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Letter

Genome-wide patterns of gene flow across a house

mouse hybrid zone

Katherine C. Teeter,' %> Bret A. Payseur,? Leslie W. Harris,'? Margaret A. Bakewell,?
Lisa M. Thibodeau,'? Janelle E. O’Brien,’-? James G. Krenz,* Maria A. Sans-Fuentes,*

Michael W. Nachman,* and Priscilla K. Tucker'-%¢

"Museum of Zoology, University of Michigan, Ann Arbor, Michigan 48109-1079, USA; 2Department of Ecology and Evolutionary
Biology, University of Michigan, Ann Arbor, Michigan 48109-1048, USA; 3Laboratory of Genetics, University of Wisconsin,
Madison, Wisconsin 53706, USA; *Department of Ecology and Evolutionary Biology, University of Arizona,

Tucson, Arizona 85721, USA

Hybrid zones between closely related species or subspecies provide useful settings for studying the genetic
architecture of speciation. Using markers distributed throughout the mouse genome, we use a hybrid zone between
two recently diverged species of house mice (Mus musculus and Mus domesticus) as a natural mapping experiment to
identify genomic regions that may be involved in reproductive isolation. Using cline analysis we document a nearly
50-fold variation in level of introgression among markers. Some markers have extremely narrow cline widths; these
genomic regions may contribute to reproductive isolation. Biological processes associated with these narrow clines
include physiological and immune responses to the environment as well as physiological and behavioral aspects of
reproduction. Other autosomal markers exhibit asymmetrically broad clines, usually with high frequencies of M.
domesticus alleles on the M. musculus side of the hybrid zone. These markers identify genome regions likely housing
genes with alleles that are spreading from one species to the other. Biological processes associated with these wide
clines include cell signaling, olfaction, and pheromone response. These processes play important roles in survival and
reproduction, and associated genes are likely targets of selection. Patterns of linkage disequilibrium in the center of
the hybrid zone suggest that isolation may be caused by multiple epistatic interactions between sets of genes. These
data highlight the complex genetic architecture underlying speciation even at early stages of divergence and point to
some of the biological processes that may govern this architecture.

[Supplemental material is available online at www.genome.org.]

The genetic basis of speciation is a central problem in evolution-
ary biology. Because reproductive isolation delineates the point
at which emerging species will no longer freely exchange genes,
considerable speciation research has focused on the genetics of
reproductive isolation. In principle, reproductive isolation be-
tween taxa might be due to premating isolation, postmating but
prezygotic isolation, or postzygotic isolation. Postzygotic isola-
tion may be due to either inviability or sterility of hybrid indi-
viduals (either F1’s or subsequent generations), or to some com-
bination of these factors. Moreover, these fitness effects could be
due to intrinsic genetic incompatibilities and/or they might de-
pend heavily on ecological context (Coyne and Orr 2004). His-
torically, there have been two major approaches to studying the
genetic basis of reproductive isolation. The first approach relies
on crosses in the laboratory between species that display partial
prezygotic or postzygotic reproductive isolation. The second ap-
proach utilizes naturally occurring hybrid populations to make
inferences about the genetics of reproductive isolation.

Hybrid zone studies offer several advantages not inherent in
studies based on laboratory crosses. They consider all aspects of
hybrid fitness, including intrinsic genetic incompatibilities, in
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addition to extrinsic ecological effects. They often provide many
more generations of recombination than are obtainable in the
lab, making it possible to pinpoint more precisely the chromo-
somal regions that are involved in reproductive isolation. In ad-
dition, even in cases where the specific phenotype involved in
reproductive isolation is unknown or unclear, it may still be pos-
sible to detect the effects of selection through geographic pat-
terns of changes in allele frequencies. For example, genes con-
tributing to reproductive isolation are expected to introgress less
than neutral markers (Hunt and Selander 1973; Harrison 1990;
Tucker et al. 1992; Rieseberg et al. 1999; Buerkle and Rieseberg
2001). Thus, with reasonable coverage of markers throughout the
genome, a hybrid zone can be used as a natural mapping experi-
ment to identify the number and location of genomic regions
that may be important in maintaining isolation between recently
diverged taxa. Conversely, hybridization may be a source of ben-
eficial alleles (Arnold et al. 1991; Rieseberg 1991, 1997). Advan-
tageous alleles that are introduced from one species into another
are expected to introgress faster and thus further (due to selec-
tion) than neutral genes.

House mice belonging to the Mus musculus species complex
provide an excellent system for speciation research: They show
intermediate levels of reproductive isolation, they can be crossed
in the lab, they hybridize in nature, and a wealth of genetic and
genomic tools are available. House mice are variably referred to
in the literature as either distinct species or subspecies of Mus
musculus and include M. domesticus (M. musculus domesticus) of
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Western Europe, North Africa, and the Middle East; M. musculus
(M. m. musculus) of Eastern Europe and northern Asia; and
M. castaneus (M. m. castaneus) of southeastern Asia. These three
taxa are thought to have diverged from a common ancestor in
west central Asia (Prager et al. 1998) or further east (Boursot et al.
1993, 1996) 0.35-0.9 million years ago (Mya) (She et al. 1990;
Boursot et al. 1996; Suzuki et al. 2004). Through laboratory
crosses between M. musculus, M. domesticus, and M. castaneus or
strains derived from these taxa, some components of reproduc-
tive isolation have been identified. Most notably, there is clear
evidence of hybrid male sterility from multiple studies (Forejt
and Ivanyi 1975; Forejt 1996; Alibert et al. 1997; Oka et al. 2004,
2007; Storchova et al. 2004; Britton-Davidian et al. 2005;
Trachtulec et al. 2005; Vyskocilova et al. 2005). There is evidence
for limited female sterility in some crosses (Britton-Davidian et
al. 2005) but not in others (Forejt and Ivanyi 1975; Britton-
Davidian et al. 2005). There is also evidence for weak premating
isolation in some crosses (Laukaitis et al. 1997; Smadja and
Ganem 2002; Smadja et al. 2004) but not in others (Smadja and
Ganem 2005). Finally, several studies have revealed higher para-
site loads in hybrid mice in nature (Sage et al. 1986a) and in the
lab (Moulia et al. 1993).

A hybrid zone between M. musculus and M. domesticus
formed after the movement of M. domesticus into Western Europe
within the last 3000 yr (Cucchi et al. 2005). This hybrid zone has
been studied in six transects along its 2400-km length from Den-
mark to the Transcaucasus (Ursin 1952; Hunt and Selander 1973;
van Zegeren and van Oortmerssen 1981; Schnell and Selander
1981; Sage et al. 1986a,b; Vanlerberghe et al. 1986, 1988a,b;
Nance et al. 1990; Tucker et al. 1992; Prager et al. 1993; Mun-
clinger et al. 2002; Macholan et al. 2003, 2007; Payseur et al.
2004; Bozikova et al. 2005; Britton-Davidian et al. 2005; Dod et
al. 2005; Raufaste et al. 2005). Using several phenotypic traits,
allozymes, and other molecular markers, these studies have docu-
mented clinal patterns of variation and have shown that the
majority of mice in the hybrid zone have recombinant geno-
types.

Previous studies have demonstrated limited introgression of
markers on the X chromosome (Tucker et al. 1992; Dod et al.
1993; Payseur et al. 2004; Macholan et al. 2007), which supports
the hypothesis that the X chromosome harbors a large number of
genes causing hybrid sterility or inviability (Muller 1940, 1942;
Hagen and Scriber 1989; Turelli and Orr 1995; Orr 1997; Turelli
and Begun 1997; Presgraves and Orr 1998; Saetre et al. 2003).
However, there are several reasons for expecting autosomal genes
to play an important role in reproductive isolation as well. First,
the autosomes contain 94.3% of the mouse genome. Previous
studies have suggested that many genes may contribute to repro-
ductive isolation in these taxa (Raufaste et al. 2005; Macholan et
al. 2007); thus, it seems likely that at least some of these genes
will be autosomal. Second, Haldane’s Rule, the sterility or invi-
ability of the heterogametic sex (Haldane 1922), seems to be due
to epistatic interactions between recessive X-linked genes and
autosomal dominant genes (Turelli and Orr 1995). Crosses be-
tween Mus musculus and Mus domesticus obey Haldane’s Rule
(males preferentially show reduced fertility), and thus hybrids are
expected to have autosomal loci involved in incompatibilities.
Finally, several laboratory crosses using inbred lines have impli-
cated a few autosomal regions in reproductive isolation between
these taxa (Forejt and Ivanyi 1975; Forejt 1996; Britton-Davidian
et al. 2005; Oka et al. 2007).

Despite the expected importance of autosomal genes in spe-

ciation, there have been no comprehensive studies of reproduc-
tive isolation in wild hybrid mice using markers across the ge-
nome. Here, we report on the differential introgression of loci
across a hybrid zone in Bavaria, Germany using markers located
on all mouse autosomes. Our goals are to (1) identify the number
and location of autosomal regions showing reduced intro-
gression as a means of finding genomic regions contributing to
reproductive isolation, (2) identify genomic regions showing
unusually high levels of introgression as a means of finding
genomic regions that may contain beneficial alleles, and (3) use
functional annotations of genes in regions of broad versus lim-
ited introgression to get a first look at biological processes asso-
ciated with both patterns.

Results
Cline analysis

Scatter plots for all single nucleotide polymorphism (SNP) mark-
ers are shown in Supplemental Figures 1 and 2. Most changes in
allele frequency occurred over a short distance; the median cline
width was only 28.6 km (Table 1). Despite this small median
cline width, there was enormous variation among loci in the
level of introgression (Table 1; Supplemental Table 1). Three au-
tosomal markers on three different chromosomes had cline
widths <10 km: marker 5.097 (width 6.5 km), marker 9.075
(width 6.4 km), and marker 16.014 (width 7.0 km) (Table 1).
These were the lowest autosomal cline widths observed. They are
similar to the two-parameter estimates of cline widths for all but
one of the 13 X-linked markers studied in Payseur et al. (2004).
(The average two-parameter estimate of cline width for 12 X-
linked markers [excluding marker X.100, with a cline width of
270.8 km] is 9.3 [range = 3.4-42.0 km, data not shown].) At the
other extreme, eight markers had cline widths >100 km: markers
3.007, 4.057, 7.083, 8.078, 10.045, 12.031, 13.029, and 18.028.
The average cline width for these eight markers was 165 km, or
more than five times the median value for all markers. As ex-
treme outliers, they are reasonable candidates for harboring
genes under positive selection.

There was a strong positive correlation between cline center
and cline width (P < 0.001 Spearman’s rank correlation test; Fig.
1). Wider clines had centers more to the east along the transect,
indicating a pattern of asymmetric introgression, from M. domes-
ticus to M. musculus. Evidence for introgression from M. musculus
to M. domesticus was minimal and mainly limited to mice col-
lected from the Augsburg Zoo. The presence of M. musculus alleles
in this westernmost locality is likely the result of passive (long-
distance) transport with zoo animals.

Genomic attributes of marker regions

We investigated several genomic features to identify attributes of
regions showing high or low levels of introgression. The number
of genes in the 10-Mb windows centered on each marker ranged
from 46 to 231, and, excluding marker 13.029, there was a sig-
nificant negative correlation between gene density and cline
width (Fig. 2; R* = 0.102, P = 0.050). We also calculated the mean
value of dy/ds between mouse and rat for all genes in each 10-Mb
window. There was a significant positive correlation between
mean dy/dg and cline width, although this pattern was driven by
a single marker (13.029) with a window showing an unusually
high mean d/ds value. When this marker was removed from the
analysis, the regression was no longer significant. The correlation
between GC content and cline width was not significant, even
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Figure 1. Plot of cline width vs. cline center. These data were generated from two-parameter models of cline shape for 39 autosomal markers.

including the marker 13.029 (R? = 0.099, P = 0.051). Surprisingly,
no significant correlation was observed between the local rate of
recombination and cline width, although this may be due partly
to the fact that recombination rates vary relatively little in the
mouse (Shifman et al. 2006).

Linkage disequilibrium (LD)
Theory predicts that reproductive isolation is most likely to be

due to epistatic interactions (Dobzhansky-Muller incompatibili-
ties), rather than to the effects of single underdominant genes

Cline Width vs. Gene Density
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Figure 2. Plot of cline width versus gene density.
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Table 1. Genomic location, cline widths, and genomic attributes for 39 SNP markers surveyed across the Mus musculus—-Mus domesticus

hybrid zone

SNP position Abbrev. Cline width Cline center Number Rec.

(Chr.bp) marker name (km) (km) of genes rate %CG dy/dg dy ds

1.14,026,920 1.014 18.5 60.9 70 0.36 43 0.16 0.04 0.22
1.46,402,091 1.046 81.9 75.7 59 0.50 43 0.16 0.03 0.19
1.158,689,899 1.159 36.1 52.1 110 0.43 44 0.21 0.04 0.20
2.30,409,503 2.030 20.7 58.4 225 0.73 50 0.17 0.03 0.20
2.78,369,208 2.078 74.9 50.5 85 0.70 45 0.16 0.04 0.19
2.164,903,540 2.165 21.1 61.7 156 0.74 49 0.18 0.05 0.25
3.7,368,144 3.007 101.9 30.9 49 0.18 44 0.18 0.05 0.24
3.140,416,764 3.140 65.1 69.9 70 0.93 43 0.21 0.07 0.25
4.57,302,353 4.057 140.4 99.9 104 1.26 44 0.20 0.04 0.19
4.129,074,493 4.129 13.0 57.5 218 0.86 50 0.14 0.03 0.22
5.6,836,406 5.007 45.8 53.9 76 0.43 44 0.16 0.03 0.22
5.96,799,978 5.097 6.5 57.7 111 0.86 44 0.22 0.05 0.23
6.88,319,986 6.088 15.4 57.9 167 0.51 48 0.19 0.03 0.18
6.112,706,955 6.113 26.3 62.0 99 0.69 47 0.16 0.03 0.18
7.83,170,743 7.083 172.4 118.2 138 0.68 45 0.18 0.03 0.19
7.126,200,262 7.126 62.0 68.7 193 0.93 49 0.19 0.03 0.17
8.77,724,048 8.078 173.4 95.1 164 0.50 51 0.15 0.04 0.25
8.100,982,853 8.101 12.9 58.1 90 0.59 47 0.19 0.04 0.22
9.52,309,582 9.052 14.8 56.3 138 0.50 46 0.17 0.03 0.19
9.75,141,481 9.075 6.4 56.3 109 0.81 44 0.19 0.04 0.19
10.44,829,603 10.045 131.9 63.6 73 0.50 45 0.22 0.05 0.26
10.54,662,870 10.055 24.1 65.2 74 0.44 44 0.13 0.02 0.21
11.52,567,023 11.053 28.6 60.7 173 0.59 47 0.21 0.04 0.19
11.88,642,186 11.089 10.1 58.2 118 0.67 46 0.16 0.04 0.20
12.30,640,920 12.031 125.2 112.5 61 0.62 45 0.16 0.03 0.18
12.99,182,498 12.099 23.6 57.1 87 0.78 46 0.26 0.05 0.21
13.28,996,604 13.029 341.8 176.4 87 0.74 42 0.30 0.07 0.21
13.55,641,923 13.056 26.5 54.6 121 0.71 49 0.14 0.03 0.24
14.30,598,525 14.031 95.6 69.9 115 0.43 46 0.17 0.04 0.21
14.73,920,455 14.074 84.4 78.5 102 0.75 46 0.18 0.04 0.20
15.64,824,507 15.065 91.2 89.1 50 0.53 46 0.21 0.03 0.16
15.99,541,517 15.099 25.7 61.0 231 1.10 50 0.12 0.03 0.23
16.13,815,994 16.014 7.0 56.5 157 0.94 49 0.19 0.04 0.20
17.46,219,311 17.046 14.7 54.6 147 1.07 48 0.18 0.04 0.22
17.90,955,861 17.091 54.9 87.2 47 0.54 46 0.18 0.05 0.25
18.28,302,931 18.028 135.4 105.0 55 0.72 46 0.16 0.03 0.21
18.63,609,404 18.064 20.6 61.7 110 0.99 46 0.12 0.03 0.22
19.44,127,651 19.044 16.2 58.4 171 0.77 47 0.16 0.03 0.22
19.52,101,649 19.052 72.2 75.0 46 1.23 47 0.15 0.04 0.26
AVERAGES 62.5 70.4 114 0.70 46 0.18 0.04 0.21
MEDIANS 28.6 61.0 109 0.70 46 0.18 0.04 0.21

Attributes are measured for a 10-Mb window centered on each marker.

(Coyne and Orr 2004). We studied nonrandom associations of
alleles at different loci in one hybrid population near the middle
of the hybrid zone (Neufahrn) to identify genomic regions that
might be involved in such epistatic interactions. Observed values
of R? from the Neufahrn population ranged from 0 to 0.321, with
a mean of 0.036. In the absence of selection and in a randomly
mating population at equilibrium, the expected value of R? is
near 0. Slightly but significantly more than half (603) of the 1127
tests showed associations among conspecific alleles (P =<10"¢;
binomial test), indicating a bias toward conspecific, two-locus
genotypes. After accounting for multiple tests, 68 SNP pairs
showed significant linkage disequilibrium, and conspecific al-
leles were associated in 42 of these cases (Table 2). Since different
chromosomes assort independently each generation, and since
the average R? in this population is near 0, these exceptions
might be the result of epistatic incompatibilities. Some SNPs
showed LD with several genomic regions (Table 2), suggesting
the possibility of complex interactions involving multiple loci.
However, the 68 locus pairs showing significant LD did not show
a greater proportion of conspecific/heterospecific associations
when compared with the 1059 nonsignificant locus pairs

(P =0.528; Fisher’s exact test). Additionally, there was no evi-
dence for a bias toward X-autosome pairs (vs. autosome-—
autosome pairs) among significant tests (P = 0.451; Fisher’s exact
test).

PANTHER analysis of genes

We classified genes into functional categories in order to search
for functions that were overrepresented in genomic regions of
high or low introgression. In total, 12,437 genes found within
15 Mb of each marker used in the study were classified into 240
different categories of biological processes. Of these genes, 2315
(18.6%) were not recognized by PANTHER, 6133 (49.3%) were
classified into one or more biological process categories, and the
remaining 3989 (32.1%) were unclassified.

In the analysis of genes in 10-Mb windows, four biological
processes were significantly associated with wide clines:
G-protein-mediated signaling, pheromone response, chro-
matin packaging and remodeling, and mesoderm development
(Table 3). In the analysis of genes in the 30-Mb windows, the first
three of the biological processes listed above were associated with
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Table 2. Locus pairs from different chromosomes that show
significant conspecific linkage disequilibrium

SNP 1?2 SNP 2 R2 Q°
1.014 15.065 0.183 0.022
1.014 X.160 0.153 <0.001
1.046 5.007 0.195 <0.001
1.046 6.113 0.165 0.034
1.046 19.052 0.167 0.042
1.159 2.078 0.145 0.034
1.159 15.099 0.148 <0.001
1.159 X.107 0.136 0.022
1.159 X132 0.122 0.045
2.078 6.113 0.187 0.045
2.078 17.046 0.321 <0.001
2.078 19.052 0.134 0.022
2.078 X.107 0.173 <0.001
2.078 X.129 0.138 0.034
4.129 14.031 0.167 <0.001
5.007 11.089 0.212 <0.001
6.113 19.052 0.227 <0.001
6.113 X.107 0.156 0.022
7.126 16.014 0.237 <0.001
9.052 14.031 0.130 0.045
9.052 18.064 0.171 <0.001
9.052 X.052 0.167 0.022
9.052 X.064 0.243 <0.001
9.052 X.070 0.179 <0.001
9.052 X.089 0.152 0.022
9.052 X.099° 0.251 <0.001
9.052 X.099° 0.131 0.045
9.075 12.099 0.130 0.049
9.075 19.052 0.147 0.034

10.045 15.099 0.127 0.042

10.055 X.033 0.136 0.042

11.053 X.089 0.128 0.045

11.089 15.065 0.084 0.045

11.089 X.107 0.128 0.049

11.089 X132 0.138 0.045

12.099 X.129 0.192 <0.001

14.031 X.033 0.129 0.049

14.031 X.160 0.158 0.034

17.046 19.052 0.162 0.049

18.064 X.099° 0.182 0.034

18.064 X.160 0.130 0.049

19.052 X.129 0.126 0.042

“Autosomal markers are sorted according to chromosome as in Table 1.
X-linked markers are from Payseur and Nachman (2005) with positions
updated using Build 36.

PQ-value assuming a false discovery rate of 5% across all tests.

wide clines, as well as three additional biological processes: cell-
adhesion-mediated signaling, cell adhesion, and olfaction. Cell
adhesion, however, showed an opposite but nonsignificant trend
in the analysis of the 10-Mb windows. There is a cluster of 60
protocadherin genes located 5-15 Mb upstream of marker
18.028, which has a cline width of 135.4 km. These genes are not
in the 10-Mb windows, which accounts for the difference in the
trends between the 10-Mb and 30-Mb analyses. Finally, meso-
derm development showed a nonsignificant trend toward a wide
cline in the 30-Mb analysis. Thus, there is good agreement be-
tween 10-Mb and 30-Mb windows in the identification of pro-
cesses significantly associated with wide clines.

In the analysis of biological processes that were significantly
associated with narrow clines, three processes were significant
using 30-Mb windows: MHCI-mediated immunity, steroid hor-
mone metabolism, and cell structure. The latter two processes
showed similar but nonsignificant trends in the analysis of 10-
Mb windows.

Discussion

We documented patterns of introgression across the mouse ge-
nome and documented regions of both extensive and restricted
gene flow between recently diverged species of house mice. An
earlier study of this same transect (Payseur et al. 2004) identified
a region in the center of the X chromosome with an especially
narrow cline. This same region was also identified as harboring a
locus involved in hybrid male sterility between M. musculus and
M. domesticus mice (Oka et al. 2004; Storchova et al. 2004), sug-
gesting that cline shape can be used to pinpoint regions of the
genome involved in reproductive isolation. Here, we find simi-
larly narrow clines for multiple autosomal markers, and these are
also likely found in genomic regions involved in reproductive
isolation. In fact, one marker, 11.089, with a cline width of 10.1
km, is in close proximity to a recently identified QTL interacting
with the center of the X chromosome to produce hybrid male
sterility in these taxa (Oka et al. 2007). The fact that cline width
is negatively associated with gene density suggests that selection,
rather than random effects, determines the degree of introgres-
sion for each marker. It also suggests that the number of loci
underlying reproductive isolation is rather large (Payseur and
Nachman 2005).

Harr (2006) identified ten genomic regions, two on the X
and eight on autosomes, of elevated differentiation between wild
derived strains of M. musculus and M. domesticus and suggested
they are likely to harbor genes associated with hybrid unfitness.
Most of the strains used by Harr came from within the ranges of
musculus and domesticus, not from near the hybrid zone. Four of
our markers, 1.159, 8.078, 10.045, and 10.055, fall within the
regions of elevated differentiation identified by Harr. Two of
these markers, 1.159 and 10.055, have relatively narrow cline
widths of 36.1 km and 24.1 km, respectively. However, the other
two markers, 8.078 and 10.045, have relatively wide cline widths
of 173.4 km and 131.9 km, respectively. In addition, both chro-
mosome 10 markers, with very different patterns of introgression
despite being located ~10 Mb apart, fall within a single region of
elevated differentiation that is 31 Mb in size (Harr 2006). Thus,
while there is some concordance between the results presented
here and those of Harr (2006), it is clear that regions showing
reduced introgression in the hybrid zone are not always the same
as those showing increased Fst between samples taken outside of
the hybrid zone.

Reasoning that selection against heterospecific combina-
tions of alleles that cause inviability or sterility can maintain
nonrandom associations between loci in hybrid populations
(Gardner et al. 2002; Payseur and Hoekstra 2005), LD among SNP
pairs was measured. Several patterns emerge that provide evi-
dence for natural selection. First, despite the fact that there is
little overall LD in the middle of the hybrid zone, a number of
SNP pairs show significant associations after correcting for mul-
tiple tests. Many of these significant associations show a bias
against heterospecific genotypes, suggesting that selection tends
to remove these interlocus combinations in the center of the
hybrid zone. Second, these SNP pairs map to different chromo-
somes, demonstrating that linkage is not responsible for the
maintenance of these associations. Third, several SNPs show
strong associations with multiple, unlinked genomic regions. Be-
cause chance (and false-positive) associations are not expected to
involve the same loci, this pattern also suggests the presence of
functional interactions. Furthermore, these associations involv-
ing the same marker with two or more other markers suggest that
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Table 3. Biological processes with nonrandom distribution of cline widths in the Bavaria transect

30-Mb windows

10-Mb windows

Mean cline width

Mean cline width

# of Within Other # of Within Other
Biological process genes category genes Q-value genes category genes Q-value
Narrow clines
MHCI-mediated immunity 35 15.74 57.03 1.15E-04° 0
Steroid hormone metabolism 27 32.37 56.91 0.0047° 4 38.75 59.71 1
Cell structure 302 49.49 57.16 0.0074* 106 50.22 60.14 1
Wide clines
Cell-adhesion-mediated signaling® 186 78.92 56.17 6.99E-09° 37 45.96 59.90 1
G-protein-mediated signaling 612 70.86 55.35 4.26E-06" 137 100.06 57.08 1.98E-04*
Cell adhesion 266 67.47 56.36 7.01E-05* 61 49.94 59.94 0.5350
Pheromone response 36 115.03 56.50 7.01E-05° 19 122.54 59.14 1.98E-04
Chromatin packaging and remodeling 134 130.52 55.27 2.06E-04" 62 156.95 56.94 2.18E-04"
Olfaction 300 58.81 56.72 6.25E-04" 22 51.81 59.75 0.6850
Mesoderm development 88 120.90 55.93 0.2165 43 196.98 57.02 8.82E-05°

“Boldface indicates significant Q-values at 5% FDR. P-value = 0.05 using Bonferroni correction for 240 categories.
PGenes involved with cell-adhesion-mediated signaling are associated with wide clines in the 30-Mb window analysis and with narrow clines in the

10-Mb window analysis. See Discussion.

selection may be acting on complex epistatic interactions (i.e.,
involving three or more genes), even in early stages of speciation
(Coyne and Orr 2004). It is also worth noting that some markers
with narrow cline widths show strong associations with each
other. For example, 9.052, which has a cline width of 14.8 km, is
in linkage disequilibrium with X.089, a marker with very little
introgression (Payseur et al. 2004). Because patterns of LD and
introgression provide independent ways of identifying incom-
patibility candidates, these marker pairs seem worthy of further
attention.

Hybrid populations of laboratory mice have also been sur-
veyed for linkage disequilibrium between unlinked SNPs (Payseur
and Hoekstra 2005; Payseur and Place 2007). The regions sur-
veyed in these studies are generally not the same as those sur-
veyed in the present study. Nevertheless, of the 23 individual
autosomal SNP markers involved in extreme associations
between conspecific alleles in laboratory mice (Payseur and
Hoekstra 2005), 10 were <10 Mb from SNP markers surveyed in
our analysis. Interestingly, eight of these markers show narrow
cline widths ranging in size from 6.4 to 26.3 km. The remaining
two markers were furthest from the SNPs identified in Payseur
and Hoekstra (2005) and had the widest cline widths, 45.8 and 62
km, respectively. Agreement between these data sets in the iden-
tification of regions potentially involved in reproductive isola-
tion reinforces the notion that reproductive isolation between
these taxa involves disrupted interactions between multiple au-
tosomal loci, “Dobzhansky-Muller incompatibilities” (Dobzhan-
sky 1937; Muller 1942; Coyne and Orr 2004).

The only study to explicitly map multiple partners of in-
compatibilities that underlie reproductive isolation phenotypes
in mice is Oka et al. (2007). In this study, a region from the
middle of the X chromosome of M. molossinus (a mixture of Asian
M. musculus and M. castaneus genomes) caused hybrid male ste-
rility when combined with regions on chromosomes 1, 9, and 11
from CS7BL6 (an inbred strain primarily descended from M. do-
mesticus). The central part of the X chromosome also shows sig-
nificant conspecific associations with SNPs from chromosomes 1,
9, and 11 in the hybrid zone (Table 2). Although the large size of
the mapped regions and low density of markers surveyed in the

hybrid zone preclude strong conclusions, the agreement between
these two studies suggests that some loci showing strong linkage
disequilibrium are linked to incompatibilities associated with hy-
brid male sterility.

The PANTHER analysis of 10- and 30-Mb windows provides
preliminary information on the biological processes of genes that
are nonrandomly associated with regions of both reduced and
extensive introgression. The 30-Mb analysis has greater statistical
power than the 10-Mb analysis due to the larger number of
genes, resulting in a larger number of significant associations.
However, the biological meaning of these associations is less clear
at the larger window size. Nevertheless, these data suggest that
reproductive isolation may be driven by multiple kinds of inter-
actions. These include ecological responses such as immune
function. Interestingly, higher loads of intestinal parasites have
been documented in mice from the hybrid zone, indicating pos-
sible reduced viability of hybrids (Sage et al. 1986a; Moulia et al.
1991, 1993). In addition, genes associated with physiological and
behavioral aspects of reproduction involving steroid hormone
metabolism appear to be associated with reduced introgression.
Inspection of the expression patterns (SymAtlas v1.2.4; Su et al.
2002) for cell structure genes associated with the nine narrowest
clines suggests involvement of a wide range of tissues, but with
the majority being associated with sensory apparatuses such as
the tongue, snout epidermis, digits, and epidermis.

Across the full set of markers, introgression is found to be
strongly asymmetric. If a marker has extensive introgression
across the hybrid zone, it most often occurs only from M. domes-
ticus to M. musculus. With the exception of the Czech transect
(Macholén et al. 2007), this same pattern has been documented
in other studies of the Mus hybrid zone (Vanlerberghe et al. 1986;
Tucker et al. 1992; Dod et al. 1993, 2005; Payseur et al. 2004;
Raufaste et al. 2005). There are four possible explanations for this
pattern, which are not mutually exclusive. The first possibility is
that there are intrinsic genomic incompatibilities between M.
domesticus alleles and M. musculus alleles, with many more M.
musculus alleles being incompatible with a M. domesticus genetic
background than the converse. The second possibility is that
mate preference is asymmetric between the two species. The
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third possibility is the dispersal patterns differ between the two
species, and the fourth possibility is that the hybrid zone has
shifted over time.

There is evidence for asymmetric mating preferences be-
tween M. domesticus and M. musculus. A preference for con-
specific urine signals has been shown in M. musculus, but no such
preference is apparent in M. domesticus (Smadja and Ganem
2002; Smadja et al. 2004). There also seems to be a trend toward
conspecific preferences in M. musculus for salivary androgen-
binding proteins (Bimova et al. 2005). A lack of conspecific mate
preference in M. domesticus could contribute to the observed
asymmetric pattern of introgression, assuming that M. domesticus
simply are less choosy about their mates, and more likely to mate
with hybrid mice and M. musculus.

There is also behavioral evidence that M. domesticus is domi-
nant to M. musculus in male-male competition (van Zegeren and
van Oortmerssen 1981), and that the M. domesticus males tend to
be more aggressive. The behavioral dominance of M. domesticus
could result in a shift of the position of the hybrid zone to the
east (moving from M. domesticus toward M. musculus).

Preliminary analyses based on partial annotation of the
mouse genome indirectly corroborate the laboratory studies on
aggression and mating behavior, as genes involved in phero-
mone response are nonrandomly associated with genome re-
gions of extensive introgression. These include regions housing
vomeronasal receptor genes and genes coding for mouse urinary
protein (Mup). There are five Mup genes located within 5 Mb of
marker 4.057, with a cline width of 140 km. They bind a variety
of pheromones affecting mouse physiology and behavior includ-
ing estrus, puberty, and intermale aggression (Novotny 2003).
Quite possibly, M. domesticus alleles at these loci confer a fitness
advantage over M. musculus alleles.

The other processes nonrandomly associated with wide
clines include genes broadly associated with cell signaling and
with olfaction. The latter process includes a large number
(n = 300) of olfactory receptor loci that, upon closer inspection,
are associated with either narrow or wide clines. These rapidly
evolving loci are obvious targets of selection as they play impor-
tant roles in survival and reproduction and likely reflect re-
sponses to the environment (Lane et al. 2001).

Conclusion

This study represents the most detailed genetic survey of a ver-
tebrate hybrid zone. With markers situated on all mouse auto-
somes, we have used patterns of introgression to map genomic
regions contributing to the maintenance of genetic isolation be-
tween recently diverged species. Patterns of LD corroborate that
isolation is likely caused by epistatic interactions between sets of
parental alleles. We find multiple regions of the genome with
narrow clines, and these regions probably house genes involved
in reproductive isolation. They include genes associated with a
variety of biological processes including reproductive physiology
and behavior and physiological and sensory responses to the
environment. Autosomal regions with wide asymmetric clines
have different effects on the fitness of hybrid mice. Interestingly,
these regions also include genes involved in reproductive behav-
ior and sensory responses to the environment. A more fully an-
notated genome coupled with denser sampling of the genome for
patterns of introgression along with comparisons of introgres-
sion across multiple transects will provide a more complete un-

derstanding of the genetic underpinnings of reproductive isola-
tion in this system.

Methods

Sampling

Four hundred forty-nine mice used in this study were collected
by R.D. Sage from a transect through the hybrid zone in the
German state of Bavaria, and western Austria. Collecting for this
transect was performed by R.D. Sage in 1984, 1985, and 1992.
The location of the hybrid zone and the transect are shown in
Payseur et al. (2004), and information on collecting localities and
numbers of mice from each locality is found in Supplemental
Table 2. Sampling was performed in a roughly linear, east-west
manner, and transect distances (in kilometers) were calculated
from the western end of the transect.

Development and scoring of molecular markers

Single nucleotide markers for autosomes were identified using
the SNP database described by Lindblad-Toh et al. (2000), http://
www.broad.mit.edu/snp/mouse/, and the later SNP database
from the mouse genome project, http://www.ncbi.nlm.nih.gov/
projects/SNP/MouseSNP.cgi. To identify SNPs with fixed differ-
ences between M. domesticus and M. musculus, markers were
sequenced in 10 allopatrically distributed mice from each species
(Supplemental Table 3). The genomic location of markers
was originally checked against the UCSC Mouse Genome data-
base (build 33, May 2004, http://genome.ucsc.edu). Markers
were chosen with the goal of having a relatively even marker
density throughout the genome. Three markers were developed
for the largest chromosomes, 1 and 2, and two markers per chro-
mosome were developed for the remaining autosomes with the
exception of chromosome 16. Markers fixed for alternate alleles
in M. domesticus and M. musculus were used to design probes for
TagMan genotyping, through Applied Biosystems Assays-By-
Design service. Approximately 500 bp of sequence centered on
the SNP was checked for repeat regions using RepeatMasker
(http://www.repeatmasker.org/). Reactions for TagMan genotyp-
ing were set up using 5 pL of TagMan master mix, 40 pL of the
custom fluorescently labeled assay mix, ~0.01 pug of DNA in a
3-pL volume, and 1.75 pL of sterile dH,O in 96-well plates.
Genotyping plates were run on a real-time PCR machine. Thir-
teen X-linked markers were taken from Payseur et al. (2004) and
reanalyzed here to obtain two-parameter estimates of cline
shape. Genotyping data for all markers is found in Supplemental
Table 4.

Cline analysis

Cline shape was estimated individually for each marker. As the
goal of these analyses was to allow comparison between markers,
arelatively simple two-parameter model was used to estimate the
center and width of the cline for each marker, similar to the
analyses in Bozikova et al. (2005). This model describes the rela-
tionship between allele frequency and geographic distance for
individuals along a transect. The position of the cline center and
the cline width were used in comparisons between markers. This
two-parameter model consists of a hyperbolic tangent function
that describes a sinusoidal curve (Equation 1):

1 2[x —
p:2{1+tanh( [XW C])]. (1)

In this equation, p = allele frequency, x = geographic dis-
tance along a transect, ¢ = the center of the hybrid zone, defined

Genome Research 73
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 20, 2026 . Published by Cold Spring Harbor Laboratory Press

Teeter et al.

as the point of steepest slope, and w = 1/slope of the cline at the
center. All cline analyses were performed using ClineFit soft-
ware, available from Adam Porter (Porter et al. 1997) at http://
www-unix.oit.umass.edu/~aporter/software/index.html. ClineFit
estimates are based on data from individuals, using a Metropolis
algorithm (Metropolis et al. 1953) to numerically estimate the
parameters that describe the cline shape. Because the estimates
are based on individuals, rather than populations, populations
with small samples are weighted less than populations with large
samples. We conducted some analyses excluding the populations
with smallest samples sizes, and the results were unchanged.
Two-unit support limits are derived from the likelihood searches
for each parameter. These support limits are roughly analogous
to 95% confidence intervals (Edwards 1992).

The data set presented here was also analyzed using six-
parameter models (see Supplemental Methods). Spearman non-
parametric rank correlation tests were used to detect correlations
between the estimated cline parameters. Correlation tests were
performed for two different types of comparisons: (1) comparing
cline widths and centers for each marker, and (2) comparing the
estimated cline widths with the local gene density. These tests
were performed in SPSS 11.0 for Macintosh OS X.

Genomic attributes of marker regions

Genomic attributes were calculated for 10-Mb windows centered
on each marker using Build 36 of the ENSEMBL mouse sequence.
Previous work in the hybrid zone suggested that linkage disequi-
librium extends beyond this distance (Payseur et al. 2004), so
that windows of this size are reasonable for tracking the effects of
linked sites. Gene density was measured by counting the number
of known and predicted genes. The mean of dy (number of non-
synonymous substitutions per nonsynonymous site), ds (number
of synonymous substitutions per synonymous site), and dy/ds for
all genes in each window were calculated by comparing mouse
and rat sequences (M. Dean and J. Good, unpubl.). Outliers were
excluded after the examination of scatter plots between dy, ds,
dy/ds, and gene position in each window. Recombination rates
were estimated based on the relationship between the genetic
and physical maps of the Mus musculus genome, using data from
2293 heterogeneous stock (HS) mice (http://gscan.well.ox.ac.uk/
#genetic_map; Shifman et al. 2006). Genetic positions are for
9904 single nucleotide polymorphisms (SNPs) typed in 2293 HS
animals. Recombination rates were calculated as the slope of a
linear regression comparing the genetic positions of SNPs (in
centiMorgans, cM) against their physical position (in megabase
pairs, Mb) for each 10-Mb window.

Linkage disequilibrium analysis

Linkage disequilibrium was measured in 63 mice from a single
locality, Neufahrn bei Freising, in the center of the transect. Link-
age disequilibrium was estimated using two-locus genotype
counts (Weir et al. 2004). Specifically, genotypes at each locus
were recoded as 0, 1, or 2 for autosomal loci and X-linked loci in
females, and O or 2 for X-linked loci in males. Linkage disequi-
librium was estimated as the squared Pearson’s correlation co-
efficient (genotypic R?) between these recoded genotypes. The
probability of each observed R? value was estimated by compari-
son to 1000 R? values obtained by randomizing genotypes across
individuals. We adjusted statistical significance to achieve a 5%
false discovery rate (FDR) (Storey and Tibshirani 2003) across all
tests.

Two markers, 17.091 (which was fixed for the M. domesticus
allele in this locality) and 3.007 (which harbored a single M.
domesticus allele), were not included in these analyses. To ensure

independent assortment among loci in each generation, linkage
disequilibrium was measured for pairs of loci residing on differ-
ent chromosomes. Because the X chromosome is involved in
reproductive isolation between house mouse species (Oka et al.
2004; Storchova et al. 2004), we included 13 X-linked markers
(Payseur et al. 2004) in our survey of linkage disequilibrium.

PANTHER analysis of genes

Using the PANTHER database (Thomas et al. 2003; Mi et al.
2005), genes found within 30 Mb of each marker used in the
study were classified into different categories of biological pro-
cesses. As biological process groups are not mutually exclusive,
some genes belong to more than one group. In addition, some
biological process groups are subsets of others (e.g., “Pheromone
response” is a subset of “Sensory perception”).

For each of the biological processes identified, genes with
PANTHER classifications were divided into two groups: (1) those
associated with the biological process in question and (2) all oth-
ers. Genes unclassified or unrecognized by PANTHER were ex-
cluded from this analysis, but including these genes does not
significantly change the results (not shown). Genes within 10-
Mb and 30-Mb windows were ranked according to the cline
widths for the Bavaria transect. Genes associated with more than
one marker were included once for each associated marker. A
nonrandom distribution of cline widths for genes in a particular
biological process was identified by comparing groups 1 and 2. If
genes for a particular biological process tend to be associated
with narrow (or wide) clines, this tendency can be identified by
a significant P-value from a two-tailed Mann-Whitney U-test.
Because multiple biological processes were tested, it is necessary
to correct for multiple testing. Q-values were calculated (Storey
and Tibshirani 2003), and those values significant at a 5% false
discovery rate (FDR) are reported. A Bonferroni correction for
multiple tests was also used. This correction is especially conser-
vative because some biological processes are subsets of others.
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