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Understanding the genetic details of reproductive isolation is a key goal in the study of speciation. Hybrid zones, geo-
graphical regions where two species meet and exchange genes, can provide insight into the genetic basis of repro-
ductive isolation. This is especially true in species with mapped molecular markers because patterns of gene flow can
be compared among different genomic regions. Even greater insight can be obtained in species with complete genome
sequences because gene identity, gene number and other features of interest can be assessed for genomic regions
with different patterns of introgression. Here, we review recent studies on the well-characterized hybrid zone
between 

 

Mus domesticus

 

 and 

 

M. musculus

 

, including a detailed survey of patterns of introgression for 13 markers
on the X chromosome. We then compare levels of introgression for these 13 regions to a number of genomic attributes
inferred from the complete sequence of the X chromosome, with two purposes. First, we identify candidate genes for
reproductive isolation by finding genes that map to an X-linked region of reduced introgression and that are only
expressed in the male germ line or that show high rates of protein evolution in comparison with rat. Second, we ask
whether patterns of gene flow are correlated with recombination rate, gene density, base composition, CpG island
density, mutation rate and the rate of protein evolution, as might be expected if many genes contribute to repro-
ductive isolation. We identify seven candidate genes for reproductive isolation between 

 

M. domesticus

 

 and

 

M. musculus

 

, and our analyses reveal no general correlations between levels of introgression and other measured
sequence characteristics. These results underline the utility of the house mouse as a model system for the study of
speciation. © 2005 The Linnean Society of London, 
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, 2005, 

 

84

 

, 523–534.
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INTRODUCTION

 

Identification of the genetic differences that cause
reproductive isolation is a key goal in the study of spe-
ciation. Detailed knowledge about the genetic basis of
reproductive isolation in animals comes primarily
from laboratory crosses between species pairs (partic-
ularly in the fruit fly genus 

 

Drosophila

 

), in which
genetic markers are associated with phenotypes
related to reproductive isolation to identify the
genomic regions involved (Dobzhansky, 1936). Two
major generalities have emerged from empirical and

theoretical research on the genetics of reproductive
isolation. First, reproductive isolation is typically
caused by substitutions at different, interacting loci
(Bateson, 1909; Dobzhansky, 1936; Muller, 1940; Orr,
1996, 1997). Second, the X chromosome has a dispro-
portionate effect on reproductive isolation (Coyne &
Orr, 1989).

In nature, geographical areas of overlap between
species, where hybridization occurs (hybrid zones),
can also be used to identify genomic regions underly-
ing reproductive isolation. Under this approach, vari-
ation in the degree of gene flow between species is
measured using molecular markers, with loci showing
unusually low levels of admixture pointing towards
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genomic regions of interest. Rieseberg, Whitton &
Gardner (1999) successfully applied this strategy to
locate 26 genomic regions contributing to reproductive
isolation between two sunflower species, 

 

Helianthus
petiolaris

 

 and 

 

H. annuus

 

. This approach is especially
powerful in species with complete genome sequences
because genomic correlates of levels of introgression
can be identified and particular genes associated with
reduced introgression can be found.

In this regard, house mice offer exceptional oppor-
tunities to elucidate the genetic basis of reproductive
isolation for at least four reasons. First, 

 

Mus domesti-
cus

 

 and 

 

M. musculus

 

, two species that diverged from
each other approximately 350 000 years ago (She

 

et al

 

., 1990), form a narrow hybrid zone that stretches
across Europe, from the Jutland peninsula to the Bul-
garian coast of the Black Sea (Boursot 

 

et al

 

., 1993;
Sage, Atchley & Capanna, 1993). These taxa are
referred to as species by some authors (e.g. Tucker

 

et al

 

., 1992) and as subspecies of 

 

M. musculus

 

 by other
authors (e.g. Dod 

 

et al

 

., 1993). Second, 

 

M. domesticus

 

and 

 

M. musculus

 

 appear to be partially reproductively
isolated. Hybrid males produced by crossing wild

 

M. musculus

 

 with some laboratory strains (which are
of primarily 

 

M. domesticus

 

 origin) are sterile (Forejt &
Ivanyi, 1975; Forejt 

 

et al

 

., 1991). Additionally, crosses
between wild 

 

M. musculus

 

 and wild 

 

M. domesticus

 

sometimes yield sterile hybrid males (J. Piálek, pers.

comm.; Britton-Davidian 

 

et al.

 

, 2005, this issue). Nat-
ural hybrids also harbour more parasites than do
pure-species individuals (Sage 

 

et al

 

., 1986; Moulia

 

et al

 

., 1993, 1995). Moreover, allele frequencies at
diagnostic molecular markers change rapidly across
the European hybrid zone (Hunt & Selander, 1973;
Vanlerberghe 

 

et al

 

., 1986; Tucker 

 

et al

 

., 1992 and
Bo íková 

 

et al

 

., 2005; Dod 

 

et al.

 

, 2005; Raufaste 

 

et al

 

.,
2005, all this issue), indicating that the zone is prob-
ably maintained by a balance between selection
against hybrids and dispersal (Barton & Hewitt,
1985). Third, the complete genome sequence of the
C57BL/6J inbred strain was recently described
(Mouse Genome Sequencing Consortium, 2002).
Finally, a wide range of genetic techniques, including
mapping, gene knock-outs and transgenic methods,
are available in mice, allowing experimental tests of
the significance of particular genomic regions and
genes for reproductive isolation.

 

T

 

HE

 

 

 

M. 

 

DOMESTICUS

 

–

 

M. 

 

MUSCULUS

 

 

 

HYBRID

 

 

 

ZONE

 

The European contact zone between 

 

M. domesticus

 

 and

 

M. musculus

 

 has been intensively studied for decades
and is one of the best understood hybrid zones in the
world. Studies of five different transects, in Denmark,
in northern Germany, in the Czech Republic, in south-
ern Germany and in Bulgaria (Fig. 1), have offered rich

ž

 

Figure 1.

 

Map of the hybrid zone between 

 

Mus domesticus

 

 and 

 

M. musculus

 

 (modified from Sage 

 

et al

 

., 1993). The solid
line indicates the approximate position of the hybrid zone and the black boxes represent transects that have been studied.
The species ranges of 

 

M. domesticus

 

 and 

 

M. musculus

 

 are to the west and east, respectively, of the solid line.
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opportunities for collaboration among researchers
interested in the biology of the house mouse. In par-
ticular, genetic surveys in the hybrid zone have uncov-
ered several patterns that provide important insights
into the genetic basis of reproductive isolation between

 

M. domesticus

 

 and 

 

M. musculus

 

.
First, allele frequency changes at molecular mark-

ers usually occur over short distances (relative to the
large geographical ranges of both species; Boursot

 

et al

 

., 1993; Sage 

 

et al

 

., 1993) and in broadly similar
places for different loci, suggesting that the hybrid
zone is maintained by a balance between selection
against hybrids and dispersal (Barton & Hewitt,
1985). Second, allele frequency clines are asymmetri-
cal: loci with greater degrees of introgression tend to
have cline positions shifted into 

 

M. musculus

 

 territory
(Hunt & Selander, 1973; Tucker 

 

et al

 

., 1992; Dod 

 

et al

 

.,
1993; Sage 

 

et al

 

., 1993; Munclinger 

 

et al

 

., 2002). Third,
there is some variation in levels of introgression for
the same genomic region in different transects [e.g.

 

Mpi-1

 

 shows a greater cline width in Denmark (Dod

 

et al

 

., 1993) than in Southern Germany (Tucker 

 

et al

 

.,
1992)]. Finally, interlocus comparisons reveal clear
heterogeneity in patterns of introgression between dif-
ferent genomic regions in the same transect. Mito-
chondrial DNA markers introgress to a greater degree
than autosomal loci, and sex-chromosomal markers
usually display reduced gene flow (Vanlerberghe 

 

et al

 

.,
1986, 1988; Tucker 

 

et al

 

., 1992; Dod 

 

et al

 

., 1993; Sage

 

et al

 

., 1993). In agreement with mapping studies in

 

Drosophila

 

 (Coyne & Orr, 1989) and hybrid zone
research in other species (Hagen, 1990; Sperling &
Spence, 1991; Porter 

 

et al

 

., 1997), X-linked loci show
reduced introgression across three transects of the
hybrid zone between 

 

M. domesticus

 

 and 

 

M. musculus

 

(Tucker 

 

et al

 

., 1992; Dod 

 

et al

 

., 1993; Munclinger

 

et al

 

., 2002), suggesting that the X chromosome may
contribute differentially to reproductive isolation.

This idea motivated Payseur, Krenz & Nachman
(2004) to conduct a targeted survey of introgression in
the hybrid zone at 13 loci with known positions on the
X chromosome. These markers were single nucleotide
differences between 

 

M. domesticus

 

 and 

 

M. musculus

 

that were fixed in a panel including ten individuals of
each species from outside the hybrid zone. Payseur

 

et al.

 

 (2004) identified a clear valley of reduced intro-
gression, as measured by cline width, centred on a
marker placed at 78.4 Mb (27.3 cM) in the sequence
(Fig. 2). The lack of introgression indicates that this
genomic region may contain genes underlying repro-
ductive isolation between 

 

M. domesticus

 

 and 

 

M. mus-
culus

 

. X-linked loci with reduced gene flow also
exhibited shifts in cline position toward the 

 

M. domes-
ticus

 

 side of the hybrid zone, suggesting that the cru-
cial incompatibilities derive from disrupted
interactions between the 

 

M. domesticus

 

 X chromo-

some and other parts of the 

 

M. musculus

 

 genome. The
chromosomal arrangement of these patterns of intro-
gression showed evidence of linkage, with adjacent
loci displaying similar trends (Fig. 2) and a relatively
smooth change in cline width and cline centre at
markers situated at increasing distances from the
region of reduced introgression.

The study by Payseur 

 

et al.

 

 (2004) constitutes the
first survey of gene flow across a hybrid zone using
molecular markers with known positions in a com-
plete genome sequence. The availability of the com-
plete genome sequence in 

 

Mus

 

 allows us to address
several important and previously intractable ques-
tions. First, which genes are located in the X-linked
region of reduced introgression and which of these
show characteristics that we might expect for genes
underlying reproductive isolation? Although many
mouse genes have not yet been functionally character-
ized, certain categories of genes are predicted to play a
role in reproductive isolation between 

 

M. domesticus

 

and 

 

M. musculus

 

. The observation that these two spe-
cies may be isolated by hybrid male sterility indicates
that those genes only expressed in the male germ line
represent reasonable candidates. Work in 

 

Drosophila
melanogaster

 

 suggests that proteins that function in
the seminal fluid are associated with variation in male
mating success via competition between different
males or interactions between male proteins and the
female reproductive tract, and thus may play a role in
prezygotic isolation between species (Clark 

 

et al

 

.,
1995). Furthermore, male reproductive proteins fre-
quently show elevated rates of divergence (Coulthart
& Singh, 1988; Aguade, Miyashita & Langley, 1992;
Wyckoff, Wang & Wu, 2000; Swanson, Aquadro & Vac-
quier, 2001; Torgerson, Kulathinal & Singh, 2002) and
this rapid evolution may contribute to the formation of
reproductive barriers (Swanson & Vacquier, 2002). In

 

Figure 2.

 

Scatterplot of cline width vs. sequence position
for 13 markers on the X chromosome (from Payseur 

 

et al.

 

,
2004). Error bars display two-unit support limits from like-
lihood analyses. An idiogram of the X chromosome is also
shown.
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addition to genes associated with male reproduction,
we might also expect rapidly evolving genes in general
to be differentially involved in reproductive isolation
because divergence increases the likelihood of dys-
functional interactions between genes in hybrid indi-
viduals. For example, genes responsible for hybrid
male inviability (

 

Nup96

 

; Presgraves 

 

et al

 

., 2003),
hybrid male sterility (

 

Odysseus

 

; Ting 

 

et al., 1998) and
hybrid female sterility (Hmr; Barbash et al., 2003) in
Drosophila show high divergence rates among closely
related species.

A second question of interest is whether large-scale
genomic features correlate with patterns of introgres-
sion. Such correlations might be expected for several
reasons, but most require that reproductive isolation
has a polygenic basis. For example, if many genes con-
tribute to isolation and these genes are randomly dis-
tributed along the X chromosome, we might expect
markers mapping to regions of low recombination to
show reduced introgression simply because they are
more likely to be linked to targets of selection. Recom-
bination may also be important in the development of
reproductive isolation. A recent model inspired by
data from Drosophila and Helianthus suggests that
chromosomal rearrangements can reduce gene flow by
suppressing recombination in heterozygotes (rather
than by simple underdominance; Noor et al., 2001;
Rieseberg, 2001; Navarro & Barton, 2003a). As might
be predicted by this model, humans and chimpanzees
show greater rates of amino acid divergence at genes
on rearranged chromosomes than at genes on chromo-
somes without rearrangement (Navarro & Barton,
2003b). No direct comparison between absolute rates
of recombination and levels of introgression in a
hybrid zone has been reported; such a comparison
requires integrated genetic and physical maps for spe-
cies that form hybrid zones.

If reproductive isolation is caused by many genes
randomly placed throughout the genome, chromo-
somal regions with high gene density or high CpG
island density might also be predicted to introgress
less because markers in these regions will be linked to
targets of selection with a higher probability. Further-
more, reproductive isolation might be expected to
increase as a function of divergence in coding
sequence, suggesting that markers situated near rap-
idly evolving genes may show reduced introgression.
In general, correlations between patterns of introgres-
sion and genomic variables are not expected if only
a few genes of major effect underlie reproductive
isolation.

These considerations motivated us to compare pat-
terns of introgression of X chromosomal regions across
the hybrid zone between M. domesticus and M. mus-
culus to several genomic attributes, with the goals of
(i) identifying candidate genes for reproductive isola-

tion and (ii) evaluating potential genomic correlates of
introgression.

MATERIAL AND METHODS

DIFFERENTIAL PATTERNS OF INTROGRESSION

Payseur et al. (2004) genotyped mice (collected by R.
Sage) from a 170-km transect of the hybrid zone in
southern Germany and western Austria at 13 species-
specific X-linked markers. Introgression was mea-
sured by fitting allele frequencies to a model derived
from cline theory (Szymura & Barton, 1986; Porter
et al., 1997). Here, we use two of these parameters to
characterize patterns of gene flow: cline width, the
geographical distance over which the most extreme
change in allele frequency occurs; and cline centre, the
geographical location where the expected allele fre-
quency is 0.5. For more details of model-fitting, see
Payseur et al. (2004).

CANDIDATE GENES FOR REPRODUCTIVE ISOLATION

To find genes potentially involved in hybrid male ste-
rility between M. domesticus and M. musculus, we
identified X-linked genes with expression restricted to
mouse male germ cells from the literature. Most infor-
mation came from three large-scale studies, one using
cDNA subtractive hybridization (Wang et al., 2001)
and two applying microarray expression techniques
(Su et al., 2002; Schultz, Hamra & Garbers, 2003).
Sequence positions for these genes were assembled
using a variety of on-line databases, including Uni-
Gene (www.ncbi.nlm.nih.gov/UniGene), LocusLink
(www.ncbi.nlm.nih.gov/LocusLink), Mouse Genome
Informatics (www.informatics.jax.org) and the Mouse
Genome Browser (www.genome.ucsc.edu). We also
analysed rates of protein evolution at 500 genes along
the X chromosome (in comparison with rat coding
sequences; see below). Those genes that were located
in the X-linked region of reduced introgression and
showed either expression restricted to the male germ
line or high rates of protein evolution (or both) were
selected as candidate genes for reproductive isolation
between M. domesticus and M. musculus.

GENOMIC CORRELATES OF PATTERNS OF 
INTROGRESSION

Genomic variables were estimated using data from on-
line databases. All analyses used the most recent
annotation of the mouse genome sequence (MGSCv3,
update of the sequence produced by the Mouse
Genome Sequencing Consortium, 2002; NCBI Build
30). All analyses, except those involving recombina-
tion rate, were completed for chromosomal windows
including 500 kb, 1 Mb and 2 Mb on either side of each
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molecular marker for which measures of introgression
were estimated.

Recombination rates were calculated by comparing
the genetic positions (from the Whitehead MIT genetic
map; Dietrich et al., 1996) and physical positions
(from the genome sequence) of X-linked microsatel-
lites (downloaded from www.genome.ucsc.edu).
Recombination rate was estimated as the slope of a
linear regression of genetic position vs. physical posi-
tion for microsatellites within 5 Mb on either side of
each marker of interest.

Gene density was estimated in three ways, using
numbers of known genes (named genes for which some
functional information is available), RefSeq genes
(genes for which mRNA expression has been verified)
and GenScan genes (genes predicted based on DNA
sequence alone). Lists of genes and their positions in
the sequence of the X chromosome were downloaded
from the Mouse Genome Browser at www.
genome.ucsc.edu. Lists of CpG islands and their posi-
tions were also obtained at www.genome.ucsc.edu.
G+C content was estimated from downloaded genomic
contigs with sequence flanking the markers of interest
(www.genome.ucsc.edu). Ambiguous nucleotides (Ns)
were ignored in the G+C content estimation
procedure.

Because coding sequences were not yet available for
wild M. domesticus and M. musculus, rates of synon-
ymous (ks) and non-synonymous (ka) substitution per
site were estimated by comparison against putative
orthologous genes from rat. All X-linked coding
sequences from mouse with putative homologues in
rat and all X-linked coding sequences from rat with
putative homologues in mouse were downloaded from
www.ensembl.org. The rat sequences were used to
assemble a BLAST (Altschul et al., 1990) database.
Each mouse sequence was blasted against the rat
database and the gene with the highest bitscore was
selected as a putative orthologue. All genes that
returned multiple matches with high similarity were
discarded as potential paralogues. Orthologous gene
pairs were aligned using the GAP routine from
Wisconsin Package Version 10.2 [Genetics Computer

Group (GCG)] software. The parameters ks and ka

were estimated with the Diverge routine in GCG,
which uses a modified version of Li’s (1993) method.
This approach utilizes a two-parameter model
(Kimura, 1980) to correct for differences in the rates of
transition and transversion and to account for multi-
ple hits. Rates of substitution for a given window were
estimated as averages of rates for all genes included in
the window.

Genomic variables were compared to cline width
and cline centre visually, and using Spearman’s non-
parametric rank correlation tests.

RESULTS

CANDIDATE GENES FOR REPRODUCTIVE ISOLATION

Genes that confer sterility in hybrid males may be dif-
ferentially expressed in the male germ line. Using this
rationale, we identified three genes located in the X-
linked region of reduced introgression that are
expressed only in male germ cells (Table 1). Tktl1 pro-
duces an enzyme involved in carbohydrate transport
and metabolism (transketolase activity) and Halapx
encodes an acidic protein that is rich in alanine.

Rapidly evolving genes may also contribute dispro-
portionately to the formation of reproductive barriers
between closely related species. Two of the loci
expressed solely in the male germ line, Tktl1 and
Tex11, exhibit higher than average ka/ks values in com-
parison with other X-linked loci (Table 1; average ka/ks

for 500 genes = 0.274; median = 0.152). Four addi-
tional genes show relatively high rates of protein evo-
lution (ka/ks > 0.5) and map to the X-linked region of
reduced introgression (Table 2). Pbsn functions in
odorant binding, and reference cDNA sequences are
derived from libraries constructed from urinary blad-
der, vesicular gland and bone. Pet2 causes plasmacy-
toma (when mutated) and cDNA reference sequences
come from testis.

Additional functional information about these genes
and the other genes in Tables 1, 2 is not currently
available, but based on their locations, expression pat-
terns and rates of evolution, they are candidate genes

Table 1. Candidate genes for reproductive isolation between Mus domesticus and M. musculus based on expression in the
male germ line

Gene Description ka a ks
a ka/ks

a Positionb

Tktl1 Transketolase activity; carbohydrate metabolism 0.038 0.109 0.352 58307522
Halapx Haploid specific alanine-rich protein c c c 68169064
Tex11 c 0.104 0.094 1.108 85652084

aDivergence rates are calculated by comparison with orthologous sequences from rat.
bPosition represents the sequence position of the translation start site.
cNo information available. No orthologous gene sequence for Halapx could be located in the rat genome.
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for reproductive isolation between M. domesticus and
M. musculus.

GENOMIC CORRELATES OF PATTERNS 
OF INTROGRESSION

Cline width and genomic attributes of the X-linked
regions investigated by Payseur et al. (2004) are plot-
ted as a function of sequence position in Figure 3, and
data are provided in Table 3. A few suggestive trends
can be seen in Figure 3, including an apparent spike in
gene density and CpG island density corresponding to
the region of low cline width. Additionally, most vari-
ables show very weak trends in predicted directions.
For example, cline width is positively related to recom-
bination rate, and negatively related to gene density,
CpG island density and ka; however, none of these
relationships approaches statistical significance in
correlation analyses (P > 0.05) with total window sizes
of 1, 2 or 4 Mb. Additionally, comparisons between loci
in regions of reduced introgression and all other loci
yield no significant differences (Mann–Whitney U;
P > 0.05 in all tests). Relationships between cline cen-
tre and genomic variables are also not statistically
significant.

DISCUSSION

CANDIDATE GENES FOR REPRODUCTIVE ISOLATION

Perhaps the clearest prediction about sequence char-
acteristics and their associations with patterns of
introgression is that genes with functions related to
the observed phenotype of reproductive isolation
should be located near markers exhibiting reduced
introgression. The form and extent of reproductive iso-
lation between natural populations of M. domesticus
and M. musculus is currently not well understood.
However, if these species are isolated by hybrid male
sterility, we might expect markers showing reduced
introgression to be linked to genes expressed in the
male germ line. This prediction is further motivated

by the observation that genes associated with sperm
production are among the most rapidly evolving genes
(at the protein level) in mice (Mouse Genome Sequenc-
ing Consortium, 2002; Torgerson et al., 2002). Fur-
thermore, sperm-related genes are over-represented
on the X chromosome (Wang et al., 2001) and evolve
faster than their autosomal counterparts (Torgerson
& Singh, 2003).

Although we uncovered no general correspondence
between the number of genes expressed solely in male
germ cells and levels of introgression across the X
chromosome, three candidate genes for reproductive
isolation, Tktl1, Halapx and Tex11, were identified on
the basis of their expression and introgression pro-
files. Two of these genes also show evidence of rapid
divergence in comparisons with rat.

Under the assumption that rapidly evolving genes
might be differentially involved in reproductive isola-
tion, we identified four additional genes with high ka/
ks values that map to the region of reduced introgres-
sion. One of these genes, Pbsn, has odorant binding
capacity. The combination of this function with a pat-
tern of expression that includes the urinary bladder
and vesicular gland is notable given the role of pher-
omones in mouse mating behaviour (Bronson, 1979;
Ganem et al., 2005, this issue). Another rapidly
evolving gene, Pet2, is located in the region of
reduced introgression and is expressed in testis,
although the extent of its expression in other tissues
is unclear. Our approach assumes that genes that
have evolved rapidly between mouse and rat have
also evolved rapidly between M. domesticus and
M. musculus. The difference in divergence time in
these two comparisons (mouse–rat: ~12–24 Mya,
Adkins et al., 2001; M. domesticus–M. musculus:
~350 000 years ago, She et al., 1990) implies that we
may have identified genes that have not actually
diverged rapidly between M. domesticus and
M. musculus, and we also may have failed to detect
genes with accelerated rates of evolution between
these two species.

Table 2. Candidate genes for reproductive isolation between Mus domesticus and M. musculus based on high ka/ks values

Genea Description ka b ks
b ka/ks

b Positionc

Mm.21705 d 0.106 0.109 0.972 58481953
Pbsn Odorant-binding function 0.133 0.148 0.899 62321536
Pet2 Plasmacytoma 0.156 0.115 1.357 74093574
ENSMUSG00000050332.1 d 0.064 0.109 0.587 80204267

aGene name is given for known genes. For predicted genes, UniGene or Ensembl identifiers are provided.
bDivergence rates are calculated by comparison with orthologous sequences from rat.
cPosition represents the sequence position of the translation start site.
dNo information available.
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Figure 3. Cline width and genomic attributes plotted against sequence position for 13 X-linked loci. Results are shown
for 10-Mb windows for recombination rate and 4-Mb windows for all other genomic characteristics.
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In addition to identifying candidate genes for repro-
ductive isolation, genomic data can also be used to find
genes associated with positive selection in hybrid
zones. Payseur et al. (2004) noted a pattern consistent
with adaptive introgression at the Xist marker:
although cline width was close to the average for the X
chromosome, many populations on the M. musculus
side of the hybrid zone contained M. domesticus alle-
les at this locus, suggesting that positive selection
might drive the spread of alleles on to the heterospe-
cific genomic background. We found four genes
[Mm.46128 (UniGene identifier), Mm.54292, Tsx and
Cnbp2] that are exclusively expressed in male germ
cells within about 500 kb proximal to the Xist locus.
Given that genes expressed in the male germ line may
frequently be targeted by positive selection in mice
(Mouse Genome Sequencing Consortium, 2002; Torg-
erson et al., 2002), the inspection of patterns of intro-
gression at these genes would provide useful
information about the mode and target(s) of selection
in this interesting genomic region.

In combination with patterns of introgression across
the hybrid zone, we used two criteria to identify the
seven candidate genes for reproductive isolation listed
in Tables 1, 2: expression in the male germ line and
high rates of protein evolution. Although these criteria
seem reasonable on biological grounds, additional
types of genes may be involved in reproductive isola-
tion between M. domesticus and M. musculus. Genes
with reproductive functions in females, including loci
affecting mating behaviour, may be important in iso-
lation. Additionally, the observed increase in parasite
loads in natural hybrids (Sage et al., 1986; Moulia
et al., 1993, 1995) suggests that genes with functions
related to immunity may contribute to reproductive
barriers. Finally, many genes responsible for repro-
ductive isolation may perform functions that are
unpredictable from the nature of the isolation. For
example, a gene that causes hybrid inviability
between D. melanogaster and D. simulans (Nup96)
encodes a nuclear pore protein, whose function and
sequence is strongly conserved across deep phyloge-
netic boundaries (Presgraves et al., 2003). More genes
underlying reproductive isolation need to be charac-
terized before generalizations about functional biases
can be drawn.

GENOMIC CORRELATES OF PATTERNS OF 
INTROGRESSION

In addition to the identification of candidate genes for
reproductive isolation, the study by Payseur et al.
(2004) and the availability of the complete genome
sequence of the mouse allows comparisons between
patterns of introgression and general genomic
attributes for the first time. Our analyses reveal no

significant correlations between patterns of gene flow
and measured genomic characteristics. To guide the
interpretation of these results, we review reasons why
patterns of introgression might be predicted to be cor-
related with a number of genomic attributes.

The rate of recombination may affect patterns of
introgression in multiple ways. The extent of associa-
tion between alleles at different loci in a hybrid zone is
predicted to decay as a function of recombination rate.
Rieseberg et al. (1999) provided empirical evidence
supporting this prediction: closely linked markers
show more linkage disequilibrium than unlinked
markers in a sunflower hybrid zone. Signs of recombi-
nation are also visible in the results of Payseur et al.
(2004), with neighbouring loci showing correlated
cline widths.

Because recombination controls the rate at which
loci approach linkage equilibrium, the power to find
genes underlying reproductive isolation in hybrid
zones using markers depends on the local rate of
recombination. If reproductive isolation is caused by
many loci randomly placed throughout the genome,
markers situated in regions experiencing little recom-
bination are more likely to be linked to these genes,
and thus less likely to flow between species. Therefore,
recombination rate may be positively correlated with
levels of introgression if reproductive isolation has
this type of genetic architecture. If the incompatibili-
ties underlying reproductive isolation usually involve
coding regions, a similar line of reasoning predicts
that introgression should be negatively correlated
with gene density.

Another potential genomic correlate of introgression
is the number of CpG islands. In mammals, the
cytosine residue in CpG dinucleotides is usually meth-
ylated, and deamination of this cytosine causes a
genome-wide reduction of CpG sites across the human
genome (International Human Genome Sequencing
Consortium, 2001). In some genomic regions (CpG
islands), CpG dinucleotides are not methylated, and
may have regulatory functions. Hence, regional differ-
ences in CpG island density between M. domesticus
and M. musculus could disrupt regulatory interac-
tions in hybrids.

Rates of evolutionary divergence might also be pre-
dicted to be associated with levels of gene flow. If the
rate of appearance of incompatibilities is a function of
the neutral mutation rate, we might expect more prob-
lems to arise in genomic regions with higher neutral
divergence rates (as measured by ks), leading to the
prediction of reduced introgression in such regions.
Additionally, there are two reasons why patterns of
introgression might be associated with rates of protein
evolution. First, if functional divergence at genes
involved in reproductive isolation is frequently driven
by positive selection, a negative correlation between
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rates of protein evolution and the degree of introgres-
sion might be expected. Alternatively, genes with more
functional constraint at the protein level (within spe-
cies) may be more easily perturbed in hybrids, sug-
gesting that rates of protein evolution may be
positively correlated with levels of gene flow.

Despite these predictions, we did not find significant
correlations between recombination rate, gene den-
sity, CpG island density, ks or ka, and either cline width
(Fig. 3) or cline centre. Our failure to identify associ-
ations between patterns of introgression and these
genomic attributes may be caused by the limited num-
ber of genomic regions we have surveyed. Relation-
ships of weak or moderate strength are probably not
detectable and the effects of covariation between
genomic variables cannot be accounted for with a sam-
ple size of only 13. Additionally, the scale over which
relationships between introgression and genomic vari-
ables should exist is unclear, making the determina-
tion of statistically independent chromosomal regions
difficult. Nevertheless, scaling-up analyses of the kind
presented here to large numbers of loci from through-
out the genome should provide useful information
about the genetic basis of reproductive isolation
between M. domesticus and M. musculus. If analyses
based on larger numbers of markers also fail to find
associations between levels of introgression and
genome-scale characteristics, this would suggest that
the genetic basis of reproductive isolation in house
mice may be simple, involving a small number of loci
with major effects.
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