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Multilocus hybrid zone (HZ) studies predate genomics by decades. The power of early methods is becoming apparent and now

large datasets are commonplace. Relating introgression along a chromosome to evolutionary process is challenging: although

reduced introgression regions may indicate speciation genes, this pattern may be obscured by asymmetric introgression of linked

invasive genes. Further, HZ movement may form salients and leave islands in its wake. Barton’s concordance was proposed 24 years

ago for assessing introgression where geographic patterns are complex. The geographic axis of introgression is replaced with the

hybrid index. We compare this, a recently proposed genomic clines approach, and two-dimensional (2D) geographic analyses, for

24 X chromosome loci of 2873 mice from the central-European house mouse HZ. In 2D, 14 loci show linear contact, seven precisely

matching previous studies. Four show introgression islands to the east of the zone, suggesting past westward zone movement,

two show westward salients. Barton’s concordance both recovers and refines this information. A region of reduced introgression

on the central X is supported, despite X centromere-proximal male-biased westward introgression matching a westward 2D

geographic salient. Genomic clines results are consistent regarding introgression asymmetries, but otherwise more difficult to

interpret. Evidence for genetic conflict is discussed.

KEY WORDS: Genetic conflict, hybrid zone movement, Mus musculus musculus, Mus musculus domesticus, sex biased introgres-

sion, X chromosome.

Elucidating the genetic basis of reproductive isolation is one of

the crucial problems in the study of speciation. Much current

research focuses on two areas: reproductive isolation between

nascent species arising as a result of accumulation of incom-

∗Contact address: Department of Population Biology, IVB, ASCR,

Studenec, Czech Republic.

patibilities between interacting loci, the Bateson–Dobzhansky–

Muller model (Bateson 1909; Dobzhansky 1936; Muller 1940,

1942; Orr 1996; though see Forsdyke 2011), and the role of genes

involved in genetic conflicts (Tao et al. 2001; Orr and Irving 2005;

Orr et al. 2007; Macholán et al. 2008; Phadnis and Orr 2009).

Regarding the distribution of such genes across the genome,

it has been shown that sex chromosomes harbor more genes
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causing disruption of fertility and/or viability in hybrids than au-

tosomes (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; Oka et al. 2004; Storchová et al. 2004,

2010; Harr 2006; Good et al. 2008) as predicted by the “large X

effect” hypothesized to explain Haldane’s rule (Haldane 1922; Orr

1997; Coyne and Orr 2004). One approach to furthering our un-

derstanding of reproductive barriers is to cross species displaying

partial reproductive isolation under controlled laboratory condi-

tions and then examine the basis of hybrid incompatibilities. An

alternative approach is based on the study of naturally occurring

hybrid zones (HZ).

Notwithstanding the precise causes and processes underlying

the origin and evolution of reproductive barriers, gene flow at loci

responsible for these barriers is expected to be impeded, result-

ing in abrupt changes of allele frequencies across a contact zone,

that is, narrow clines that will tend to coincide geographically

unless forcibly perturbed (Barton and Gale 1993). Conversely,

alleles at neutral loci should introgress more or less freely, to dis-

tance2 proportional with time elapsed since contact. Hence, the

relationship between cline width and selection seems straightfor-

ward: the stronger the counterselection, the narrower the cline

(Slatkin 1973, 1975; Nagylaki 1975, 1976; Endler 1977). This

simple relationship has led to the suggestion that plotting intro-

gression measures for markers of known position in the genome,

we could potentially detect genomic areas responsible for re-

productive isolation, or speciation genes (Rieseberg et al. 1999;

Payseur et al. 2004; Buerkle and Lexer 2008; Gompert and

Buerkle 2009).

Patterns of introgression will be more complicated if not all

genes are simply neutral or responsible for barriers to gene flow.

Payseur et al. (2004) in their seminal analysis of X chromosome

introgression along the Bavarian transect across the European

house mouse HZ, discuss in particular the effects of adaptive in-

trogression. Here, we wish to take into account also the potential

importance of (nonadaptive) genetic conflict in driving introgres-

sion. Deterministic introgression occurs when a gene has an ad-

vantage over alternative alleles. If the gene is also advantageous to

the individuals in which it is expressed, there is no genetic conflict

and introgression is indeed adaptive (i.e., increasing population

fitness). However, a gene’s advantage may allow it to increase

despite lowering population fitness (for example by distorting sex

ratio away from the Fisher equilibrium; Macholán et al. 2008). In

this case its action is selfish, its spread is nonadaptive, and it is

not advantageous to all the individuals in which it is expressed.

It seems including the potential effects of nonadaptive introgres-

sion on HZ dynamics may be important, as gene advantages due,

for example, to segregation distortion can be much greater than

otherwise observed in nature (Galtier et al. 2009). Fortunately,

the origin and fate of both types of gene can be described simul-

taneously by referring to them as “advantaged” genes. During

isolation of populations, an advantaged gene may arise and in-

crease in one population that would also have an advantage if

it were introduced into other populations. On secondary con-

tact such universally advantaged genes are predicted to quickly

recombine away from their original background and introgress

across HZs (Barton and Hewitt 1985; Barton and Bengtsson 1986;

Barton and Gale 1993; Piálek and Barton 1997). Given time, they

will spread far away from the original contact area, and so perhaps

become of little relevance to HZ studies. However, if universally

advantaged genes are tightly linked to speciation genes, they may

be unable to quickly recombine away from their original back-

ground, making their action highly relevant to HZ studies even

many generations after secondary contact. If linkage groups in a

HZ include universally advantaged genes trapped within a back-

ground of speciation genes we may expect asymmetric, noncoin-

cident clines and HZ movement (cf. Buggs 2007). In addition, if

advantaged genes are in the process of escaping their background,

descendants of particular background recombinants will become

over-represented. Then, effective recombination (depending on

the number of descendants inheriting a recombination event) may

bear little relation to map distance (depending only on the fre-

quency with which recombination events occur). This effect may

give rise to a genomic equivalent of the geographic pattern of

“footprints” left by a moving HZ.

The spread of advantaged genes, and by analogy genomes,

need not be geographically smooth. Instead, advance may be

through the formation of salients (Ibrahim et al. 1996), which

then merge around invaginations. This geographic stochasticity

may lead to scattered islands of one genome type, in their original

territory, but now surrounded by the other genome type, a pattern

first called the footprints of a moving HZ by Arntzen (Arntzen

and Wallis 1991; Espregueira Themudo and Arntzen 2007). If

HZ movement is driven by advantaged genes, then this stochastic

geographic process, coupled with high effective recombination

between genetic backgrounds (see above), will tend to lead also

to genomic islands of introgression, scattered across the genome,

each associated with different geographic islands. This passive

stochastic pattern of introgression by inclusion is quite different

from that expected of the deterministic introgression of advan-

taged genes.

All of these predicted introgression patterns arising from

different processes are potentially overlaid across the geography

of a HZ, and along recombining chromosomes. A HZ survey

of the heterogeneity of introgression patterns along, for exam-

ple, an X chromosome may therefore potentially reveal a great

deal about the nature and recent history of sex chromosomes

as barriers between taxa. A problem arises, however, in access-

ing this information: extremely intensive geographic sampling is

necessary to capture and de-confound such complex geographic
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patterns. In designing his multilocus analyses of the Bombina HZ

(Szymura and Barton 1986), Barton saw this fundamental lim-

itation, and produced what we call here “Barton’s concordance

analysis,” which replaces the geographic axis of introgression

with the hybrid index, an analysis designed specifically for

the case in which geographic pattern is complex or difficult to

sample.

The house mouse (Mus musculus) appears a very useful

model for studies of differential introgression of various parts of

the genome across HZs. The complete genome sequence is known

(Mouse Genome Sequencing Consortium 2002) and a vast array

of suitable molecular markers is available for this species (Diet-

rich et al. 1996; Lindblad-Toh et al. 2000; Abe et al. 2004; Pletcher

et al. 2004; Shifman et al. 2006). Moreover, a HZ between two

subspecies, M. m. musculus and M. m. domesticus (sometimes

referred to as species, M. musculus and M. domesticus), exists

in Europe, running across the Jutland peninsula in Denmark and

from the Baltic coast across central Europe and the Balkans to

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

et al. 2003; Fig. 1). Studies carried out on various portions of this

zone have shown a remarkably consistent picture of wider auto-

somal clines versus more narrow sex linked clines spanning more

than 2500 km of the contact front between the two subspecies

(Vanlerberghe et al. 1988a; Tucker et al. 1992; Dod et al. 1993;

Payseur et al. 2004; Macholán et al. 2007). Because of this ge-

ographic repeatability and the fact that a model organism is in-

volved, the musculus–domesticus HZ can play a central role in

understanding the nature of barriers to gene flow between taxa

in general and the action and fate of speciation genes on sex

chromosomes in particular.

Several recent findings have suggested that introgression pat-

terns may be quite complex in the house mouse. First, a survey

of the distribution of five autosomal and two sex-linked diag-

nostic markers across the Czech and Slovak Republics showed

an unexpectedly gradual transition of the Y chromosome across

the area of north-eastern Bavaria and western Czechia relative to

other loci (Munclinger et al. 2002), in sharp contrast to results

from other parts of the zone (Vanlerberghe et al. 1986, 1988b;

Prager et al. 1997; Dod et al. 2005). A subsequent study re-

vealed an introgression of the musculus Y chromosome up to

22 km into domesticus territory, covering a triangular area of about

330 km2 and accompanied by a perturbation of the census sex ratio

(Macholán et al. 2008). It was proposed that the unusual pattern

has resulted from genetic conflict between loci on the X and

Y chromosomes (and potentially autosomes) and that clines for

genes involved in sex-ratio distortion have escaped from the zone

centre, causing a decay in the barrier to gene flow between M. m.

musculus and M. m. domesticus. Second, for several autosomal

and X-chromosome loci a far reaching introgression of domesti-

cus alleles into the musculus range has been reported from two

German transects (Payseur et al. 2004; Teeter et al. 2010) and

Vošlajerová Bı́mová et al. (unpubl. ms.) found domesticus alleles

more than 1700 km behind the centre of the Czech portion of the

zone.

The mouse X chromosome is acrocentric, allowing simple

description of chromosome regions as proximal or distal with

respect to the centromere. To date, two surveys of X chromosome

introgression heterogeneity across the European house mouse HZ

(HMHZ) have been carried out. Working from a one-dimensional

(1D) transect of samples that straddles this zone in Bavaria, to the

south of the Czech portion, Payseur et al. (2004) fitted 1D geo-

graphic stepped (six-parameter) clines to data for 13 loci, identify-

ing a central X-chromosome region of reduced introgression, and

also proposing the X chromosome inactivation locus Xist as mark-

ing an adaptive introgression into musculus territory. Teeter et al.

(2010), working with the same Bavarian dataset, and an additional

1D transect sampling across the zone in Saxony (to the north of the

Czech zone), found the likelihood surfaces for the six-parameter

geographic cline model impracticably complex, instead fitting 1D

geographic sigmoid (two-parameter) clines to 41 SNPs (but only

three X markers, a subset of Payseur et al. 2004: Emd, Pola1 and

Xist) drawn from both datasets. However, in recognition of the dif-

ficulty introduced by geographic complexity the authors also used

a nongeographic introgression analysis (the genome clines ap-

proach, as implemented in the INTROGRESS program, Gompert and

Buerkle 2010) that, as with Barton’s concordance, assesses intro-

gression relative to the hybrid index rather than geography. They

concluded that “the differences between transects raise the possi-

bility that there may not be a single genetic architecture of isola-

tion between these species” (Teeter et al. 2010: p. 481), although

two out of the three X markers did not show any difference be-

tween transects, but noted that “it is possible that stochastic varia-

tion, differences in sampling between transects, or a combination,

could have contributed to these differences” (Teeter et al. 2010:

p. 481). Clearly, to make further progress, geographic stochastic

effects must be de-confounded from deterministic introgression

patterns.

In this study we compare X chromosome introgression pat-

terns across a 24 locus superset of the Payseur et al. (2004) study,

on a sample of more than 2870 mice from a geographically in-

tensively sampled 145 × 50 km rectangular section of the Czech

portion of the HMHZ, which lies between the previously men-

tioned Saxony and Bavarian linear transects. Given the anticipated

complexity of introgression, and the possibility of sex-specific ef-

fects, we compare results from analyses both with and without

geographic information, and both with and without separating

sexes. In our geographic analyses, we attempt to capture the

full two-dimensional nature of introgression patterns and clas-

sify loci accordingly. We then analyze the same loci using both

nongeographic introgression approaches: Barton’s concordance
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Figure 1. The course of the M. m. musculus/M. m. domesticus hybrid zone in Europe (shown as bold line) and the location of the study

area as shaded rectangle. Below, the detail of the study area with sampling sites indicated.

and genomic clines. In this way, we both assess the utility of

the nongeographic approaches and gain insight into the nature

of the HMHZ in general and the role of X chromosome loci in

particular.

Materials and Methods
SAMPLING

In total, 2873 mice (1351 males and 1522 females) were live-

trapped at 166 sites scattered across a 145 × 50 km transect
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Figure 2. Markers on the X chromosome analyzed in this study.

Insertions are displayed on the left side and SNPs on the right side.

stretched from western Bohemia (Czech Republic) to north-

eastern Bavaria (Germany) (Fig. 1 and Table S1). Most of the

captured mice were euthanized and dissected directly in a field

laboratory. The remaining mice were transported to a breeding

facility at Department of Population Biology in Studenec and

dissected after laboratory-based experiments. DNA was extracted

from spleen and/or tail using DNeasy® 96 Tissue Kit (Qiagen

GmbH, Hilden, Germany) following the manufacturer’s instruc-

tions.

MARKERS

Altogether, 24 diagnostic X-chromosome markers were scored.

Their positions on the physical map (in Mb) according to NCBI

Build 37.1 are given, along with numbers of individuals scored

for particular markers, in Table S2 (see also Fig. 2). Eleven of

the markers were transposable elements, nine SINEs (B1 and

B2) and two LINEs. Primers and reaction conditions for Btk and

Tsx were described in Munclinger et al. (2003); for Syap1, see

Macholán et al. (2007). Primer sequences, expected product sizes,

and annealing temperatures for remaining insertions are given in

Table S2.

Templates were amplified using the Mastercycler®ep (Ep-

pendorf, Hamburg, Germany) in 10-μl volume under the follow-

ing conditions: 2 mM MgCl2, 0.2 μM primers (0.3 μM for X65C),

100 μM dNTPs and 0.5U Taq polymerase (Invitrogen Corp.,

Carlsbad, CA). PCR conditions were: a 3-min activation step at

94◦C was followed by 35 cycles of 45 s at 94◦C, 45 s at 60–65◦C

(Table S3), and 45 s at 72◦C; a final elongation step lasted 5 min at

72◦C. For XL1_332L07, we applied Multiplex PCR Kit (Qiagen;

0.2 μM concentration of primers) in 5-μl volume under condi-

tions described in the producer’s protocol; XL1_323P19 marker

was amplified in the presence of an (NH4)2SO4 reaction buffer

(Invitrogen). PCR products were run on 2% agarose gels and

visualized either by Ethidium Bromide or GoldViewTM Nucleic

Acid Stain (SBS, Beijing, China). Genotypes were deduced from

the size of the amplified DNA fragments (longer in the presence

of an insertion). To verify PCR reactions, we analyzed samples

from wild-derived inbred strains STRA and BUSNA representing

both subspecies (Piálek et al. 2008) and F1 hybrid females as a

control. The remaining 13 markers were SNPs used by Payseur

et al. (2004) and analyzed as described in Dufková et al. (2011).

ANALYSES

To control for potential nonindependence of alleles due to relat-

edness and deviation from Hardy–Weinberg equilibrium, the ef-

fective number of alleles sampled at each locality was estimated

following the procedure described in Macholán et al. (2008).

Geographic patterns in two dimensions
To allow for the potentially complicated spatial patterns outlined

in the introduction, a spatially explicit Bayesian model-based clus-

tering algorithm GENELAND 3.1.4 (Guillot et al. 2005) was em-

ployed. Using a Markov chain Monte Carlo (MCMC) approach,

the program combines individual genotypic data and geographic

coordinates of sampled individuals to infer and locate genetic dis-

continuities between populations in space. The number of clusters

(K) can be inferred during the MCMC runs, but our analyses are

simplified by fixing K at 2, that is, the number of subspecies

present in the field region. Two independent MCMC runs were

carried out for each locus with 107 iterations and saving every

100th iteration (i.e., 105 iterations saved in total). The spatial

model was used with no uncertainty ascribed to spatial coordi-

nates; the uncorrelated allele frequency model was applied and

no null alleles were allowed. The post-MCMC processing phase

included exclusion of the first 2000 iterations as burn-in and the

computation of posterior probabilities of population membership

for each individual and each pixel; the resolution of the final maps

was set to 1400 pixels along the x-axis and 40 pixels along the

y-axis, corresponding roughly to a pixel size of 100 m side. Re-

sults across corresponding runs were then visually checked for

consistency; no inconsistent results were obtained.

Nongeographic analyses of introgression: Barton’s
concordance and genomic clines
We used two similar approaches based on plotting clines against

genome distance: Barton’s concordance analysis (Szymura and

1 4 3 2 EVOLUTION MAY 2011



HETEROGENEITY OF INTROGRESSION ON THE MOUSE X CHROMOSOME

Barton 1986) and the genomic clines analysis of Gompert and

Buerkle (2009). The original description of Barton’s approach is

extremely clear, but here we briefly re-express it in terms of hybrid

indices, just to clarify the similarity between the two approaches.

For diagnostic loci (as in the current case) the proportion of mus-

culus alleles in any set of alleles can be calculated, and called

the hybrid index (HI) for that set of alleles. A hybrid index can

thus be calculated for the set of alleles belonging to an individual

(producing an individual HI). This set of alleles can be further

subdivided: some of the individual’s alleles come from locus 1,

some from locus 2, and so on. A hybrid index can be calculated

for each subset, producing individual × locus HIs. Barton’s first

key insight is that if all loci introgress in a similar fashion, then HI

expectations do not change over loci and so the expectation for an

individual × locus HI is the same as for an individual’s HI. That

is, plotting all individual’s individual × locus HIs against their

individual HIs, the expectation for equal introgression over loci

lies on the diagonal (i.e., x = y). Barton’s second key insight was

to formulate a simple two-parameter model of deviations from

this equal-introgression expectation, which can be expressed as

HIloc = HI + He[α + β(2HI − 1)].

That is, the locus expectation can deviate from x = y as a func-

tion of the expected heterozygosity He = 2HI(1 − HI). Parame-

ter α (directionality) shifts introgression toward one or the other

genome, relative to the equal-introgression expectation. Parame-

ter β (abruptness) allows the introgressive change at the locus to

be more or less abrupt than the equal-introgression expectation.

As hybrid indices and expected heterozygosity can be calculated

irrespective of ploidy, the approach can be applied equally to hap-

loid, haplo–diploid, and diploid loci. The simplicity of the model

allows the parameters to be estimated in the likelihood inference

framework, and the significance of deviations from the average in-

trogression pattern, or differences between introgression patterns

in males and females, to be assessed directly using likelihood ratio

tests. The concordance analysis was carried out using a Mathe-

matica (Wolfram 1992) routine developed for ANALYSE 2.0beta

by one of the authors (SJEB).

Gompert and Burkle (2009) have recently suggested a sim-

ilar approach, calling the clines thus produced genomic clines.

In this method clines are estimated using multinomial regression

of the observed individual genotypes on the hybrid index. Neu-

tral introgression expectations are simulated using permutations,

accounting for stochastic variation among loci due to finite sam-

pling. The method is developed to discriminate among a number of

selection regimes (Gompert and Buerkle 2009; Nolte et al. 2009):

deviations from neutrality are interpreted as either underdomi-

nance (heterozygotes less common than expected) or overdomi-

nance (heterozygotes more common than expected) or directional

selection against one allele (clines for both homozygotes and

heterozygotes shifted). Sharp homozygote and heterozygote

clines are interpreted as an indication of epistatic selection

between loci and the simple underdominance pattern is sug-

gested to be consistent with the action of BDM incompatibilities

(Gompert and Buerkle 2009). Genomic clines were estimated us-

ing the R program INTROGRESS 1.2.1 (R Development Core Team

2007; Gompert and Buerkle 2010) with 1000–5000 permutation

steps. Significance levels (α = 0.05) for genotype-specific devia-

tions tests were adjusted using the false discovery rate procedure

according to Benjamini and Hochberg (1995). Because females

are diploid and males haploid for the X markers considered we

analyzed the data separately for each sex. Although this leads to

a decrease of sample size, the numbers of analyzed specimens

were still rather high (794–1519, 1168 on average in females;

850–1347, average 1097 in males). Nevertheless, to avoid the risk

of weak results due to insufficient sample size we also pooled

females and males, treating males as diploid homozygotes. This

procedure substantially reduces heterozygosity but as both ex-

pected and observed probabilities of heterozygote genotypes are

estimated from the same data this reduction does not affect the

expectation of the final results, only our confidence in them.

The essential difference between the two nongeographic

approaches is that Barton’s concordance inspects introgression

patterns for allele frequencies, whereas genome clines inspect

introgression patterns for diplotype frequencies—homozygotes

from each source population and their heterozygotes. At Hardy–

Weinberg equilibrium (HWE) the allele frequencies are sufficient

information to predict the diplotype frequencies, and so we would

not expect to gain any additional information from the genome

clines approach at HWE relative to Barton’s concordance. We

therefore carry out an analysis of deviation from HWE that fol-

lows directly from the concordance approach. Recall (above) that

for an individual with hybrid index HI we can calculate its ex-

pected heterozygosity He = 2HI(1 − HI). It is straightforward to

compare this with the individual’s “observed” heterozygosity—

the proportion of its loci that are in the heterozygous state. If the

individual’s observed numbers of homozygous and heterozygous

loci are {NAA, NAB, NBB}, the log likelihood of the individual-

based heterozygote deficit F is

LL(F | NAA, NAB, NBB) ∝ NAA Log(p + Fpq)

+ NAB Log(2pq − F) + NBB Log(q2 + Fpq),

p = H I q = (1 − H I ).

Plotting maximum likelihood estimates (MLEs) of individual F

against individual HI allows us to see whether hybrid individuals

tend to have, for example, a greater deficit of heterozygous loci.
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Figure 3. Maps of Geneland individual assignments to M. m. domesticus for all 24 loci scored. The highest membership values are in

light yellow, the lowest in red. The level contours show the spatial changes in assignment values. The light blue line indicates orientation

of the consensus cline based on seven autosomal loci (Macholán et al. 2008) whereas the dark blue line depicts the cline centre for the Y

chromosome.

Results
GEOGRAPHIC PATTERNS IN TWO DIMENSIONS

The geographic patterns revealed by the Geneland analysis are

highly heterogeneous across loci (Fig. 3). Of the 24 loci, seven

show clear and smooth transition congruent with simple 1D clinal

predictions (Macholán et al 2008). These seven are indicated in

Table 1 with symbol “/”. A further six are passably consistent

with these predictions (Table 1, symbols “(” and “/-”). Of the

1 4 3 4 EVOLUTION MAY 2011
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Figure 3. Continued

remaining 11 loci, five show complex interlocking patterns at the

HZ centre (Table 1, symbol “§”), four display islets of domesticus

alleles in musculus territory, and two show a salient of musculus

alleles in domesticus territory next to an otherwise clearly defined

zone centre (Table 1). Introgression of musculus alleles into the

domesticus range is more or less limited to the triangular area

of the introgressed musculus Y chromosome (indicated with blue

lines in Fig. 3; cf. Macholán et al. 2008). In contrast, the islets

EVOLUTION MAY 2011 1 4 3 5
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Table 1. Summary comparison of 2D geographic and nongeographic introgression patterns along the X chromosome. “Gap” refers to

an interval between two adjacent loci (see also Table S2 for physical distances for the loci). Symbols: GENELAND – “/” clear and sharp

zone centre consistent with 1D analysis; /-” clear and sharp zone centre consistent with 1D analysis, excepting one D inclusion in M

territory; “(” clear and sharp zone centre, but convex, bulging toward M territory; “§” complex 2D geographic pattern at zone centre.

Nongeographic introgression analyses: INTROGRESS—M>D: introgression of musculus alleles into domesticus background; M>>D: strong

introgression of musculus alleles into domesticus background.

2D Nongeographic

Asymmetry Nature
Locus Gap

(Mb) Geneland Concordance Introgress Concordance Introgress

D M Gradual Abrupt

Foxp3 10 / −0.27 M>D −0.09 Epistasis
X332 18 Salient into D −0.80 M>>D −0.81 Epistasis
Sep6b 15 § −0.61 M>>D −1.17 Epistasis
X347 4 § −0.21 M>D −0.15 Epistasis
Nt 12 Islets in M +0.63 D>>M −0.67
Fmr1 5 / +0.09 +0.36 Weak epistasis
X65 0.368 § +0.03 +0.41 Underdominance
Emd 20 / +0.80 D>M +1.36 Strong epistasis
Pola1 19 / +0.36 D>M +0.47 Strong epistasis
X92 8 ( −0.31 M>D +0.43 Strong epistasis
Tsx 2 Islets in M +0.56 D>>M −0.62
Xist 0.052 Islets in M +0.65 D>>M −0.90
DXMit 0.168 / +0.15 +0.28 Underdominance
X323 1 /− +0.17 +0.23 Nearly neutral
Pou3f4 6 / −0.10 M>D +1.10 Strong epistasis
Btk 23 ( −0.30 M>D +0.40 Epistasis
Btk2 0.020 ( −0.35 M>D +0.66 Strong epistasis
X125 1 ( +0.13 D>M +0.44 Epistasis
Plp 1 / −0.21 M>D +1.02 Strong epistasis
X133 6 Salient into D +0.12 +0.06 Nearly neutral
Trrp5 1 Islets in M +0.06 −0.32 Nearly neutral
X149 15 /− +0.04 +0.60 Strong epistasis
Syap1 3 § −0.14 M>D +0.05 Epistasis
Glra2 § −0.32 M>D +0.13 Epistasis

of domesticus alleles in musculus territory occur throughout the

sampled range, and their geographic locations are not correlated

over loci (except for closely linked Tsx and Xist, which appear to

share two islets, Fig. 3).

NONGEOGRAPHIC ANALYSES OF INTROGRESSION:

BARTON’S CONCORDANCE AND GENOMIC CLINES

Simple informational considerations suggest we would not gain

any additional insight, relative to Barton’s concordance, by

applying the genome clines approach to a system at HWE.

Figure S1 shows that for the female mouse dataset, the individuals

with hybrid indices lying in the central portion of the range have

no significant heterozygote deficit. However, to either side of this

central portion individuals do indeed show deviation from HWE

expectations, with a strong deficit in heterozygotes, potentially

lending power to the genome clines approach.

Barton’s concordance analysis provides MLEs and their sup-

port bounds for directionality and abruptness of introgression for

each locus (Table S4). When males and females are pooled all

loci differed significantly from the equal-introgression expecta-

tion, and this is also true for separate treatment of the sexes, except

for locus X133 in males (Table S4). Proximal locus X332 (16.7

Mb; Table S2) is alone in showing significantly different intro-

gression patterns between the sexes at the 95% level, although

distal loci X125 and Syap1 showed sex differences significant at

the 90% level. Table S4 indicates the nature of these sex differ-

ences: at X332 there is greater introgression of musculus alleles

onto the domesticus X background in males; at Syap1 this pattern
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Figure 4. Analysis of X introgression patterns in males and females along the chromosome using Barton’s concordance. Nongeographic

introgression relative to X chromosome hybrid index is summarized in two components: vertical axis (α, eq. 1), gauges whether intro-

gression is abrupt or gradual relative to the X hybrid index; horizontal axis (β, eq. 1), whether introgression is asymmetric toward the

domesticus or musculus genetic background. The analogous geographic introgression descriptors are shown in parentheses. Blue lines

connect male X locus (α, β) maximum likelihood estimates in the order the loci occur along the chromosome. Where loci are less than

0.5 Mb apart connecting lines are bold. Foxp3 (Gradual, domesticus quadrant) is the most proximal marker, Glra2 (close above, Abrupt,

domesticus quadrant) the most distal. Red lines connect the female introgression MLEs, again loci less than 0.5 Mb apart, in bold. Green

lines connect male and female estimates that differ significantly.

is reversed; at X125 the degree of introgression is similar across

the sexes, but the transition is steeper in males.

Figure 4 plots the abruptness/directionality MLEs for each

locus on two axes. Loci are joined in the order they occur along the

X chromosome, one (blue) line for estimates from male samples,

a second (red) line for female samples. Lines between physically

close (<0.5Mb, Table 1) neighbors are bold. Green lines connect

the previously mentioned MLEs that differ significantly between
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sexes. The plot has four quadrants. The (Gradual, domesticus)

introgression quadrant contains a proximal X linked wide asym-

metric introgression toward domesticus. At the extreme of this

proximal linked introgression, locus X332, males introgress sig-

nificantly more than females, and there is a 2D geographic salient

into domesticus territory (cf. Fig. 3, Table 1). Considering the

remaining quadrants in anticlockwise order, the (Gradual, muscu-

lus) introgression quadrant contains all loci identified as having

multiple islands of 2D introgression (cf. Fig. 3, Table 1). In con-

trast to the proximal X-linked introgression, loci in this quadrant

come from all along the linkage ordering, the only neighboring

loci being the very closely linked Xist and Tsx, separated by only

52 kb. The (Abrupt, musculus) introgression quadrant contains

Pola1, previously proposed marker for a speciation gene (Payseur

et al. 2004), but also a more extreme candidate neighboring it:

Emd. Finally, the (Abrupt, domesticus) quadrant contains Btk, a

locus previously used to mark the consensus centre of the HZ

(Macholán et al. 2008), although Plp and Pou3f4 are indicated

to be even more abrupt in their introgression pattern. Of the four

pairs of physically very close loci (Fig. 4, bold red and blue),

two pairs show very different introgression patterns. Emd, the

sharpest of all introgressions, and the most musculus biased, is

proximally flanked at 368 kb by X65, unremarkable in bias and

abruptness. Xist, showing 2D islands of introgression far into

musculus territory, is distally flanked by DXMit18.2 at 168 kb,

showing unremarkable bias toward musculus.

The INTROGRESS approach relies more on user interpretation

of graphical output than parameter estimates and formal hypothe-

sis comparison, and Table 1 details interpretation formed indepen-

dently of the results of Barton’s concordance analysis. Figure 5

depicts the raw data ordered for each marker from domesticus-

specific to musculus-specific alleles. The results are shown for

females and males separately; for better clarity, we excluded from

the graphs those individuals for which less than 75% of loci were

typed (N ≥ 18). In both sexes, there are loci characterized by

very abrupt transition between the two subspecies (e.g., Pola1,

Pou3f4, Plp), intermingled with loci displaying extensive intro-

gression either to M. m. musculus (Nt, Tsx, Xist, Trrp5) or to M. m.

domesticus (X332, Sep6b, to a lesser extent X347, Syap1). When

averaged across all loci, the gradients of musculus alleles are ap-

parently steeper on the musculus side (right diagrams for each sex

in Fig. 5). More importantly, the positions of the two gradients

are clearly different: as it appears, the proportion of domesticus

alleles is higher in males than in females.

Results of the genomic cline analysis revealed significant de-

viations from neutral expectations in all loci for females, even after

correction for false positive discovery, whereas in males only five

loci (X332, Sep6b, Nt, Tsx, Emd) revealed significant differences.

This sex difference is likely due to the previously mentioned de-

viations from HWE that, naturally, only apply to the female part

of the dataset. Examples of 12 female genomic clines displaying

the most conspicuous deviations are shown in Figure 6A, clines

for the remaining loci are presented along with all male clines

in Figure S2. (For the purposes of comparison, Figure 6B shows

the locus by locus Barton’s concordance analyses for the same

12 loci.) Homozygote clines for males and females are mostly

very similar; when different, the female clines are usually steeper,

with the only exception Emd where the male cline is apparently

more abrupt than the female one (cf. Figs. 6 and S1). A closer

inspection of these figures shows most clines are shifted either

to the musculus (10 loci) or domesticus side (12 loci), some of

them markedly (Nt, Tsx to musculus; X332, Sep6b to domesticus),

and these shifts are summarized in Table 1. A heterozygote defi-

ciency with a cline lying outside the 95% confidence interval of

the null model was found in X65 and DXMit18.2 only. This pat-

tern could suggest underdominance (see Material and Methods)

but more likely this is caused by BDM incompatibilities. At some

loci (e.g., Emd, Pola1, X92, Pou3f4, Btk2, Plp) both homozygote

and heterozygote clines are quite steep indicating strong epistatic

interactions among loci but most of them are substantially shifted

to one side suggesting more complex selection regimes and/or ge-

ographic situations. Finally, Trrp5 and Syap1 display homozygote

genomic clines wider than expected without any apparent shift to

either side (see Table 1).

Discussion
GEOGRAPHIC CLINES AND SELECTION AGAINST

HYBRIDS IN THE MOUSE HZ

During the last few decades applications of cline theory to em-

pirical data have been accumulating with an increasing pace

(Szymura and Barton 1986, 1991; Porter et al. 1997; Kruuk et al.

1999; Bridle et al. 2001; Phillips et al. 2004; Raufaste et al. 2005;

Yanchukov et al. 2006; Macholán et al. 2007; Teeter et al. 2008).

In the house mouse, detailed analyses using rigorous statistical

treatment have been carried out in Denmark (Raufaste et al. 2005;

Dod et al. 2005), southern Bavaria (Tucker et al. 1992; Payseur

et al. 2004, Teeter et al. 2008, 2010) and the Czech Republic

(Božı́ková et al. 2005; Macholán et al. 2007). It was shown that

the width of the mouse HZ in northern Europe (Denmark), which

is suggested to be much younger than in southern parts of the

continent (Cucchi et al. 2005), is not significantly different from

the zone width in the Czech Republic (cf. Raufaste et al. 2004 and

Macholán et al. 2007). Moreover, X-linked markers have been

shown to be, in general, characterized by narrower clines than

clines for autosomal loci (Tucker et al. 1992; Macholán et al.

2007), in agreement with predictions of the large X-effect the-

ory of Haldane’s rule (Haldane 1922; Orr 1997; Coyne and Orr

2004). Because theory predicts that narrower clines indicate ar-

eas of the genome under strong selection and hence potentially
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Figure 5. Genotypes of female (left) and male (right) mice across the Czech-Bavarian hybrid zone. Each rectangle corresponds to an

individual’s genotype at a given locus. Colors are arranged from darker green, indicating M. m. domesticus homozygotes, to light green,

indicating M. m. musculus; in females, heterozygote genotypes are represented by intermediate green blocks. White blocks indicate

missing data. The plots to the right of each panel depict the fraction of the genome of M. m. musculus ancestry. Horizontal dashed lines

indicate equal proportion of both genomes. Note the higher number of males carrying predominantly domesticus genome (see text for

explanation).

involved in reproductive isolation between taxa (Slatkin 1973,

1975; Nagylaki 1975, 1976; Endler 1977), if a relatively large set

of molecular markers with known positions is analyzed along the

transect, genomic regions under such selection might be easily

detected (Rieseberg et al. 1999; Payseur et al. 2004; Buerkle and

Lexer 2008; Gompert and Buerkle 2009; Payseur 2010). Advances

in technology have now made such studies of many markers in a

single linkage group practicable.
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Figure 6. (A) Genomic clines for the 12 loci. Solid and dashed lines represent estimated clines based on the observed domesticus

homozygotes and heterozygotes, respectively. The 95% confidence intervals for expected homozygote and heterozygote clines given

neutral introgression are shown as dark gray and light gray areas, respectively. The P-value for the test of departure from neutral

expectations is given on each panel. Circles show the raw data with counts of each genotype on the right vertical axis; only female

data are presented here. The hybrid index is expressed as a proportion of musculus alleles. To minimize potential bias caused by undue

influence of the seven “outlier” loci, the analyses were carried out separately for each of these “outliers”; however, the differences from

a single analysis of the whole dataset where all these loci were included are only negligible. (B) Barton’s concordance for the same

12 loci. For each individual per locus hybrid index is fitted against hybrid index calculated over all X loci: the equal-introgression-over

loci-expectation lies on the diagonal. Per locus fits can deviate from this toward either genetic background, (parameter α, eq. 1), and by

having more or less abrupt change (parameter β, eq. 1). Blue and Red support envelopes enclose the maximum likelihood fits for males

and females, respectively.
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Figure 6. Continued
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TWO-DIMENSIONAL GEOGRAPHIC PATTERNS OF X

CHROMOSOME VARIATION IN THE CZECH HMHZ

The geographic cline approach to identifying genomic regions

affected by selection against hybrids is appealing in its simplicity

but assumes a simple history of admixture and a smooth transition

of a trait from one taxon to the other. Our 2D Geneland analyses of

24 loci (Fig. 3, Table 1) indicate neither is the case for the majority

of the X chromosome loci studied. Islands of domesticus alleles

in musculus territory (four loci) are consistent with a history of

westward zone movement, while salients into domesticus territory

(two loci) and a zone centre line bulging toward that territory (four

loci) suggest this movement is ongoing.

This does not mean previous models of a straight zone

centre line and smooth clinal change in this part of the HZ

were inappropriate. The match of seven loci to precisely this

description, including even the orientation of that centre line

(cf. Macholán et al. 2008), is striking, given the Geneland anal-

ysis has no prior information about the zone other than K = 2.

(These loci include Btk, used previously to model the zone centre

position, Macholán et al. (2008).) Rather, we feel the complex

spatial patterns on the X chromosome reflect a very active role of

the chromosome at the subspecies boundary, perhaps in particu-

lar in the Czech region where there has been the Y chromosome

invasion. The five loci with complicated “boiling” patterns at the

zone centre (Sep6b, X347, X65, Syap1, Glra2) illustrate this view.

At the risk of overextending this analogy: if the tension zone

is thought of as the boundary between two fluids, independent

markers might escape from one to the other without disturbing

their boundary—akin to evaporation. In contrast, the escape of

markers tied up in epistatic associations will require stronger se-

lective forces (∼ higher temperatures), and such escapes may well

disturb the tension zone boundary—akin to boiling.

THE UTILITY OF NONGEOGRAPHIC INTROGRESSION

ANALYSES: BARTON’S CONCORDANCE AND

GENOMIC CLINES

Barton’s concordance analysis not only reflects the 2D geographic

patterns just described, but allows us to refine our understand-

ing of those patterns (Fig. 4). The geographic island introgres-

sion loci are also genomic island introgression loci (four loci,

[Gradual, musculus] quadrant). The X locus forming a large

geographic salient into domesticus territory, in a region where

the Y has already invaded, is the most extreme of a four-

locus set of (Gradual, domesticus) quadrant introgressors, con-

sistent with the wide wave of advance of an advantaged allele,

carrying flanking hitch-hikers. In Figure 7, we show the geo-

graphic hitch-hiking component of this introgression by plotting

the uninterrupted spans of musculus X markers around this lo-

cus, dispersing into domesticus territory and being reduced by

recombination.

The two most extreme loci in the (Abrupt, domesticus) quad-

rant are Pola1 and its proximal neighbor Emd. Figure 4 of Payseur

et al. (2004) shows these two loci as defining a clear reduced X

introgression region in the Bavarian transect, with the Pola1 geo-

graphic cline width estimate slightly more extreme than Emd,

whereas Barton’s concordance analysis (applied to the Czech

zone, Fig. 4) shifts this emphasis very much toward Emd. Fol-

lowing Payseur et al.’s candidate speciation gene approach, we

could seek to characterize genes of interest around Emd, rather

than Pola1. It is perhaps worth noting that in NCBI build 37 of

the mouse genome, of a total five gene annotations for X linked

paternal imprinting, two are on either side of Emd, 0.4 cM apart

(Mecp2, Emd, G6pdx, 71.27, 71.51, 71.73 Mb respectively). Dys-

function in the protein product of Mecp2 had been shown to

induce changes in the expression levels of thousands of genes,

and the majority of these genes (∼85%) appeared to be activated

(Chahrour et al. 2008), making it a fine candidate for speciation

through change in (perhaps sex-specific) gene expression levels.

In the (Abrupt, domesticus) quadrant there are no clear outliers,

but three neighboring pairs of markers Btk2, Btk (previously used

to mark the zone centre), Pou3f4, X92, and distal Glra2, Syap1,

this last being the only gene where concordance MLEs for the

sexes lie in different quadrants.

Where asymmetry of introgression is clear in the genomic

clines approach, it is always consistent with Barton’s concor-

dance. It is much more difficult to rank abruptness of introgres-

sion from the genomic clines output, but perhaps a future version

of INTROGRESS will make estimates equivalent to Barton’s (α, β)

available to the user. We suggest the difficulty in interpreting

genomic clines output lies not with the approach itself, which

after all is in essence the same as Barton’s concordance. Rather,

it lies in the inference framework chosen. In the current case, it

seems clear that estimating parameters that relate to an explicit

and understandable model (likelihood-based inference) is more

practical than demonstrating deviation from a null, and providing

users with a guide to what certain idealized deviations look like.

The potential advantage of the genome clines approach above

Barton’s concordance is identification of asymmetric patterns in

the distribution of heterozygotes. INTROGRESS fits unimodal dis-

tributions to the heterozygote data for each locus. These will be

constrained on either side by the peaks of heterozygote deficit

indicated in Figure S1. However, as with abruptness of introgres-

sion, relative effects for the heterozygotes at different loci cannot

easily be ranked from the INTROGRESS output.

CONSISTENCY OF ARCHITECTURE OF REPRODUCTIVE

ISOLATION: IMPLICATIONS FOR PATTERN

AND PROCESS

Teeter et al. (2010) suggest the genomic architecture of repro-

ductive isolation might dramatically differ between parts of the
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Figure 7. The distribution of musculus flanking regions around a presumed introgressing factor. An invading factor in the proximal X

chromosome is hypothesized at map position 14 cM between Sep6b and X332. On the vertical axis is the map distance on the chromosome

while the horizontal axes indicate geographic position. The green plane shows the map position of the putative introgressing factor; the

gray and purple planes show the consensus centre and the centre of the cline for the Y chromosome, respectively (see Macholán et al.

2008 for details). The red columns represent the size of contiguous musculus blocks that occur on predominantly domesticus background;

the shortest columns show where such X chromosomes are sampled without any introgression. It is apparent that the average block size

decreases with distance from the consensus centre: large blocks are carried with the introgressing factor, but their flanks are reduced as

it recombines onto the domesticus background. Note: for clarity, geographic positions of the blocks are scattered within 1 km of their

sampling location avoiding superposition of X chromosomes sampled from the same locality.

HMHZ. Although this may be true, our analysis of the Czech

zone lying between their two focal transects finds the same re-

duced central-X reduced introgression region as Payseur et al.

(2004) found for one of their transects, and the loci involved,

Emd and Pola1, are among the loci they listed as not differing sig-

nificantly between their transects. Thus, over the three transects,

with respect to these loci, there is some evidence of common

architecture of reproductive isolation.

The X locus Teeter et al. (2010) suggest differs across tran-

sects is Pou3f4, and indeed our analysis shows very abrupt intro-

gression (Pou3f4 is the second most extreme after Emd) whereas

Payseur et al. (2004) show relatively gradual change for this lo-

cus. This might be taken as evidence for diversity in architec-

ture of reproductive isolation. We feel it is more likely, how-

ever, that Payseur et al.’s result for Pou3f4 suffers from the

same uncertainty demonstrated for Btk2. Our results in 2D and

Barton’s concordance clearly suggest Btk2 introgression is abrupt

whereas Payseur et al.’s (2004) Fig. 4 shows a gradual change

(wide cline) for this locus, but in their erratum stating “a few

mice had been assigned to the wrong localities” (http://eebweb.

arizona.edu/nachman/attachments/erratum_figure4.pdf) change

at Btk2 becomes almost as abrupt as at Pola1. This extreme sen-

sitivity of estimates to small details of geographic sampling from

1D transects (an issue explored by Dufková et al., 2011) is not

taken into account in the error bars shown in either version of

Payseur et al.’s (2004) Figure 4 and will also affect genomic

clines, or for that matter concordance estimates, made using the

same data. Teeter et al. (2010) did not include the new speciation

gene candidate Btk2 in their study. Thus, over the three transects,

and considering Emd, Pola1, Btk2, and Pou3f4 we conclude there

is some evidence of common architecture of reproductive isola-

tion, and no reliable evidence to the contrary.

Payseur et al. (2004) identified the X-inactive transcript gene

(Xist) as an outlier of introgression into musculus territory and

genetic background. Their use of a stepped (as opposed to sig-

moid) 1D geographic cline model was necessary to draw out the

Xist pattern, but the linear transect sampling was not sufficient for

further clarification. Here, Xist is seen to be one of four loci that

form geographic and genomic islands of domesticus introgression

within musculus territory (the Xist genomic island includes Tsx,

52 kb distant). Drawing loci and linear transect samples at ran-

dom, Teeter et al. (2010) risk sometimes hitting such an island,
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and sometimes not. This may well explain a large component of

their differential patterns when comparing the Bavarian and Sax-

ony transects. Payseur et al. (2004) suggest Xist is an example

of adaptive introgression, but the island pattern of introgression

observed here leads us to modify that conclusion: domesticus Xist

is not striking out into musculus territory, rather, it may be suf-

ficiently advantaged to hold on for a time in local islands as the

westward advance of the HZ incorporated them into musculus

territory. The clearest example of classic introgression of an ad-

vantaged gene in the current study is X332 on the proximal X

chromosome. If X332 introgression is associated with the west-

ward Y chromosome invasion in the Czech region (Macholán

et al. 2008), then the proximal X introgression pattern we observe

may be unique among the Bavarian, Czech and Saxony transects,

and provide further clues to help explain how a Y chromosome

can invade across a HZ in apparent disregard of Haldane’s rule.

Given the distortion of the sex ratio in the area where the Y,

and to a lesser extent X332, have introgressed, Macholán et al.

(2008) suggested a role for genetic conflict. It is tantalizing that

male introgression of X332 is significantly greater than female,

and perhaps fitting that in all quadrants of Barton’s concordance

analysis, the heterogametic sex in a HZ has the more extreme X

chromosome introgression patterns.

We pointed out that if universally advantaged genes are in-

termingled in tight linkage with speciation genes, they might

still be in the process of escaping this background even many

generations after secondary contact, a prediction being effective

recombination rates bearing little relation to map distance. The

sharply contrasting patterns of introgression for two of four pairs

of physically very close loci in our study are consistent with this

prediction, and this is worth considering because of the implica-

tions for genome sampling strategy in HZ studies (even coverage

of candidate genes?). In the current study, effects at clear outlier

loci (Xist, Emd) would not have been detected using markers even

less than 0.5 Mb distant (X65, DXMit18.2), suggesting even cov-

erage must be dense, and thus widening the circumstances where

a candidate gene approach is preferable.
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Storchová R., J. Reif, and M. W. Nachman. 2010. Female heterogamy and
speciation: reduced introgression of the Z chromosome between two
species of nightingales. Evolution 64:456–471.

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 firebel-
lied toads Bombina bombina and B. variegata: comparisons between
transects and between loci. Evolution 45:237–261.

Tao, Y., D. L. Hartl, and C. C. Laurie. 2001. Sex-segregation distortion asso-
ciated with reproductive isolation in Drosophila. Proc. Natl. Acad. Sci.
USA 98:13183–13188.

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.

Teeter, K. C., B. A. Payseur, L. W. Harris, M. A. Bakewell, L. M. Thibodeau,
J. E. O’Brien, J. G. Krenz, M. A. Sans-Fuentes, M. W. Nachman, and
P. K. Tucker. 2008.Genome-wide patterns of gene flow across a house
mouse hybrid zone. Genet. Res. 18:67–76.

Teeter, K. C., L. M. Thibodeau, Z. Gompert, C. A. Buerkle, M. W. Nachman

and P. K. Tucker. 2010. The variable genomic architecture of isolation
between hybridizing species of house mice. Evolution 64:472–485.

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.

Vanlerberghe, F., P. Boursot, J. Catalan, S. Guerasimov, F. Bonhomme, B.
Botev, and L. Thaler. 1988a. Analyse génétique de la zone d’hybridation
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