011 9 9 5



PETRA DUFKOVÁ ET AL.

pipetting, and genotyping (Bonin et al. 2004; Pompanon et al.

2005); however, this source of error is rarely addressed in the

hybrid zone literature.

Given the importance of sex chromosomes in speciation, we

concentrated our attention on the X chromosome in this article.

We used genotype data at 13 X-linked markers from a Czech por-

tion of the hybrid zone and compared the inferred cline widths

with those from a German transect (Payseur et al. 2004, 2005)

using the same set of loci and analysis software. By standard-

izing the sets of loci and methods of analysis, we expected that

if genetic incompatibilities were located in the same part of the

chromosome, clines for loci located in this region would be as

narrow in the Czech Republic as in Bavaria (Payseur et al. 2005).

However, before a direct comparison, we wished to evaluate the

stochastic factors that could affect gene frequencies at each locus

and transect. We used jackknife resampling from the datasets and

estimated the extent to which the output is prone to sampling

perturbation. If the data were robust and converged on the same

results then we would expect that selection is likely to operate on

the loci under comparison. On the other hand, if the results showed

high variation due to sampling perturbation we may conclude that

inference on selective effects is overconfident. We asked three

questions related to data robustness. What uncertainty and biases

are introduced by the data handling and/or due to genotyping? Is

the likelihood surface for the cline model uni- or multimodal? To

what extent does sampling design affect the outcomes of param-

eter estimates?

Materials and Methods
SAMPLES

Czech transect
Mice were live-trapped at 66 localities within a 130-km long

and 40-km wide rectangle located in western Bohemia (Czech

Republic) and northeastern Bavaria (Germany) between 1991 and

2006 (hereinafter referred to as the Czech transect). Most animals

were dissected in a field laboratory and approximately a third

of live mice was transported each year to a breeding facility in

Studenec for experimental breeding to assess fitness components

of offspring. In the latter, parents were dissected in Studenec after

completing the experiments and processed as their field-sacrificed

counterparts. In total, 923 mice (505 males and 418 females) were

analyzed. The sampling localities are listed in Appendix 1 and

their positions within the transect are depicted in Figure 1B.

Bavarian transect
A total of 427 mice from 31 localities were collected by Richard

D. Sage along a nearly 180-km-long linear transect stretched from

southern Bavaria and western part of Upper Austria in 1984, 1985,

and 1992. The positions of localities extracted from an erratum of

Payseur et al. (2005) are shown in Figure 1C.

Figure 2. Studied loci and their position on the X chro-

mosome (Mb) retrieved from NCBI Build 37.1 (http://www.

ncbi.nlm.nih.gov). The filled circle indicates the centromere.

PANEL OF X-LINKED MARKERS

To avoid any inconsistency in transect comparison due to involve-

ment of traits with different physical genetic position, we used the

same panel of 13 subspecies-specific X-linked single nucleotide

polymorphisms (SNPs) identified by Payseur et al. (2004; Fig. 2).

SNPs from the Bavarian transect were genotyped in the laboratory

of Michael W. Nachman at the University of Arizona using re-

striction fragment length polymorphism (RFLP) assays and were

scored on 2% agarose gels (Payseur et al. 2004). For the Czech

transect, DNA from ethanol-preserved spleens, livers, or tails was

isolated using DNeasy® 96 Blood & Tissue Kit (Qiagen GmbH,

Hilden, Germany). The three loci, Glra2, Nt, and DXMit18.2,

were originally amplified through PCR and cut with restriction

endonucleases. Restriction fragments were then scored on 2%

agarose gels according to Payseur et al. (2004). Because the re-

striction enzymes used for scoring Nt and DXMit18.2 did not cut

all DNA fragments completely each time, we minimized the risk

of false genotype assignment by replicating the numbers of runs.

Later, an improved genotyping was achieved when we analyzed

the two markers along with another 10 loci using an ABI PRISM®

SNaPshotTM Multiplex Kit (Applied Biosystems, Carlsbad, CA)

following a modified procedure of Kawałko et al. (2009). The

SNPs were amplified using two separate hexaplex PCRs with the

Multiplex PCR Kit (Qiagen). Each hexaplex was processed in 5-μl

volume following manufacturer’s instructions. Hexaplex I com-

prised Foxp3 (final concentration of primers in reaction 0.2 μM),

Nt (0.4 μM), Fmr1 (0.5 μM), Pola1 (0.5 μM), DXMit18.2

(0.3 μM), and Plp (0.5 μM), with an annealing temperature of

58◦C. Hexaplex II comprised Sep6b (0.6 μM), Emd (0.2 μM), Xist
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(0.6 μM), Pou3f4 (0.4 μM), Btk2 (0.25 μM), and Trrp5

(0.2 μM), with an annealing temperature of 62◦C. After PCR

amplification, both hexaplexes were mixed and purified by MinE-

luteTM 96UF Purification Kit (Qiagen), subsequently used as tem-

plates for the second PCR (SNaPshot PCR) with unlabeled inter-

nal primers. SNaPshot primers, their concentrations in SNaPshot

PCR (total volume 5 μl), and substitution types for Mmd or Mmm

are described in Kawałko et al. (2009). The internal primer for

Nt was 5′-(GACT)11GTTGTTGGGTGATGTGGCCCT-3′ (final

concentration 0.3 μM in SNaPshot PCR) and for DXMit18.2

it was 5′-(GACT)6GAAATTCTGTAAGTATAGATGAG-3′(0.2

μM). In both cases, subspecies-specific substitutions are A/G

(musculus/domesticus). All 12 loci were separated in a single

reaction using an ABI PRISM 3130 Genetic Analyser. Alleles

were scored with Genemapper version 3.7 software (both Ap-

plied Biosystems).

ACCURACY OF GENOTYPE SCORES

As the two transects were analyzed using two different molec-

ular techniques (RFLP vs. SNaPshot), it was necessary to test

whether the two methods yielded comparable results. The Nt and

DXMit18.2 loci, identified as the markers most sensitive to restric-

tion conditions, were chosen for this comparison. Genotyping er-

rors can also be introduced in SNaPshot genotyping due to various

human and nonhuman factors such as mutation in primers, DNA

quality, sample manipulation, tube marking, pipetting, or subjec-

tivity of allele scoring when stutters are present (Pompanon et al.

2005). Consequently, it was essential to estimate both types of

errors, and to evaluate their impact on observed data.

Repeatability of the molecular methods and the accuracy of

scored genotypes were analyzed using an independent dataset

composed of 379 sons delivered in captivity by 159 wild-trapped

parental pairs and hence with known pedigree. Male offspring

were chosen to minimize the risk of reading error as they carry a

single copy of the X chromosome, and the known maternal pedi-

gree is sufficient for tracing parental alleles. DNA from ethanol-

preserved spleens was isolated from the males as described above.

The same SNaPshotTM Multiplex Kit method used for scoring

wild mice (two hexaplexes without Glra2) was applied for geno-

typing the descendant males. The Nt and DXMit18.2 loci were

scored also with the same RFLP method used for wild mice. The

scored genotypes of male offspring were compared to maternal

genotypes and the proportion of mistyped alleles per locus and

averaged over all loci was calculated for both datasets (i.e., geno-

typing error for females was estimated from genotype arrays of

sons and vice versa).

CLINE ANALYSIS

Unlike the simple sampling design applied in the Bavarian tran-

sect (Sage et al. 1986; Payseur et al. 2004) following a straight

line with westeast orientation, the Czech transect was sampled in

two dimensions. The Cartesian coordinates were projected onto a

one-dimensional (1D) axis parallel to the most likely direction of

change in allele frequencies, estimated in Macholán et al. (2008),

and ordered with increasing distance from the most western local-

ity (Mmd). It should be noted that the Bavarian transect analysis

has no such correction, and assumes that the cline widths are

measured perpendicular to the hybrid zone.

Point estimates for cline shape parameters in the Bavar-

ian transect were obtained using the ClineFit software (Porter

et al. 1997; available at http://www-unix.oit.umass.edu/∼
aporter/software/). This likelihood-based program fits individual

genotypic data to cline models. Because all but one locus ana-

lyzed in the Bavarian transect displayed asymmetric introgression

(Payseur et al. 2004), we employed Barton’s (1983) asymmetric

stepped model based on six parameters (cline center, c; cline

width, w; and four parameters describing introgression tails on

either site of the cline θR; θL; zR, zL; Porter et al. 1997) as the

best approximation of introgression for this transect. However,

before utilizing this model as a proxy for both transects, we first

asked whether introgression pattern in the Czech transect is sim-

ilar to that in Bavaria. Consequently, we compared a sigmoid

model based on fitting two parameters (c and w) to the asym-

metric stepped model fitting six parameters. The sigmoid models

performed significantly worse for 12 loci in the Czech transect;

the values of likelihood ratio test ranged from LR = 2(ln LL0 −
ln LL1) = 15.0 for Pola1 to LR = 109.4 for Btk2 (P < 0.05 for

all loci). The only exception was Sep6b, for which increasing the

number of parameters resulted in nonsignificant improvement of

fit (LR = 0.7; P = 0.95). Given the similarity in introgression pat-

terns detected in both transects, we used the six-parameter model

in all subsequent analyses.

In addition to the procedure of Payseur et al. (2004), that used

default values for all six parameters when exploring the likelihood

surface, we employed a wider searching strategy. A common

feature of likelihood-based methods is the danger of being en-

trapped on a local optimum during the maximum likelihood search

(Swofford et al. 1996). With increasing the number of parameters

in a model, the likelihood surface may become rather compli-

cated, often with multiple peaks of similar likelihood. This makes

inspection of likelihood profiles highly desirable (Macholán et al.

2007). However, this may be problematic with some software, es-

pecially in cases in which a higher number of loci are examined.

Therefore, we explored a potential influence of multiple starting

points on the maximum likelihood search. For this analysis, the

cline width was chosen, starting with values of w = 1 km and w =
100 km in addition to the default value (w ≈ 25 km); hereinafter,

the default-width search is referred to as BMF (Basic Model Fit),

and the manipulated searches as AMF1 and AMF100 (Alternate

Model Fit), respectively. When the likelihood surface is unimodal
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or the search algorithm successfully avoids local-optimum en-

trapment, all three models should converge to the same width

estimates.

EFFECT OF SAMPLING

Obviously, only a subset of individuals can be sampled and ana-

lyzed from a hybrid zone. Consequently, cline parameter estimates

can be influenced by the sampling design, which can be biased

due to an observer’s decisions influenced by geographical and

physical limitations of the access to available localities and the

presence or absence of individuals at localities inspected during a

particular sampling period. The magnitude of this influence was

tested using the following jackknife-based randomization proce-

dure. For each locus, one locality at a time was deleted, keeping

information on its identity. The remaining data were fitted with

the six-parameter model using default values as described above.

This procedure was repeated 100 times for each transect sepa-

rately (Appendix 1; see also Table 1 in Payseur et al. (2004) for

a list of localities along the Bavarian transect). The rationale of

this method is that if systematic factors affecting the hybrid zone

dynamics prevail, and both datasets are robust to the disturbing

effects of the sampling design, we should expect the maximum

likelihood estimates (MLEs) of the parameters to be clustered

around the MLE conditioned on the full dataset. Based on the

resulting width MLEs, the loci were classified as unimodal—

with one main cluster (sometimes with one or a few outliers),

or multimodal—with two or more clearly separated clusters. For

each outlier, we inspected the lists of deleted localities to deter-

mine whether the result was caused by either the exclusion of a

locality outside of the central part of the zone, or a site from the

zone center. The central segment of the hybrid zone was defined

arbitrarily as an area with localities falling into a belt ±5 km from

the cline center (Macholán et al. 2007).

Results
ACCURACY OF GENOTYPE SCORES

Inspection of genotypic data scored by the two molecular tech-

niques in 379 individuals showed that genotyping error was 0.94%

and 2.83% for Nt and DXMit18.2, respectively. In total, 11 false

homozygotes were detected with RFLP. They were found to be

either heterozygotes (10 cases) or a homozygote for the other

allele.

For the quantification of an error rate for the SNPs dataset

due to methodological or human errors, 4533 alleles were read at

12 loci using the SNaPshot multiplex in sons and 3816 alleles in

mothers. The 28 alleles of these sons were incongruent with mater-

nal genotypes. The overall error rate ranged from 0.00% (Foxp3,

Sep6b, and Btk2) to 1.85% (Fmr1), with the average of 0.62%. In

mothers, 17 genotypes were corrected, either from homozygote

to heterozygote (15 changes) or from one homozygote to another

one (2 changes). In total, 19 alleles were changed, resulting in the

mean genotyping error to be 0.50%. The wild-trapped mothers

formed a subset of the dataset used for cline width estimates and

in all subsequent analyses we used their corrected genotypes.

GENOTYPES AT X-LINKED LOCI IN THE CZECH

HYBRID ZONE

Individual genotypes scored at 1341 chromosomes and allele fre-

quencies at 66 localities for the X-linked loci from the Czech

transect are provided in Table S1 and Table S2, respectively.

Scatterplots of distributions of the Mmm allele frequencies at

scored loci along geographic distance are shown in Figure S1.

These scatterplots indicate high variation in introgression pat-

terns among loci and an asymmetry in gene flow at most loci. In

general, no Mmm alleles were found within the westernmost sites

between 0 and 45 km of the transect, except for rare occurrences

of Mmm alleles at Btk2 in Straas (22.5 km; pm = 0.05) and Sep6b

in Plössberg (45.6 km; pm = 0.25). On the other hand, even in

the eastern most village of Buškovice (126.6 km), Mmm alleles

were not fixed at Nt and Trrp5 with pm = 0.33 and pm = 0.8,

respectively (Table S2). Minimal introgression was observed at

the Pou3f4 and Emd loci (Fig. S1).

TRANSECT COMPARISON: BASIC AND ALTERNATE

MODEL FITS

Cline shape parameters for the studied loci estimated for the Czech

transect and for the corrected dataset from the Bavarian transect

(Payseur et al. 2005) are provided in the Table S3. A comparison

of cline width estimates between the two transects based on BMF

and AMF is shown in Figure 3A–C. Note the results presented

for the Bavarian transect in Figure 3A are slightly different from

those presented by Payseur et al. (2005). First, the cline widths are

plotted against physical position of loci rather than their relative

position in genetic map units (cM), which can largely depend on

the crosses from which they are derived and may also differ be-

tween sexes (Shifman et al. 2006). Second, the Plp locus revealed

consistently higher cline width estimates in our runs using BMF

(cf. 14.90 km in Table S3 vs. 4.77 km reported by Payseur et al.

2005). For subsequent analyses, we will use the estimates derived

in this study.

The BMF showed higher variation in cline widths among X-

linked loci in the Czech transect (mean cline width w̄ = 6.43 km;

range: from 0.43 km for Pou3f4 to 25.02 km for Sep6b; coefficient

of variation: CV = 1.20) when compared to the Bavarian transect

(w̄ = 3.93 km; range: 0.57 for Pola1 to 14.90 km for Plp; CV =
0.97).

When likelihood searches were started with cline width set

to 1 km (AFM1), the results differed between the two datasets:
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Figure 3. Estimates of cline widths (w) with two-unit support

limits at 13 studied loci plotted against their physical position

along the X chromosome for the Bavarian (A) and Czech (B)

transects. The estimates were obtained with BMF (circles), AMF1

(− sign), and AMF100 searching scenarios (+ sign; see Material

and Methods for their description). (C) The best maximum like-

lihood estimates detected from the three scenarios plotted sep-

arately in A and B. The lines connecting the point estimates

are drawn for better orientation and have no predictive power.

(D) Differences between the lower and upper values of two-unit

support limits for widths plotted in (C) with extracted information

about transects.

although nearly fourfold decrease in the average value was ob-

served in the Czech transect (w̄ = 1.76 km; range: 0.10 km for

Pola1 to 6.12 km for Xist; CV = 0.95; see Table S3), in the Bavar-

ian transect only cline width for Plp locus dropped from 14.90

to 4.83 km (Fig. 3A and Table S3), the value consistent with

the estimate reported by Payseur et al. (2005). This drop in Plp

decreased the average cline width to w̄ = 3.05 km (range: 0.44–

7.0 km; CV = 0.62). One locus, Xist, was found to be wider in the

Czech transect, seven loci had the same width in both transects,

and five were wider in the Bavarian transect (cf. Fig. 3A and B).

In the AMF100 analyses with cline width initiated at 100 km,

the estimates of cline widths converged mostly to the values

estimated with BMF. For the Czech transect, the average cline

was slightly wider than in the BMF and AMF1 strategies (w̄ =
6.78 km, range: 0.44–25.02 km; CV = 1.08; Table S3). This dif-

ference was due to the most proximal locus, Foxp3, exceeding

the BMF value (13.65 vs. 9.81 km). On average, the cline widths

were also not different from the previous estimates in the Bavar-

ian transect (w̄ = 3.81 km, range: 0.46–14.9 km; CV = 1.00;

Table S3).

Summarizing the three fitting scenarios, we found higher

consistency in cline width estimates in the Bavarian transect. Here,

all but one marker converged to similar values with overlapping

two-unit intervals. The only exception was the locus Plp reaching

a maximum w = 14.9 km in BMF and AMF100 (maximum

Log-Likelihood (LL) = −137.13) and a minimum w = 4.83 in

AMF1 (LL = −134.69). In the Czech transect, only five loci (Nt,

Fmr1, Emd, Pou3f4, and Btk2) did not differ between the three

fitting scenarios. Seven loci yielded two similar width estimates

and differed in one value, mostly produced by AMF1. Finally,

for Foxp3, three different point estimates for cline width were

found (BMF: w = 9.81, LL = −273.68; AMF1: w = 0.54, LL =
−262.28; AMF100: w = 13.65, LL = −277.20).

The best MLEs derived from the three fitting methods are

depicted in Figure 3C. In both transects, the width increases from

the centromere to the Sep6b locus (34.5 Mb) where it reaches the

highest value both in the Czech (w = 25.02 km; two-unit support

limits 21.87–28.93) and Bavarian transects (w = 7.00 km; 5.76–

8.82). Toward the middle part of the chromosome, the widths

decrease consistently in both the Czech and Bavarian transect

between 54 and 91 Mb (i.e., between Nt and Pola1). Further

distally, the widths vary among loci but remain relatively low

except of Xist (100.7 Mb), which reveals a seven times wider cline

in the Czech transect (w = 15.03 km) relative to the Bavarian

transect (w = 1.92 km). The narrowest cline was revealed for

Pola1 (90.9 Mb) in both transects (Czech: w = 0.10 km, support

limits: 0.06–0.50; Bavarian: 0.44 km, 0.24–0.87).

Stochastic effects introduce uncertainty into the point esti-

mates of cline width. One measure of uncertainty is the range of
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Figure 4. The jackknife cline width estimates showing the lowest

(circles) and highest (triangles) values with two-unit limit support

over 13 X-linked loci. (A) Bavarian transect, (B) Czech transect.

the two-unit support limits around the MLE. We detected a signif-

icant positive relationship between cline width estimates and their

support limits for both transects (Fig. 3D). The relationship was

best modeled as a nonlinear fit (two-unit support limits ∼1.5 ×
w1/2) and explained the proportion of the variation at R2 = 0.96

in the Czech and R2 = 0.54 in the Bavarian transect, respectively

(P < 0.004 in both cases).

TRANSECT COMPARISON: JACKKNIFE ANALYSIS

The estimates of cline widths from the 100 random replicates in

both transects are shown in Figure S2. In comparison with the re-

sults obtained on the whole datasets, deletion of a locality resulted

in finding wider intervals between minimum and maximum cline

width estimates for all loci in the Bavarian transect, and eight loci

in the Czech transect (Fig. S2). Seven loci (54%) in the Bavarian

transect revealed nonoverlapping support limits between the low-

est and highest estimate, whereas in the Czech transect it was as

many as 11 loci (85%) (Fig. 4). The lowest estimates were due

to deletion of samples mostly from the central segment of the

hybrid zone. Only in four and two loci in the Bavarian and Czech

transects, respectively, they resulted from exclusion of samples

outside of this region. Conversely, the highest jackknife estimates

were obtained exclusively after removing localities from the cen-

tral segment of the hybrid zone. The highest relative differences

between minimum and maximum cline widths were obtained in

both transects for Pola1, the ratio wmax/wmin being 20.8 for the

Bavarian and 89.9 for the Czech transect, respectively.

Table 1 summarizes the patterns of the distribution of cline

widths due to a locality exclusion and this pattern is visualized

in Figure S2. In both transects, 10 loci were centered around one

cluster and three loci were more scattered, forming up to three

separated clusters (Sep3b and Glra2 in the Czech transect). In

the former sort of loci, a prevailing feature was that outliers were

found around the main cluster. These outliers were found in 12 of

20 cases caused by deletion of localities from the central segment

of the hybrid zone, and occupied the space with higher cline

width estimates. The only outlier resulting from the exclusion

of a locality outside the zone center (Xist in the Czech transect)

approached the lower limit of estimates of cline widths. As an

example, Figure 5 gives the results of the jackknife analysis

for the locus DXMit18.2 in the Czech transect. Excluding the

locality Milhostov1 (distance 68.6 km, about 0.3 km east of the

consensus zone center), the analyses yielded two distinct outliers

with a nearly fivefold increased width estimate.

It should be noted that the contribution of individual excluded

localities to extreme values was not random. In the Bavarian

transect, the sampling site with the most undue effect on the results

was Neufahrn, deletion of which resulted in one the lowest, and

seven the highest estimates. In the Czech transect, it was Dolnice

rendering two the lowest, and five the highest estimates. Both

sites are located within the central segment of the hybrid zone. To

evaluate the effects of deletion in these localities upon cline widths

for all 13 markers along the X chromosome, we ran the analyses

using genotype arrays with Neufahrn and Dolnice, excluded from

the datasets. As shown in Figure 6, the resulting estimates were

more affected in the Bavarian transect than in the Czech transect.

Discussion
Manipulating both methodological procedures and sampling de-

sign, we tried to get an insight into a wide spectrum of stochastic

effects that might potentially confound the hybrid zone analyses,

consequently producing overconfident conclusions. The study

was motivated by the idea that the partition of stochastic effects

from selection affecting loci can be detected by comparison of

cline shapes at two or more different transects (Szymura and Bar-

ton 1991; Buerkle and Rieseberg 2001; Nolte et al. 2009). To

explore the relevance of this proposal, we compared two sepa-

rate transects of the house mouse hybrid zone in Central Europe

for the same set of 13 diagnostic X-linked markers described by

Payseur et al. (2004, 2005). We applied three starting scenarios

to cline width estimation to explore robustness of searches on the

likelihood surface and analyzed data robustness by resampling

localities. As genotyping of large datasets is subject to error, we

found it necessary to estimate its extent.
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Figure 5. Jackknife analysis of cline widths for the locus DxMit18.2 in the Czech transect. (A) Distribution of musculus allele frequencies

along geographic distance with the cline fitted using the Basic Model Fit scenario for the whole dataset (solid line) and that fitted after

excluding the locality Milhostov (dashed line). The position of Milhostov within the transect is indicated by a circle. (B) Deletion of

Milhostov (distance 68.64 km, pm = 0.66) resulted in an increase of the width estimates to 5.1 and 5.8 km (ellipse).

DATA ACCURACY

Reproducibility of the two molecular techniques applied in this

work was rather high: 97.2% in RFLP and 99.1% in a technique

using the SNaPshotTM Multiplex Kit for the DXMit18.2 and Nt

SNP markers. The mean error rate over both loci (1.89%) is

comparable with the values reported for AFLP datasets derived for

animal and plant species reaching 2.0–2.6%; Bonin et al. (2004).

The vast majority of error reads detected in this study led to the

correction of homozygotes to heterozygotes whereas in just one

Figure 6. Comparison of cline widths for all 13 loci (open cir-

cles) with values estimated from the reduced datasets in which

Neufahrn in the Bavarian transect (A) and Dolnice in the Czech

transect (B) were excluded (closed circles). All estimates are given

with two-unit support limits.

case one homozygote had to be replaced by the other homozygote.

In the former case, the errors presumably arose as the result of

the improper cutting activity of the restriction enzyme, whereas

in the latter as the result of a pipetting error.

The mean error rate per locus was 0.56% for the SNP data,

that is, about three times lower than that for the RFLP data. As

with RFLP, most errors can be ascribed to difficulties in reading

heterozygous genotypes due to the presence of stutter peaks. The

allele calling error rate was locus specific: although most loci had

little confounding effect on the observed data, Nt and Fmr1 re-

vealed 1.58% and 1.85%, respectively, almost reaching the error

rates characteristic for RFLP. The presence of genotyping error

may lead to erroneous inferences regarding population genetic

estimates (see Pompanon et al. 2005 for review). For example,

even error rates as low as 3% can have important ramifications in

linkage disequilibrium measures (Akey et al. 2001). However, no

such quantitative records could be retrieved for cline parameter

estimates. To get an insight into the effect of genotyping error on

cline width estimates, we used a genotype array for the Plp locus

of the sons delivered in captivity (N = 379, see Materials and

Methods). The reason for choosing this dataset was the require-

ment to employ data in which we could eliminate misidentified

allele reads due to comparison of genotypes between mothers and

their sons. The corrected dataset was fitted with BMF to get cline

width point estimate for zero genotyping error. The dataset was

then manipulated to model genotyping error up to 4% with the

0.5% increment. In each step, we changed randomly two new

genotypes, and kept previously misread alleles unchanged. De-

spite some limitations of this approach, three points relevant to

hybrid zone studies have emerged from the analysis (Fig. 7). First,

the higher genotyping error the wider cline width point estimates.

Second, this relationship might be at least in some cases nonlin-

ear. As can be seen in Figure 7, two misread genotypes increased

dramatically cline width point MLEs from 2.6 to 9.4 km. Third,
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Figure 7. The relationship between genotyping error and cline

width point estimates (w). Two-unit support limits for w are plot-

ted. The increase for each genotyping error was achieved by

changing two alleles in a genotypic array of 379 scored males.

point estimates can be flawed when genotyping error is as low as

1.6%.

All markers in the Bavarian transect were scored using RFLP

and hence more prone to genotyping error. However, as our es-

timates of the RFLP genotyping error was performed in other

laboratory it is difficult to evaluate its effect on cline width es-

timates, especially as there is no note about cutting efficacy of

restriction enzymes (Payseur et al. 2004). The SNaPshot tech-

nique, used to score all SNP loci in the Czech transect, appeared

to be more accurate and about 15% of the loci were at the limiting

value for genotyping error detected by us and could not therefore

be affected by this type of error.

Cline Widths Based on the Whole
Datasets
VARIATION OF CLINE WIDTH ESTIMATES IS RELATED

TO CLINE WIDTH DIFFERENCES

Studies designed to detect barriers to gene flow in hybrid zones

have been facilitated by the development of analytical frameworks

(Haldane 1948; Slatkin 1973; Barton and Hewitt 1985; Szymura

and Barton 1986; Barton and Gale 1993; Kruuk et al. 1999) im-

plemented into programs for fitting various cline models to the

observed data (Barton and Baird 1995; Porter et al. 1997; Gom-

pert and Buerkle 2009, 2010). Lesser effort has been invested in

the analyses of various confounding factors that could influence

estimates of cline shape parameters and inferences about repro-

ductive isolation. Felsenstein (1975) and Slatkin and Maruyama

(1975) analyzed the effect of random drift in finite populations in

the linear stepping-stone model of a hybrid zone in both haploid

and diploid organisms. The linear models were later extended into

two dimensions by Nichols (1989). Random drift was modeled by

drawing a finite number of individuals from a deme and sampling

was with replacement. The authors concluded that stochastic ef-

fects are a function of deme size, migration and selection, and

that they tend to make a cline less steep than the deterministic se-

lection/gene flow case (Felsenstein 1975; Slatkin and Maruyama

1975; Nichols 1989). The inverse of the maximum gradient is

used in tension zones as a measure of a barrier to gene flow

that is proportionally related to dispersal (σ) and selection (w ≈
σ/s1/2, Slatkin 1973; Barton and Hewitt 1985). Stochastic effects

are expected to vary from locus to locus depending on selection

strength (Bierne et al. 2003). Two-unit support limits generated by

programs for maximum-likelihood cline fitting take into account

binomial sampling error within each locality sample (Carling and

Brumfield 2009). Our data are in agreement with these predic-

tions as the two-unit support limits were larger in the wider clines

(Fig. 3D) in each transect. This finding indicates that selection is

weaker at the corresponding loci. Due to a negative relationship

between selection and random drift, stochastic factors could in-

crease the variation of allele frequencies, causing the widening of

clines. It should be noted that these constructs speculate that the

dispersal and deme size affect the studied loci uniformly. This is

not an unrealistic assumption. The dispersal estimated indepen-

dently of linkage disequilibrium and cline width estimates from

a set of microsatellite loci, based on the isolation-by-distance

model, in the Czech transect was ∼800 m·gen−1/2 (Macholán

et al. 2007). Unfortunately, there are no data on dispersal in

the Bavarian transect. Nevertheless, the estimate from the hybrid

zone in Denmark reporting values between 500–800 m·gen−1/2

(Raufaste et al. 2005) suggests that the dispersal of mice will be

roughly at the same level.

No reliable data are available for deme sizes. However, be-

cause of the strict hierarchical organization of demic structure in

Mmd and Mmm, it is reasonable to expect that deme sizes will

be dominated by this social interaction and kept to the low num-

bers estimated to—four to six individuals (Hauffe et al. 2000). As

both deme size and dispersal seem to be similar among the two

transects, neighborhood size affecting the contact zone dynamics

will be also of the same magnitude.

Despite differences between the two transects, the central

part of the X chromosome (between 71 and 91 Mb, and between

108 and 133 Mb) appears to harbor loci under strong selection, as

suggested by extremely narrow clines (Table 1, Fig. 3). This result

was reported also by other authors (Storchová et al. 2004; Payseur

et al. 2005; Teeter et al. 2010; Macholán et al. 2011) and thus it

appears that there is some evidence of common architecture of

reproductive isolation between the house mouse subspecies.

THE PRESENCE OF LOCAL LIKELIHOOD MAXIMA

Changing the starting points in the parameter space affirmed that

the heuristic search for a width MLE can result in entrapment at

local-optima. As expected, this happened more often on complex

likelihood surfaces. Interestingly, the complexity of the likelihood

landscape increased with the dimensionality of the sampling area.
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Although the search only converged to different peaks in a sin-

gle locus in the linearly sampled Bavarian transect, as many as

five loci revealed multiple peaks in the two-dimensional Czech

transect (cf. Fig. 3A and 3B).

The greater failure rate of the heuristic search arises when

the Czech data are collapsed onto a line because there is a much

greater density of localities along the line relative to the width of

the zone. This has two effects: (1) Because of higher sampling

density, the likelihood model of within-locality sampling error is

sufficient, and its support limits for width estimates explain 96%

of the variation in jackknife estimates. This can be contrasted to

the Bavarian case in which samples are originally taken along

one line, resulting in a less-dense effective locality sampling. The

within-locality sampling error is insufficient, and width estimate

support is overconfident, as it only captures 46% of the variation

in jackknife estimates. (2) The likelihood surface to be explored

is more complex for dense localities on the line, requiring rig-

orous search techniques such as likelihood profiling (Phillips

2004; Macholán 2007) for avoidance of entrapment in local

optima.

Another issue arises when the scale of sampling is large

compared to the scale at which conditions change along the center

of a hybrid zone—the course of the zone center might not be linear

(Sites et al. 1995; Bridle et al. 2001) and/or the environment might

change (MacCallum et al. 1998; Vines et al. 2003). The former

scenario can be taken into account by likelihood-based fitting a

nonlinear model of the cline center (Bridle et al. 2001), whereas

the latter by allowing cline parameters to vary along the course

of the center. The Czech sampling region spans at most 40 km

north-south of the 2500 km long zone, so collapsing these onto

a one-dimensional transect seems unlikely to confound center-

line linearity (it should be recalled that the course of the zone was

inferred from a much larger data, see Macholán et al. 2007, 2008).

However, this collapsing may bring together localities subject

to uneven distribution of local physical barriers. As the result of

the collapsing process, localities with different 2D contexts will

be forced to occupy similar distances on the line adding an extra

component of stochastic effects proportional to the difference in

contexts. The complexity of allele frequency topology in space

can also be increased by deviations from cline monotonicity due

to either historical events (Abpa gene: Dod et al. 2005; mtDNA:

Božı́ková et al. 2005), or single or joint effect(s) of selective

advantage (as suggested by the data for the Xist locus in Fig. S1),

ancestral polymorphisms (Geraldes et al. 2008; Čı́žková et al.

2011), hybrid zone movement (Macholán et al. 2011), or due

to different behavior of 1D and 2D hybrid zones (Piálek and

Barton 1997). As always, any gain in realism through increasing

model complexity (e.g., 2D vs. 1D analysis) must be weighed

against the loss of power arising from attempting to estimate

more parameters.

Only sampling data in two dimensions has the power to re-

veal a nonlinear course of the cline center (Barton and Hewitt

1985; Bridle et al. 2001) or to detect a locus whose cline center

has a different orientation from the consensual frequency change

(Macholán et al. 2008). If such deviations from the parallel lin-

ear cline centers go undetected, collapsing data onto one dimen-

sion will result in systematically overestimation of cline widths

(Macholán et al. 2008). On the other hand, where 2D sampling

shows that 1D summary is appropriate, collapsing to 1D provides

locality sampling density on the line sufficient to avoid overcon-

fident likelihood estimates of cline width.

It should be noted that our results consider cline width ex-

clusively. Including cline center estimation would add another

dimension of complexity to our results, especially in loci that in-

trogressed far away from the center of the hybrid zone (see the

Nt and Xist loci in Fig. S1). Because the center and width are co-

estimated, a rigorous approach would involve reference to their

joint 2D likelihood profile, an aspect left to future studies.

Cline Width Under Locality
Resampling Datasets
In an ideal contact zone the allele frequencies change monoton-

ically. If the underlying cline shape is close to that of the cline

model, there will be a single peak on the likelihood surface and

idealized likelihood searches should identify this one peak. With

finite samples from natural hybrid zones, and nonidealized search-

ing heuristics, multiple peaks can be detected as discussed above.

One causal factor is the sampling design, depending on the effort

invested into field work and also on availability of sites populated

by animals. Below we discuss the effects of sampling design

on cline width estimates using the locality resampling approach.

Specifically, we ask for effects of locality resampling on cline

width variation for each locus and how the sampling can affect

the variation over the whole set of loci when one locality is not

sampled.

PER LOCUS RANDOMIZATION

In both transects, nearly half of the analyses produced one cluster

of similar cline width estimates, most of them having one or more

outliers (Table 1, Fig. S2). The remaining loci were centered

around two clusters although one locus displayed three different

clusters (Fig. S2). This suggests that the sampling design is a

pervasive factor affecting cline width estimates.

For the most part, deletion of localities from the central seg-

ment of the hybrid zone resulted in changes of cline width es-

timates. Barton and Gale (1993) emphasize that dense sampling

near the center is vital for reliable estimation. We suggest that

it is the interplay between the likelihood maximization heuristic

and sampling design that explains this observation. As with the
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Bavarian transects, the X-linked traits in the Czech transect were

best fitted with six parameters allowing for asymmetric stepped

clines (ClineFit, data not shown. The stepped model generally

yielded estimates of cline center similar to that based on the sig-

moid model, but as a rule it rendered narrower widths.). The

asymmetry of gene flow in the Czech transect was already de-

tected at five loci (two of them, Nt and DXMit18.2, also included

in this study) (Macholán et al. 2007), and analyzed using the like-

lihood maximization heuristics in the Analyse program (Barton

and Baird 1995). A comparison of the ClineFit and Analyse doc-

umented that both programs give congruent estimates of the cline

center and width (Macholán et al. 2007). Collectively, these anal-

yses suggest that X-linked loci in both transects are dominated by

asymmetry in gene flow.

It appears that many loci might be under selection at the

X chromosome with effective selection (s∗) being about 0.25

(Macholán et al. 2007). It is reasonable to expect that the same

will be true for the Bavarian transect given the restricted intro-

gression for the X chromosome markers relative to autosomal

traits (Tucker et al. 1992; Teeter et al. 2008). But even for weak

selection, multilocus clines can form a sharp step at their center

due to associations across loci, whereas alleles behave indepen-

dently in either flanking tail of introgression (Barton 1979, 1983;

Barton and Gale 1993). Consequently, as cline width is estimated

from the central segment of the hybrid zone, deletion of localities

outside this part may have only a small effect on width estimates,

whereas the exclusion of samples inside the central segment could

lead to significantly different width estimates at individual loci.

For example, we found point estimates to differ 21- and 90-fold

times in the two transects as documented above for the Pola1 lo-

cus (Fig. 4). From this point of view, dense sampling of localities

from the central segment of a hybrid zone seems to be a necessity

for studies trying to estimate cline shape and identifying chromo-

somal regions or genes under selection. However, it seems that the

sampling density around the zone center is underappreciated in

literature and only few studies mention its possible effect on cline

parameter estimates. For example, sparse sampling of the central

part of southern and northern transects of the Ensatina hybrid

zone was stressed as a factor preventing the rigorous comparison

(Alexandrino et al. 2005). Macholán et al. (2007) states explicitly

that only upper bounds can be placed on width estimates when

there is sparse central sampling relative to the width—another

example where a point estimate without bounds is going to be

misleading. More recently, unequal sampling design between the

Saxony and Bavarian transects of the house mouse hybrid zone

was noted among factors hampering the comparison of loci under

study (Teeter et al. 2010).

The effects of locality resampling may be different when

other cline models are assumed. For example, when gene flow

is symmetric and not stepped, data can be fitted against an S-

shaped sigmoid function (Haldane 1948; Szymura and Barton

1986, 1991; Porter et al. 1997; Kruuk et al. 1999). Then, the dele-

tion of localities outside the central part of the hybrid zone may

substantially change width estimates. For example, long-distance

introgression of the Mmd mtDNA into the Mmm background was

suggested in the Bavarian transect to explain unexpected frequen-

cies at two localities about 90 km far from the center of the hybrid

zone (Božı́ková et al. 2005). Over all localities the mtDNA cline

width was calculated using a sigmoid model to be 100 km; when

one and both mtDNA outlier localities were excluded, the width

dropped to 62 and 24 km, respectively (Božı́ková et al. 2005).

PER SAMPLE RANDOMIZATION

Earlier we noted that cline width is mostly affected by the exclu-

sion of samples from the zone center. We also mentioned that for

the many loci we observed the presence of one or more outlier

width estimates and/or two or three clusters of width estimates.

As these outliers or multiple clusters bound the limits of our es-

timates of cline widths, we asked whether their distribution is

random with respect to sample removal. We found that two lo-

calities disproportionally contributed to the presence of outliers,

and increased cline widths for nearly 40% (Dolnice) and 55%

(Neufahrn) in the Czech and Bavarian transect, respectively. In

both cases the sampling localities are located in the central seg-

ment of the zone, 0.7–0.8 km from the consensus cline center. The

higher effect of the Bavarian Neufahrn locality on cline parame-

ters estimates can also be explained by the proportion to which

this sample contributes in respect to the whole dataset. The local-

ity is the second largest sample in the Bavarian transect and with

103 scored X chromosomes constitutes 15% of the whole geno-

typic array.

Comparison of the datasets comprising jackknife estimates,

after deletion of the two localities and that of based on the best

MLE (Table S3), suggested that in the Bavarian transect cline

width estimates were affected due to deletion of Neufahrn in

seven of 13 loci and concentrated in two regions of the X chro-

mosome (54–91 and 131–141 Mb, Fig. 6A). No such consistent

differentiation was observed in the Czech transect owing to Dol-

nice deletion, where cline width estimates were affected in three

loci and only two of them were localized to the distal part of the

chromosome (141–162 Mb, Fig. 6B).

The randomization techniques stress the importance of sam-

pling design on observed data and how including/excluding one

locality might affect the results. This importance is illuminated in

Figure 4, which shows that the variation in cline width estimates

at single loci due to one sample exclusion, reaching up to 84-fold

increase, can be higher than the maximum of 50-fold variation

in the widths among 39 SNP markers reported from the Bavarian

transect by Teeter et al. (2008).
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Concluding Remarks
The present work was initially motivated by the idea that the

level of introgression measured via cline width is a convenient

method to separate selected and neutral genes (see Payseur 2010

for review). However, soon it appeared such approach to be based

on some idealistic assumptions and hence potentially misleading.

On the other hand, the comparison of the Czech and Bavarian

portions of the mouse hybrid zone proved to be a very fruitful

tool for inferring selection and stochastic effects in hybrid zones.

For example, consistently low estimates of cline width across the

two transects for loci located at the central part of the X chromo-

some suggest strong counterselection in this region, showing that

genetic incompatibilities between the two taxa may have at least

partly common architecture.

However, our results indicate that searching for speciation

genes through statistical analyses of cline shape parameters and

their multiple comparisons is not a trivial task and is prone to

overconfident conclusions. Genotyping error for SNP markers

seems to have little effect on parameter estimates, and the advance

of techniques of genome-wide genotyping (Yang et al. 2009)

makes the effects of this type of error negligible. However, RFLP-

based methods, which were more prone to genotyping error, can

inflate cline width estimates. For future studies of hybrid zones,

we recommend two-dimensional sampling as a necessity to ensure

perpendicular cross-section orientation of geographic clines to

the maximum gradient of genetic changes. The most intensive

sampling should be focused on the central parts of hybrid zones

because they disproportionally affect the estimates of cline widths.

Although we consider here the effects of sampling design on

cline width estimates, Polechová and Barton (2011) re-explored

the effect of finite-population sizes (i.e., random genetic drift).

They found that random genetic drift makes the underlying clines

on average steeper, relative to the deterministic case. As the clines

due to genetic drift shift from side to side, averaging over many

realizations (e.g., pooling data from distant generations), gives

wider “expected” clines.
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Appendix 1. List of localities studied in the Czech transects ordered by geographic distance from the M. m. domesticus side to the M.

m. musculus side. For each locality, country of origin (D=Bavaria, Germany; CZ=Czech Republic), distance along the transect in kilometers

(Dist), and the number of chromosomes scored (NCh) are given. The numbers of localities correspond to Figure 1B. For allele frequencies

at the 13 X-linked loci see Table S2. Similar information on localities in the Bavarian transect is listed in Table 1 of Payseur et al. (2004).

No. Locality Dist NCh No. Locality Dist NCh

1. Kübelhof 1, D 0.00 4 34. Dolnice, CZ 67.11 32
2. Weidesgrün 1, D 15.63 11 35. Doubı́ 3, CZ 67.29 34
3. Straas 2, D 22.54 29 36. Mlýnek 1, CZ 67.41 2
4. Straas 1, D 22.73 20 37. Jindřichov, CZ 67.82 24
5. Münchberg, D 24.20 3 38. Milhostov 1, CZ 68.64 32
6. Benk, D 29.30 36 39. Nebanice 3, CZ 72.01 19
7. Lehsten, D 35.29 38 40. Nebanice 2, CZ 72.24 12
8. Röslau, D 41.64 3 41. Krajková 2, CZ 72.30 10
9. Hebanz, D 43.59 13 42. Dolina, CZ 72.51 20

10. Plössberg, D 45.63 8 43. Krajková 3, CZ 72.64 13
11. Unterweißenbach, D 46.01 8 44. Kaceřov 1, CZ 72.77 25
12. Thierstein, D 48.52 25 45. Kaceřov 2, CZ 72.89 54
13. Höchstädt-Zelch, D 49.08 5 46. Obilná 1, CZ 72.93 55
14. Neuenreuth, D 50.59 43 47. Mostov, CZ 73.34 58
15. Neuenreuth 8, D 50.97 34 48. Anenská Ves, CZ 73.42 2
16. Polná, CZ 55.55 5 49. Chotı́kov 1, CZ 73.89 18
17. Libá 2, CZ 55.89 17 50. Boučı́, CZ 74.39 13
18. Libá 1, CZ 56.00 17 51. Hlavno, CZ 78.82 4
19. Hazlov, CZ 57.16 13 52. Rudolec 1, CZ 80.75 16
20. Hůrka 1, CZ 57.77 62 53. Rudolec 2, CZ 80.97 43
21. Poustka 1, CZ 58.63 13 54. Kostelnı́ Břı́za 1, CZ 81.91 17
22. Plesná, CZ 58.91 2 55. Staré Sedlo, CZ 85.31 17
23. Poustka 2, CZ 59.67 27 56. Hornı́ Slavkov, CZ 91.74 33
24. Lužná, CZ 60.84 61 57. Nová Ves okál, CZ 93.23 9
25. Starý Rybnı́k, CZ 62.29 13 58. Nová Ves porod., CZ 93.29 35
26. Křižovatka, CZ 63.12 4 59. Teleč, CZ 109.68 3
27. Nový Kostel, CZ 64.19 11 60. Těšetice, CZ 110.37 4
28. Hornı́ Ves, CZ 65.21 19 61. Týnistě 2, CZ 117.26 19
29. Dolnı́ Pelhřimov, CZ 65.61 6 62. Podboř. Rohozec, CZ 118.71 7
30. Dlouhé Mosty, CZ 65.72 64 63. Vrbička, CZ 123.32 9
31. Nový Drahov, CZ 65.78 29 64. Buškovice 1, CZ 126.58 10
32. Nová Ves, CZ 65.78 19 65. Buškovice 2, CZ 126.58 22
33. Svatý Křı́ž, CZ 67.04 5 66. Buškovice 5, CZ 126.58 3
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Supporting Information
The following supporting information is available for this article:

Table S1. Individual genotypes at 13 X-linked SNPs at localities across the Czech house mouse hybrid zone (Excel file).

Table S2. Allele frequencies of 13 SNPs across the Czech hybrid zone (Excel file).

Table S3. Maximum-likelihood estimates of cline parameters based on the BMF and AMF search scenarios for the Czech and

Bavarian transects (Excel file).

Figure S1. Distribution of M. m. musculus allele frequencies (ordinate) plotted against the distance in kilometers along the transect

(abscissa) for 13 X-linked loci in the Czech (left panels) and Bavarian (right panels) transects.

Figure S2. Jackknife values obtained for 13 X-linked loci in the Czech (left panels) and Bavarian (right panels) transects using

BMF. Cline widths (abscissa) are plotted against corresponding maximum likelihood values (ordinate). Estimates resulting from

the full dataset (66 and 31 localities from the Czech and Bavarian transect, respectively) are also shown for the BMF (red symbol),

AMF1 (green symbol), and AMF100 (blue symbol) scenarios; see text for explanation of the searching scenarios.

Supporting Information may be found in the online version of this article.

Please note: Wiley-Blackwell is not responsible for the content or functionality of any supporting information supplied by the

authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
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