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A complete understanding of the speciation process requires elucidation of the 

underlying genetic details. Considerable empirical and theoretical research has revealed 

two important patterns that characterize the genetic basis of reproductive isolation. First, 

reproductive isolation is usually caused by incompatible substitutions at different, 

interacting loci. Second, the locations of genes contributing to reproductive isolation are 

biased toward the X chromosome. These observations suggest that reproductive barriers 

between young species are frequently due to disrupted interactions involving genes on the 

X chromosome. This idea motivates a detailed study of introgression for X-1 inked loci 

across a European hybrid zone between two species of house mice, Mus domesticus and 

M. mus cuius (Appendix A). Allele frequency patterns at 13 molecular markers with 

known chromosomal positions identify one region with clearly reduced introgression. 

This piece of the X chromosome may contain genes that confer reproductive barriers 

between M. domesticus andM musculus. Expected patterns of hybrid zone introgression 

for incompatible substitutions between the X chromosome and the autosomes arc also 

investigated using computer simulations (Appendix B). The results indicate that both the 

locations and shapes of allele frequency dines are distorted by selection against hybrids, 

with effects related to the dominance of the interacting alleles and inheritance patterns of 

the X chromosome (hemizygosity). Additionally, loci closely linked to the targets of 

selection show only weak reductions in introgression, suggesting that neutral gene flow is 

not strongly impeded by selection against hybrids. Finally, the mouse genome sequence 
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is used to compare patterns of hybrid zone introgression to several genomic attributes 

(Appendix C). No clear correlates of introgression emerge, suggesting that reproductive 

isolation between M. domesticus and M. musculus may involve a small number of genes 

with large effects. Using location in the X-linked region of reduced introgression, a high 

rate of protein evolution, and restricted expression in the male germ line as criteria, seven 

candidate genes for reproductive isolation are identified. These results underscore the 

value of studying natural patterns of introgression in model genetic organisms for 

understanding the genetic basis of speciation. 
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CHAPTER 1: INTRODUCTION 

Explanation of the Problem and its Context 

The tempo and mode of speciation depend on the underlying genetic details of the 

process (Dobzhansky 1937; Mayr 1963). The relative contributions of natural selection 

and genetic drift to speciation, the rate of development of reproductive isolation, whether 

prezygotic or postzygotic barriers to reproduction are more important, and the 

geographical dynamics (allopatry, parapatry, or sympatry) of the process are determined 

in part by which genetic changes prevent incipient species from exchanging genes. 

Therefore, any description of speciation remains incomplete without an understanding of 

the identities, phenotypic effects, and genomic locations of these changes. 

Finding the genomic regions and genes associated with speciation constitutes a 

formidable challenge for several reasons. First, many groups identified as species display 

complete reproductive isolation, making the genetic dissection of speciation through 

standard genetic approaches impossible in these cases. Second, many species that are 

still capable of exchanging genes are geographically isolated from one another, 

challenging attempts to study natural variation in introgression. Finally, detailed 

mapping studies of any phenotype, including reproductive isolation, require large 

numbers of informative molecular markers with known gcnomic positions, a resource 

that is currently unavailable for the majority of species. 

This dissertation evaluates genomic patterns of introgression in species of house mice 

that (i) show partial reproductive barriers with recent origins, (ii) form stable, well-
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characterized hybrid zones in nature, and (iii) are model genetic organisms, featuring a 

complete genome sequence and a dense genetic map. The results point toward a region 

of the X chromosome and specific candidate genes for reproductive isolation and 

illustrate the power of this system for understanding the genetic details of the speciation 

process. 

A Review of the Literature 

Dobzhansky (1936) pioneered the modem study of the genetic basis of speciation by 

developing an approach in which individuals from different species are crossed for 

multiple generations, and genetic markers are used to find associations between particular 

genomic regions and phenotypes related to reproductive isolation. This strategy has been 

applied successfully to numerous plants and animals, particularly species in the fruit fly 

genus Drosophila, yielding a few general patterns that characterize the genetic basis of 

reproductive isolation. 

First, reproductive barriers between species typically accumulate via changes at 

different, interacting genes (Bateson 1909; Dobzhansky 1936; Muller 1940,1942; Orr 

1996). These substitutions are postulated to have negligible or positive effects on fitness 

within incipient species; the deleterious consequences of their joint expression are only 

manifest in hybrids. Concrete examples of so-called "Dobzhansky-Muller 

incompatibilities" are numerous, including cases in Drosophila (Dobzhansky 1936; Crow 

1942; Orr 1987; Pantazidis and Zouros 1988; Orr and Coyne 1989; Johnson et al. 1992; 

Zeng and Singh 1993) and Xiphophorus (Wittbrodt et al. 1989), as well as in plants, such 



11 

as Crepis (Hollingshead 1930) and Mimulus (Christie and Macnair 1984). Theoretical 

work indicates that these incompatibilities can accumulate rapidly, especially as the 

number of participating loci increases (Orr 1995). 

Second, the X chromosome is disproportionately involved in reproductive isolation in 

animals (Coyne and Orr 1989). Data from mapping studies (Dobzhansky 1936; Crow 

1942; Grula and Taylor 1980; Curtis 1982; Zouros et al. 1988; Orr 1989; Orr and Coyne 

1989), intTogression experiments (Tao et al. 2003), and assessments of gene flow across 

hybrid zones (Hagen 1990; Sperling and Spcnce 1991; Tucker et al. 1992; Dod et al. 

1993; Porter et al. 1997) support this idea. Additionally, heterogametic hybrids (those 

with different sex chromosomes) usually exhibit more severe fitness reductions than do 

homogametic hybrids (Haldane 1922; Coyne 1992; Laurie 1997; Orr 1997; Sasa et al. 

1998; Presgraves 2002; Price and Bouvier 2002; Tubaro and Lijtmaer 2002; Lijtmaer et 

al. 2003). One explanation for this general pattern ("Haldane's rule") suggests that 

recessive mutations on the X chromosome are differentially associated with reproductive 

isolation (Muller 1940, 1942; Orr 1993; Turelli and Orr 1995, 2000). 

Although the importance of disrupted interactions between genes and the large effect 

of the X chromosome for reproductive isolation seems clear, individual loci that maintain 

species integrity have been identified in only a few cases. Examples include a gene that 

causes hybrid male sterility between D. mauritiana and D. sechellia (Ting et al. 1998), a 

gene associated with hybrid lethality and female sterility between D. melanogaster and 

sibling species (Barbash et al. 2003), a gene responsible for hybrid inviability between D. 

melanogaster and D. simulans (Presgraves et al. 2003), and a gene implicated in hybrid 
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in viability between X. maculatus mdX. helleri (Maiitschek et al. 1995). All three genes 

from Drosophila show molecular evidence of adaptive evolution restricted to particular 

protein domains that are conserved across deeper phylogenetic boundaries, suggesting 

that speciation may be driven by positive selection. However, the extent to which any of 

these loci contributed to the initial development of reproductive isolation, and hence 

played a formative role in the speciation process, is unknown. More candidate genes for 

reproductive isolation are clearly needed before useful generalizations can be drawn. 

In addition to laboratory crosses, pattems of gene flow in nature {e.g. across hybrid 

zones) can also be used to identify genomic regions and eventually, genes that cause 

reproductive isolation. Although it is difficult to quantify the expected amount of 

introgression for any one locus because it depends on unknown details including the 

dispersal rate, the relative magnitudes of selection and recombination, and the genetic 

architecture of speciation (Barton 1983), comparisons between multiple loci can pinpoint 

genomic regions displaying reduced introgression, and some of these regions may harbor 

genes underlying reproductive isolation, inter-locus variation in pattems of gene flow-

across hybrid zones is frequently observed {e.g. Tucker et al. 1992), and recent studies 

with large numbers of loci have begun to identify realistic candidate regions for 

reproductive isolation (Rieseberg et al. 1999). 

Therefore, evidence from laboratory crosses and studies of natural gene flow indicate 

that a targeted examination of pattems of introgression across a hybrid zone for markers 

on the X chromosome is a promising strategy for elucidating the genetic basis of 

reproductive isolation between closely related species of animals. This approach offers 
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special potential for species that both form hybrid zones and have complete genome 

sequences available because genomic regions that exhibit reduced introgression can 

quickly be converted to lists of candidate genes for reproductive isolation. 

Explanation of Dissertation Format 

Two species of house mice, Mus domesticus and M. musculus, provide exceptional 

opportunities to understand the genetic basis of reproductive isolation because they 

exhibit an unusual combination of characteristics: (i) well-characterized hybrid zones 

exist, (ii) species are partially reproductively isolated, and (iii) large numbers of markers 

and a complete genome sequence are available. In Appendix A, I take advantage of these 

attributes to conduct a detailed survey of introgression across a European hybrid zone for 

13 markers from across the X chromosome. The analysis identifies one chromosomal 

region with unusually low introgression, suggesting that this region may contain genes 

underlying reproductive isolation. In Appendix B, I investigate the patterns of 

introgression expected for Dobzhansky-Muller incompatibilities between the X 

chromosome and the autosomes using computer simulations. The positions and shapes of 

allele frequency dines are affected by the dominance of each participating allele and by 

the hemizygosity of the X chromosome. Appendix C compares patterns of introgression 

across the hybrid zone between M. domesticus and M. musculus to genomic 

characteristics inferred from the complete sequence of the X chromosome. I identify 

seven genes with characteristics that might be expected for loci underlying reproductive 

isolation (expression restricted to the male germ line and high rates of coding sequence 
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evolution) that are located within the region of reduced introgression described in 

Appendix A. Collectively, these empirical and theoretical studies apply known patterns 

in the genetics of reproductive isolation to a model genetic organism in a natural hybrid 

zone to provide new insight into the genetic basis of speciation. 
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CHAPTER 2; PRESENT STUDY 

The detailed background information, methods, results, and conclusions of this study 

are presented in the papers appended to this dissertation. The following is a summary of 

the most important findings in these papers. 

Appendix A examines natural variation in gene flow between Mus domesticus and M 

musculus across the X chromosome. Patterns of introgression across a well-characterized 

European hybrid zone between these two species are evaluated for 13 loci using a 

maximum likelihood model that includes six parameters related to dine theory. All 

markers show relatively rapid transitions in allele frequency, suggesting that a balance 

between dispersal and selection against hybrids maintains the hybrid zone. Evidence of 

linkage is observed in measures of introgression, with neighboring loci showing similar 

patterns. Inter-locus comparisons identify one region of the X chromosome with 

unusually reduced introgression in the center of the hybrid zone, indicating that this 

region may play an important role in reproductive isolation between M. domesticus and 

M. musculus. Another marker displays an especially high level of gene flow just outside 

the center of the hybrid zone. This locus may be linked to alleles that are favored by 

natural selection when placed on the genomic background of the alternative species. 

These results demonstrate clear variation in gene flow across the X chromosome and 

provide candidate regions for further research on the genetics of speciation in house mice. 

Appendix B describes a theoretical investigation of gene flow in hybrid zones for 

models of reproductive isolation that are motivated by general patterns characterizing the 
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genetic basis of speciation. Genetic conditions that produce Haldane's rule and a 

disproportionate effect of the X chromosome on reproductive isolation, including 

disrupted epistatic interactions (Dobzhansky-Muller incompatibilities) between X-linkcd 

recessive alleles and autosomal alleles, are modeled using computer simulations. 

Selection against particular allelic combinations at an X-linked locus and an autosomal 

locus causes displacement of allele frequency dines from the center of the hybrid zone 

and a reduction in introgression at both loci. Patterns of gene flow depend on dominance 

(whether the participating autosomal allele is dominant or recessive) and the strength of 

selection. Comparisons with similar incompatibilities between autosomal loci 

demonstrate effects of X chromosomal hemizygosity on dine shape and dine position. 

Patterns of introgression are also measured at neutral markers closely linked to the targets 

of selection. Even with short recombinational distances and non-trivial selection 

pressures, selection against hybrids via Dobzhansky-Muller incompatibilities provides 

only a slight impediment to neutral gene flow. This result contrasts with empirical 

findings from Appendix A, where the effects of linkage are clearly visible and a 

chromosomal region showing reduced introgression is detectable, suggesting that the 

structure of the house mouse hybrid zone may depart from that modeled in Appendix B. 

Species of house mice offer a unique combination of attributes: they have a complete 

genome sequence available and form hybrid zones in nature. Appendix C uses these 

advantages to compare patterns of introgression with several genomic characteristics for 

the first time. Seven candidate genes for reproductive isolation are identified based on 

their locations in an X-linked region of low introgression (from Appendix A), expression 
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patterns restricted to the male germ line, and high rates of protein evolution in 

comparison with rat coding sequences. Recombination rate, gene density, GC content, 

CpG island density, divergence rates at synonymous sites, and divergence rates at 

nonsynonymous sites are not correlated with patterns of introgression at 13 markers from 

across the X chromosome. Because broad-scale correlations are only expected for 

models of reproductive isolation including large numbers of loci, these results indicate 

that reproductive isolation between M. domesticus and M. musculus may involve a few 

genes of major effect. This appendix demonstrates the special potential of studies in 

house mice to elucidate the genetic details of speciation. 
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APPENDIX A: DIFFERENTIAL PATTERNS OF INTROGRESSION ACROSS THE X 

CHROMOSOME IN A HYBRID ZONE BETWEEN TWO SPECIES OF HOUSE MICE 

ABSTRACT 

A complete understanding of the speciation process requires the identification of 

genomic regions and genes that confer reproductive barriers between species. A few 

studies have begun to identify the genes underlying reproductive isolation, but much 

more progress is needed to understand the generality of these results. Decades of 

empirical and theoretical research have revealed two important patterns in the evolution 

of reproductive isolation in animals: isolation typically arises as a result of disrupted 

epistatic interactions between multiple loci and these disruptions map disproportionately 

to the X chromosome. These patterns suggest that a targeted examination of natural gene 

flow between closely related species at X-linked markers with known positions would 

provide insight into the genetic basis of speciation. I take advantage of the existence of 

genomic data and a well-documented European zone of hybridization between two 

species of house mice, Mus domesticus and M. musculus, to conduct such a survey. I 

evaluate patterns of introgression across the hybrid zone for 13 diagnostic X-linked loci 

with known chromosomal positions using a maximum likelihood model that includes six 

parameters related to dine theory. Inter-locus comparisons clearly identify one locus 

with reduced introgression in the center of the hybrid zone, pinpointing a candidate 
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region for reproductive isolation. Results also reveal one locus with unusual 

introgression patterns outside the center of the hybrid zone, suggesting the possibility that 

positive selection may act to drive the spread of alleles from one species on to the 

genomic background of the other species. Finally, dine width and dine center are 

strongly positively correlated across the X chromosome. Viewed in conjunction with the 

geographic distribution of the two species, this result suggests that incompatibilities 

involving the M. domesticus X chromosome are particularly important in reproductive 

isolation between M. domesticus and M. musculus. The combination of genomic 

resources, genetic tools, and knowledge of natural history makes the house mouse a 

model system for understanding the genetic basis of speciation. 
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INTRODUCTION 

A complete understanding of the process of speciation requires elucidation of the 

underlying genetic details. Ultimately, evolutionary biologists would like to know the 

identities, phenotypic effects, and genomic locations of gcnetic changes that confer 

reproductive isolation between newly formed species. This is a formidable challenge, but 

recent work has identified a handful of genes that cause fitness reductions in inter

specific hybrids, and hence, may contribute to the evolution of reproductive isolation. 

Fine-scale mapping experiments suggest that Odysseus, a gene containing a 

homeobox domain, is associated with hybrid male sterility in crosses between Drosophila 

sechellia and D. mauritiana (Ting et al. 1998). Additionally, Hmr causes lethality and 

female sterility in hybrids between D. melanogaster and its sibling species (Barbash et al. 

2003). Hybrids between Xiphophorns maculatus platyfish andX. helleri swordtails 

display melanomas (which can be fatal) caused by overexpression of the Xmrk-2 gene 

when a particular allele at a repressor gene is not present (Malitschek et al. 1995), 

earmarking this locus as a candidate for the evolution of reproductive isolation via hybrid 

inviability. Finally, Presgraves and colleagues (Presgraves 2003; Presgraves et al. 2003) 

used a hybrid rescue mutation and crosses between D. simulans and strains of D. 

melanogaster containing small, individual deletions to identify a disrupted interaction 

between the autosomal, nucleoporin Nup96 gene in D. simulans and a locus on the D. 

melanogaster X chromosome as a cause of hybrid lethality. Patterns of nucleotide 

variation within and between the two species suggest that positive selection has driven 

species divergence at this gene. Extensive divergence time between D. melanogaster and 
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D. simulans prohibits the conclusion that Nup96 contributed to the original development 

of reproductive isolation between the two species, but this locus seems to be the strongest 

candidate for a "speciation gene" yet (Noor 2003). 

Although the identities of genes contributing to reproductive isolation have been 

established in only a few cases, considerable empirical and theoretical effort has revealed 

generalities that point toward productive directions in research on the genetic basis of 

speciation. First, reproductive isolation typically results from substitutions at different, 

interacting loci (as proposed by Bateson 1909, Dobzhansky 1936, and Muller 1940, 

1942; Orr 1996). Numerous examples of such "complementary genes" have been 

described in plants and animals (Hollingshead 1930; Dobzhansky 1936; Wu and 

Beckenbach 1983; Christie and Macnair 1984; Orr 1987; Pantazidis and Zouros 1988; 

Orr and Coyne 1989; Wittbrodt et al. 1989; Perez and Wu 1995; True et al. 1996). 

Theoretical work indicates that these incompatible substitutions can accumulate rapidly, 

particularly as the number of participating loci increases (Orr 1995). 

Second, the loci contributing to reproductive isolation in animals are found 

disproportionately on the X chromosome (Coyne and Orr 1989). Crosses between 

species pairs, primarily in Drosophila, have consistently mapped loci with major effects 

on hybrid sterility and in viability, in males and females, to the X chromosome 

(Dobzhansky 1936; Crow 1942; Grula and Taylor 1980; Curtis 1982; Zouros et al. 1988; 

Orr 1989; Orr and Coyne 1989). A recent introgression experiment between D. simulans 

and D. mauritiana suggested that the X chromosome has a density of factors contributing 

to hybrid male sterility that is 2.5 times that of the autosomes (Tao et al. 2003). 
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Furthermore, the disproportionate effect of the X chromosome is observed whether males 

or females are the heterogametic sex. For example, genes underlying reproductive 

isolation between butterfly species also appear to be over-represented on the X 

chromosome (Sperling 1994; Prowell 1998; Jiggins et al. 2001). Less direct but more 

taxonomically widespread evidence for the involvement of the X chromosome in 

reproductive isolation comes from the observation of Haldane's (1922) rule; when in the 

oiTspring of two different animal races one sex is absent, rare, or sterile, that sex is the 

heterogametic sex. This generalization has been upheld across a variety of animal 

species, including Drosophila, butterflies, moths, mammals, amphibians, reptiles, and 

birds (Haldane 1922; Laurie 1997; Orr 1997). Although some cases of Haldane's rule are 

likely due to incompatibility of the Y chromosome with a heterospecific genetic 

background, many loci underlying this pattern are expected to be located on the X 

chromosome (Turelli and Orr 1995,2000). Finally, X-linked markers show reduced 

introgression across a number of hybrid zones (Hagen 1990; Sperling and Spence 1991; 

Tucker et al. 1992; Dod et al. 1993; Porter et al. 1997), suggesting that interactions 

including loci on the X chromosome are disrupted in hybrids. 

These two generalizations - that reproductive isolation is caused by disrupted 

epistatic interactions and that such interactions are especially likely to involve the X 

chromosome - suggest a productive avenue to the genetic dissection of reproductive 

isolation: a targeted examination across the X chromosome for substitutions that are 

incompatible with the genomic background of the alternative species. A particularly 

exciting approach is to study natural variation in levels of gene flow between newly 
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formed species across the X chromosome. Regions of the X chromosome that harbor 

genes underlying reproductive isolation are expected to show reduced introgression. 

Hybrid zones provide excellent arenas for such an investigation and offer three 

advantages relative to standard laboratory crossing designs. First, genotypic distributions 

in hybrid zones typically reflect more generations of recombination than in F2 or 

backcross laboratory designs, allowing more precise mapping of individual regions 

causing reproductive isolation. Second, incompatibilities with small fitness effects may 

be easier to detect in natural populations than in the lab. Third, the identification of 

genomic regions conferring reproductive isolation in hybrid zones does not require any 

knowledge or assimiptions about the relevant phenotype. Indeed, the study of hybrid 

zones has contributed substantially to ideas about the genetic architecture of speciation 

(Endler 1977; Barton 1983; Barton and Hewitt 1985; Szymura and Barton 1986, 1991; 

Harrison 1990). For example, two approaches to estimating the number of loci 

underlying reproductive isolation from dines that show stepped allele frequency patterns 

across hybrid zones have been developed by Barton and colleagues (Barton and Hewitt 

1985; Szymura and Barton 1986; Barton and Gale 1993). The rate of allele frequency 

change across the center (or step) of the dine, combined with an estimate of the dispersal 

rate, measures the overall strength of selection against hybrids (due to increased linkage 

disequilibria between loci from across the genome), while the rate of allele frequency 

change in the tails of the dine estimates locus-specific selection pressure. Assuming that 

each locus makes an equal, additive contribution to reproductive isolation, these two 

measures of selection strength can be compared to estimate the total number of loci. 
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When multiple markers have been genotyped, estimates of overall selection strength, 

linkage disequilibria, and recombination rate can also be used to calculate the number of 

loci underlying reproductive isolation. Application of these approaches to hybrid zone 

data from a small number of molecular markers has suggested a polygenic basis for 

reproductive isolation in some cases (e.g. grasshoppers: Barton and Hewitt 1981; toads: 

Szymura and Barton 1986, 1991), and a smaller number of factors in others (e.g. 

butterflies: Porter et al. 1997). 

Hybrid zones can also be used to identify the individual genomic regions involved in 

speciation by investigating patterns of differential introgression at multiple loci with 

known map positions. Under this approach, markers linked to genes causing 

reproductive isolation are expected to introgress at lower rates relative to markers 

unlinked to such genes. Rieseberg et al. (1999) used this rationale to locate 26 genomic 

regions contributing to reproductive isolation between two sunflower species, Helianthus 

petiolaris and H. annuus. Sixteen of these regions were associated with pollen sterility, 

providing a biological explanation for potential reductions in hybrid fitness caused by 

these genetic changes. The power of this differential introgression approach would be 

even greater in species for which genome sequences are available (providing knowledge 

about genes linked to surveyed markers), but the combination of genomic infonnation 

with the propensity to form natural hybrid zones is rare. 

One prominent exception is a pair of closely related house mouse species, Mus 

domesticus and M. musculus (also referred to as M. musculus domesticus and M. 

mus cuius musculus, respectively). The complete genome sequence of the C57BL/6J 
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inbred strain, which is largely a genetic hybrid between M. domesticus and M. musculus 

(Yonekawa et al. 1980; Ferris et al. 1982; Bishop et al. 1985; Wade et al. 2002), was 

recently described (Mouse Genome Sequencing Consortium 2002) and a dense genctic 

map is available (Dietrich et al. 1996). These two species diverged approximately 

350,000 years (700,000 generations) ago (She et al. 1990) and are distinguished 

morphologically by differences in relative tail length (longer in M. domesticus) and 

cranio-facial shape (longer and narrower in M. domesticus', Macholan 1996). Mus 

domesticus ranges across western Europe, northern Africa, and the middle East, while the 

range of M. musculus extends throughout eastern Europe and northern Asia. These two 

species form a hybrid zone that stretches across Europe, from the Jutland peninsula to the 

Bulgarian coast of the Black Sea (Boursot et al. 1993; Sage et al. 1993). This zone 

represents a region of secondary contact between the two species, having formed as a 

consequence of the spread of human agriculture and shipping into Europe during the 

Neolithic transition (Ammerman and Cavalli-Sforza 1984; Sage et al. 1993). The zone is 

estimated to be 6,000 years old at its eastern edge (Sage et al. 1993) and 250 years old at 

its western edge (Hunt and Selander 1973). 

Several lines of evidence suggest partial reproductive isolation between these two 

species. First, crosses between wild M. musculus and some laboratory inbred strains 

(which are derived primarily from M. domesticus) yield sterile hybrid males (but females 

are fertile, consistent with Haldane's rule; Forejt and Ivanyi 1975; Forejt 1996). Second, 

hybrid mice from multiple transects of the European hybrid zone harbor more parasites 

than do pure M. domesticus or M. musculus individuals (Sage et al. 1986; Moulia et al. 



30 

1993; Moulia et al. 1995). Finally, changes in allele frequencies of diagnostic molecular 

markers across the European hybrid zone occur very rapidly relative to the geographic 

extent of the species ranges (Hunt and Selander 1973; Vanlerberghc et al. 1986; Tucker 

et al. 1992). These observations indicate that the hybrid zone is primarily maintained by 

a balance between selection against hybrids and dispersal, making it an excellent natural 

arena for studying the genetics of speciation. 

The European hybrid zone between M domesticus and M. musculus has been 

intensively studied for more than half a century, beginning with phenotypic 

characterization of populations with individuals showing differences in tail length (Ursin 

1952) and investigation of patterns of allozyme variation across the zone (Selander and 

Yang 1969; Hunt and Selander 1973; Schnell and Selander 1981). Examination of 

multiple transects of the European hybrid zone has yielded intriguing insights into the 

gcnetic basis of reproductive isolation between M. domesticus and M. musculus. First, 

while most loci show reduced gene flow relative to the geographic extent of the species 

ranges, there is clear heterogeneity in levels of introgression between genomic regions 

(Vanlerberghe et al. 1986; Tucker et al. 1992; Boursot et al. 1993; Dod et al. 1993; Sage 

et al. 1993). Hence, the genome appears to be "porous," with some regions tolerant of 

gene flow between species while others arc not. Second, Y chromosome introgression is 

usually inhibited (Vanlerberghe et al. 1986; Tucker et al. 1992; Dod et al. 1993; but see 

Munclinger et al. 2002), suggesting a role for Y-linked incompatibilities in mouse 

speciation. Because of the lack of recombination, however, genes on the Y chromosome 

underlying reproductive isolation will be difficult to find using comparative introgression 
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(or mapping) approaches. Finally, the X chromosome shows reduced gene flow across 

three transects (Tucker et al. 1992; Dod et al. 1993; Munclinger et al. 2002). Using mice 

from southern Germany and western Austria, Tucker et al. (1992) studied gene flow at 

two loci on the X chromosome. Both markers displayed reduced introgression relative to 

most autosomal loci, with the locus mapping to the proximal (centromeric) part of the 

chromosome exhibiting the largest reduction. Dod et al. (1993) analyzed dines across a 

Danish transect at three X-linked loci and identified one locus in the central part of the 

chromosome showing the least introgression. An X-linked marker also shows reduced 

gene flow across a transect in the Czech and Slovak Republics (Munclingcr ct al. 2002). 

These studies suggest that (i) exchange of the X chromosome between M. domesticus and 

M. musculus is retarded in nature and (ii) there is variation in the degree of introgression 

within the X chromosome. These results suggest that a study of gene flow between these 

two species at loci situated across the X chromosome is a productive strategy for 

identifying genomic regions involved in reproductive isolation. 

In this appendix, I report patterns of introgression for 13 diagnostic X-chromosomal 

markers across a southern German transect of the hybrid zone between M. domesticus 

and M. musculus. My results highlight substantial variation in gene flow across the X 

chromosome. I identify one locus exhibiting clearly reduced introgression across the 

center of the hybrid zone, a candidate region for reproductive isolation, and one region 

displaying signs of increased gene flow outside the center of the hybrid zone, potentially 

associated with positive selection on a heterospecific genomic background. 
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MATERIALS AND METHODS 

Samples and Marker Identification 

Mice were live-trapped in 1984,1985, and 1992 by R. Sage. A map of the collecting 

localities for the mice used in this study is provided in Figure 1 and the localities are 

listed in Table 1. Genomic DNAs and tissues were generously provided by R. Sage. 

Informative single nucleotide polymorphisms (SNPs) were identified by polymerase 

chain reaction (PGR) amplification and direct sequencing of introns from two individuals 

each of M. domesticus and M. muscuius from outside the hybrid zone, searching for 

restriction fragment length polymorphisms (RFLPs), and surveying candidate RFLPs (via 

digestion of PGR products) for fixed differences in a larger panel including up to 10 

individuals from each species. Loci were amplified by PGR under the following 

conditions: 95 G x 15 minutes, 94 G x 30 seconds, annealing temperature (see Table 2) x 

30 seconds, and 72G x 30 seconds, with the last three steps being repeated for 40 cycles. 

The panel included M. domesticus from Italy and Spain, and M. musculus from the Gzech 

Republic and Serbia. RFLPs that showed fixed differences in this panel were selected for 

genotyping in the hybrid zone. Loci were found in the genome sequence using the UGSG 

mouse genome browser (February 2003 version; www.genome.ucsc.edu). For each 

locus, the genetic position (in cM) was taken to be that of the physically closest marker in 

the sequence that was mapped in the Whitehead-MIT F2 intercross (Dietrich et al. 1996). 

Locations on genetic and sequence-based maps, PGR annealing temperatures, and 

restriction enzymes for each locus are listed in Table 2. 

http://www.genome.ucsc.edu
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I also compared levels of introgression to local recombination rate and gene density. 

I estimated recombination rates by comparing the genetic (using the Whitehead-MIT 

map; Dietrich et al. 1996) and physical (using the February 2003 version of the genome 

sequence; Mouse Genome Sequencing Consortium 2002) positions of microsatellites 

from across the X chromosome. Recombination rate (in cM/Mb) at a given locus was 

estimated as the slope of a linear regression of genetic vs. physical position, including 5 

markers on each side. I estimated gene density by counting the number of predicted 

genes in a 2Mb window centered on each locus using data from the UCSC mouse 

genome browser (February 2003 version; www.gcnome.ucsc.edu). 

Data Analysis 

Frequencies of the M. domesticus allele were calculated separately for each locality 

and each locus (Appendix 1). Locality distances were measured along a straight line 

running (west to east) through the transect starting at a point at its western edge. 

Measures of introgression were estimated using an approach developed by Szymura and 

Barton (1986) and modified by Porter et al. (1997) to account for sex linkage. The model 

relates allele frequency (p) and geographic distance (x) using three equations. One 

equation describes the sinusoidal shape in the center of the dine (lb), and two equations 

describe the exponential change in allele frequency on either side of this center (la, Ic): 

http://www.gcnome.ucsc.edu
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p = exp 
4(x-[C + Z/1)7^ 

w 

1 p = - 1 + tanh 
^ 2 [x  -  c]^ 

2 I w 

p = l- exp 
4(,v-[c + z«])^ 

w 

(la) 

(lb) 

(Ic) 

In this model, c is the location of the center of the zone, w is the width of the zone 

(1/slope at c), zl and zr represent distances from c to a vertical asymptote for the 

exponential decay on the left and right sides of the zone (respectively), and OL and OR are 

the rates of exponential decay on the left and right sides of the zone relative to the shape 

of the central dine from cqn (lb). In total, these equations allow estimation of six 

parameters that provide information about introgression patterns. Cline width (w) 

describes the rate of change in allele frequency in the center of the zone, where the 

frequency changes most rapidly (Endler 1977). Models of selection against hybrids 

produce w proportional to the ratio between dispersal (a, the standard deviation of the 

distance between parent and offspring) and the square root of the strength of selection (.v) 

(Bazykin 1969; Slatkin 1973; Barton and Gale 1993). The center of a cline (c) is the 

point at which allele frequency changes most rapidly, and provides information about the 

overall geographic location of allele frequency gradients (Endler 1977). 9l and 6k 

describe the exponential rate of change in allele frequency in the western and eastern tails 

of the cline, respectively, while zl and zr estimate the distance over which this change 

occurs (as measured from c). Strong non-random associations among loci (linkage 
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disequilibrium) are generated in the center of the hybrid zone by dispersal and mating 

between individuals from parental populations from different sides (which differ in allele 

frequency) and selection against hybrid genotypes. Moving out from the center of the 

hybrid zone, individuals exhibit genotypes resulting from continued backcrossing and 

recombination; consequently, the patterns of change in allele frequency in the tails of the 

dine (DI. OR, ZL, and ZR) are more indicative of locus-specific forces acting on purer 

genomic backgrounds. 

Parameters were estimated by fitting the data for each locus separately to a 

combination of these three equations using maximum likelihood and a program kindly 

provided by A. Porter, which allows the analysis of loci with haplo-diploid inheritance 

patterns (such as those on the X chromosome). Numerical searching of the parameter 

space used a simulated annealing (Metropolis) algorithm [see Szymura and Barton (1986) 

or Porter et al. (1997) for details]. For each locus, the fits of two models to the data were 

compared: one with two parameters (c and w) and one with six parameters (c, w, zu ZR, 

6L, and 6ii). Likelihood ratio tests indicated that the six-parameter model provided a 

statistically better fit to the data for 12 of the 13 loci. Hence, all subsequent analyses 

were performed using the six-parameter model. 

This likelihood framework allowed straightforward comparison of dine shape 

between pairs of loci as follows. For a given comparison, the second locus was 

constrained to the parameter estimates for the first locus and the resulting likelihood was 

estimated. This likelihood was compared to the likelihood estimated using an 

imconstrained model (in which the maximum likelihood estimate of the parameter was 
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obtained). To assess statistical significance, twice the difference in In-likelihood values 

between the constrained and unconstrained models was compared to a chi-square 

distribution with 25 degrees of freedom [where df = (2 alleles - 1)(32 populations - 6 

estimated parameters - 1)]. Additionally, individual parameter estimates (such as dine 

width) were compared between locus pairs using two-unit support limits (which 

correspond roughly to 95% confidence limits; Edwards 1992) derived from the likelihood 

searches. 
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RESULTS 

Differential Introgression among X-linked Loci 

Cline shape parameter estimates for each locus are provided in Table 3 and the 

relationship between allele frequency and geographic position in the hybrid zone transect 

is depicted in Figure 2. The positions of the clincs, as measured by c, are similar; 

consideration of all loci suggests a range of less than 3 km (average c - 55.10 km; range 

= 53.62-56.25 km). In general, cline widths are low (average w = 3.96 km), with clear 

variation among loci (range = 0.37-7.53 km). Levels of introgression are much more 

variable than cline positions (w, CV = 51.08; c, CV = 1.51). The four tail parameters also 

demonstrate variation in the degree of introgression range = 0-0.68; On range = 0-

0.15; zl range = 0.90-999.99 km; zr range = 2.34-999.97 km). Levels of variation in the 

rates of allele frequency change are similar on the M domesticus and M musculus sides 

of the hybrid zone (6t, CV = 184.40; OR, CV = 215.24), while the projected geographic 

locations of asymptotes in allele frequency are more variable on the M. musculus side of 

the zone (ZL, CV = 82.82; ZR, CV - 174.18). On average, allele frequencies change more 

rapidly on the M. domesticus side of the zone (average ft. = 0.13; average ^ = 0.02; 

paired /-test: P - 0.073). 

Further insight into patterns of introgression is obtained by comparing cline shapes to 

chromosomal positions (Figure 3). Both w and c exhibit fairly smooth transitions along 

the X chromosome, with adjacent markers often showing similar values. Cline width 

displays a clear reduction near the center of the chromosome, primarily associated with 



the marker positioned at 27.3 cM on the genetic map and 78.4 Mb in the sequence. Two-

unit support limits for w at this locus overlap slightly with its proximal neighbor, which 

also exhibits a low w, but not with any other locus on the chromosome (Table 3; Figure 

3). Cline center shows a very similar pattern, with the location of the dine at Pol being 

significantly shifted to the west (further into M domesticus territory). Hence, the level of 

introgression in the center of the hybrid zone is statistically reduced at Pol relative to the 

remainder of the X chromosome, identifying this marker as a candidate locus for 

reproductive isolation between M domesticus and M. musculus. A list of known {i.e. 

confirmed) genes in this region is provided in Table 4. 

Statistical comparisons of overall (six-parameter) cline shapes reveal clear variation 

in patterns of introgression among loci, with a large number of pair-wise comparisons 

yielding significant differences (Table 5). Two loci, Xist and Pip, consistently show 

patterns of introgression that are unusual for the X chromosome. Xist shows an 

especially slow rate of allele frequency change in the M. musculus tail of the cline (two-

unit support limits for 6^ do not overlap with other loci across the chromosome). Xist 

does not appear unusual in terms of w, suggesting a decoupling of patterns of 

introgression in the center of the zone from those outside the center. The Pip cline is 

centered more to the east than that of the other loci, and the rate of allele frequency 

change in the M. domesticus tail is unusually rapid, although consideration of two-unit 

support limits indicates that no individual parameters show statistical evidence of 

departure from the remainder of the chromosome (due to this result, I do not discuss this 

locus beyond this section). The Pol locus also displays signs of differentiation in this 
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overall dine shape comparison; data from Pol fit the maximum likelihood parameter 

estimates from this locus significantly better than they fit estimates from 8 out of 12 other 

loci (Table 5). 

Asymmetrical Introgression 

I also evaluated the relationship between the degree of introgression and the 

geographic location of the dines. Cline width and dine center are strongly positively 

correlated across the X chromosome (Spearman's p = 0.89; P < 0.0001; Figure 4). This 

result suggests that gene flow is asymmetrical, consistent with previous studies of this 

and other transects in the European hybrid zone (Hunt and Selander 1973; Tucker et al. 

1992; Dod et al. 1993; Munclinger et al. 2002). The proposal that gene flow is 

asymmetrical is also supported by a lack of correlation between rates of allele frequency 

change (6L vs. OR; P> 0.05) and a negative correlation between geographic locations of 

allele frequency asymptotes (ZI vs. ZR; Spearman's p = -0.58; P = 0.04) on the east and 

west sides of the zone. 

Introgression and Recombination Rate 

If a large number of loci underlying reproductive isolation are scattered randomly 

throughout the genome, markers linked to more genes might reasonably be expected to 

display less introgression. However, there is no relationship between cline shape and 

local recombination rate or gene density for markers on the X chromosome {P > 0.05 in 

all comparisons). This pattern is illustrated by the locus showing the least introgression, 



which is situated in an environment with a recombination rate and gene density typical 

for the X chromosome. 
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DISCUSSION 

Characterization of patterns of gene flow in hybrid zones can provide crucial 

information about the dynamics of the speciation process (Barton and Hewitt 1985; 

Harrison 1990; Arnold 1997). Theory connects the geographic arrangement of allele 

frequencies (dines) to parameters relevant to the evolution of reproductive isolation, 

including dispersal rates and intrinsic barriers to gene flow (Barton 1983; Barton and 

Bengtsson 1986). The analysis of hybrid zones becomes even more insightful when 

molecular markers of known genetic and physical position are employed because this 

allows the exchange rate of specific genomic regions to be measured and compared. 

Patterns of differential gene flow are expected to reflect variation in locus-specific forces, 

most notably natural selection, providing an opportunity to pinpoint genomic regions, and 

eventually, genes, that are prohibited or accentuated in their introgression between 

species. 

Tucker et al. (1992) and Dod ct al. (1993) provided key insights into the genetic basis 

of reproductive isolation between M. domesticus and M. musculus by demonstrating that 

(i) the X chromosome introgresses less, on average, than the autosomes, and (ii) regions 

of the X chromosome differ from each other in the extent of gene flow across the 

European hybrid zone. These findings, in conjunction with results from a large body of 

empirical and theoretical work on the genetics of speciation, motivated me to conduct a 

detailed survey of gene flow across the X chromosomc in the European hybrid zone 

between M. domesticus and M. musculus. My results demonstrate clear variation in 
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patterns of introgression across the chromosome and identify multiple loci with unusual 

characteristics of gene flow, including a candidate region for reproductive isolation and a 

candidate region for adaptive introgression. Comparison of dine shapes across loci also 

confirms that the exchange of X-linked genes between M. domesticus and M. musculus is 

not symmetrical, suggesting that interactions between the M. domesticus X chromosome 

and the M. musculus autosomes are disrupted in hybrids. 

Evidence for the Effects ofLinkage in Patterns ofIntrogression 

Because genetic and physical maps are unavailable for most species that form hybrid 

zones in nature, the effects of genomic location on marker introgression have rarely been 

evaluated. A notable exception is the study of Rieseberg et al. (1999). In addition to 

identifying specific genomic regions potentially involved in reproductive isolation (as 

well as some regions introgressing with a higher frequency than expected), this research 

uncovered stronger associations (linkage disequilibria) among adjacent loci than between 

unlinked markers. These associations decayed with genetic map distance, a predicted 

signature of recombination in the hybrid zone. 

The chromosomal arrangement of patterns of introgression in my study provides a 

similar illustration of the effects of genetic linkage on gene flow in the hybrid zone 

between M. domesticus and M. musculus. Transitions in dine width and dine center are 

reasonably smooth across the X chromosome (Figure 3). Adjacent markers show-

significant autocorrelation in dine widths at a lag of one locus (Spearman's p = 0.60; P -

0.04). Furthermore, tightly linked loci exhibit similar patterns: the two pairs of loci that 
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map to 24.0 cM and 29.5 cM show very similar dine widths and dine centers (Tables 2 

and 3; Figure 2). This general correspondence between inferred gene flow and 

chromosomal position provides support for this inter-locus approach, suggesting that 

recombination has played a role in structuring the patterns of introgression I observe. 

A Candidate Locus for Reproductive Isolation 

Patterns of introgression at the locus mapping to 27.3 cM are differentiated 

statistically from most other loci on the X chromosome. Visual inspection of allele 

frequency plots (Figure 2) and examination of dine widths (Table 3) indicate that this 

locus is unusual by virtue of its reduced introgression across the center of the hybrid 

zone. Because dine width measures the extent of gene flow in the geographic portion of 

the zone in which pure species are most likely to mate (the center) and because of the 

theoretical relation between dine width and selection against hybrids (balanced by 

dispersal; Barton and Gale 1993), this parameter provides the most direct information 

about reproductive isolation. By using a six-parameter model, I have controlled for the 

effects of variation in other gene flow parameters on the estimation of dine width (Barton 

and Szymura 1986; Porter et al. 1997). 

The spatial arrangement of dine widths across the chromosome also points to Pol as a 

marker for a candidate region for reproductive isolation. The interval including five loci, 

spanning 5.5 cM (from 24.0 cM to 29.5 cM) and 35.7 Mb (from 52.9Mb to 88.6Mb), 

displays a chromosomal valley in dine width (Figure 3). In fact, the 10 adjacent loci 

ranging from 15.3 cM to 45.9 cM show a pattern of monotonically decreasing dine width 
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followed by raonotonically increasing dine width, connected in the center by the Pol 

locus. Signs of this differentiation between Pol and other loci can also be seen in 

comparisons of overall (six-parameter) dine shape: likelihoods of parameter values from 

other loci conditional on the Pol dataset are significantly reduced in 8 of 12 comparisons 

(Table 5). 

Two additional lines of evidence support the conclusion that this region of the X 

chromosome has played an important role in the development of reproductive barriers 

between M. domesticus and M. musculus. Dod et al. (1993) surveyed three X-linked loci, 

Hprt (a diagnostic allozyme marker), DXPasJ, and DXPas2 (two anonymous, diagnostic 

RFLP markers) across a Danish transect of the hybrid zone. Although sequences and 

precise positions for the DNA markers are not available, Dod et al. (1993) note that the 

locus with the most restricted gene flow, DXPas2, is located a few cM distal to Xist, a 

gene that has been mapped in mice. This places DXPas2 about 4 cM away from the 

locus showing the most reduced introgression in my study. Although these results may 

reflect the efTects of different genes on reproductive isolation, this broad concordance in 

patterns of gene flow across independent transects of the hybrid zone points toward the 

center of the X chromosome as a clear candidate region for speciation in house mice. 

One of the benefits of an approach that uses differential patterns of introgression to 

identify genomic regions involved in reproductive isolation is that it does not require 

knowledge of the phenotypes contributing to speciation. Nevertheless, information that 

links genomic regions experiencing reduced introgression to phenotypes related to 
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reproductive isolation can provide corroborating evidence that the restricted gene flow is 

connected to the speciation process (Ricseberg and Buerkle 2002). 

Recently, Forejt and colleagues (in prep.) have introgressed individual genomic 

segments between the PWD/Ph laboratory strain (which is of M. musculus origin) and 

C57BL/6J (which is primarily of M domesticus origin). Two results are noteworthy 

when viewed in light of my data. First, placement of the PWD/Ph X chromosome on to 

the genomic background of C57BL/6J causes male sterility, further implicating the X 

chromosome as significant in the genetics of reproductive isolation between M. 

domesticus and M. musculus. Second, quantitative trait loci (QTL) associated with 

measures of hybrid male sterility, including the number of offspring and sperm head 

morphology, seem to map to the chromosomal region I have identified as potentially 

important in the genetics of speciation. 

A list of confirmed genes with functional information available in a window of 1 Mb 

on either side of the Pol locus is provided in Table 4. In addition to these genes, 14 

predicted genes of unknown function are located in this region. Three of the confirmed 

genes {Arx, Zfx, and Magedl) are primarily expressed in the testes, a characteristic that 

might be expected for loci underlying hybrid male sterility. Genes expressed only in 

male germ cells are over-represented on the X chromosome in mice (Wang et al. 2001), 

but the patterns of introgression and expression suggest that these genes are reasonable 

candidates for loci underlying reproductive isolation between M domesticus and M. 

musculus. 
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A Candidate Locus for Adaptive Introgression 

In addition to locating candidate regions for reproductive isolation, patterns of 

differential introgression can identify adaptive gene flow by uncovering genomic regions 

that mix between species at an unusually high rate. Comparison of allele frequency 

dines in Figure 3 clearly identifies Xist as one such locus. In particular, Xist is 

polymorphic in an unusual number of populations on the M. musculus side of the hybrid 

zone (this result is quantitatively described by the very slow decay in M. domesticus 

allele frequency (^) in M. musculus territory). This result raises the intriguing 

possibility that M. domesticus alleles at a gene mapping to the Xist region may out-

compete M. musculus alleles on a primarily M musculus genomic background. Adaptive 

introgression may also be symmetrical in this case, but less-intensive sampling on the M. 

domesticus side of the zone makes this proposition difficult to test. The causative locus 

does appear to be tightly linked: the introgression patterns displayed by Xist are not seen 

at Pol (2.2 cM proximal) or at L6 (identical genetic map position; only 167 kb distal). 

Fitting my data to the six-parameter model allows me to separate evolutionary forces 

acting in the center of the hybrid zone from those acting outside the center. Patterns of 

introgression at Xist track those of closely linked loci in the center of the zone: Xist, Pol, 

and L6 have similar dine centers and dine widths. Theory predicts that associations 

between unlinked loci will often be strong in the center of a hybrid zone, due to the 

continual input of genotypes from populations with different allele frequencies and 

selection against hybrids (Barton 1983). Clearly, this effect will be exacerbated for 

linked loci. Outside the center of the hybrid zone, the degree of allele frequency 



differentiation is smaller and the frequency of hybridization is weaker, resulting in a 

relaxation of inter-locus associations (Barton 1983). Hence, the parameters measured in 

the center of the hybrid zone reflect genome-wide forces and measure introgression on a 

more hybrid genetic background (a more relevant arena for mapping genomic regions 

associated with reproductive isolation), while the parameters in the tails of hybrid zone 

dines indicate more locus-specific forces measured on a backdrop of purer species 

genomes. Xist provides a nice example of this logic because this locus harbors M. 

domesticus alleles in a number of individuals who carry M. musculus alleles at the 

remaining 12 X-linked loci. Because of the direction of gene flow, M. domesticus alleles 

at Xist found on the M musculus side of the zone are likely to be older and have 

experienced more recombination than those in the center of the zone, providing another 

mechanism for decoupling this locus from other loci on the X chromosome. 

An alternative explanation for the unusual pattern of introgression at Xist is that a 

problem in the RFLP assay causes the genotypes to be incorrectly assessed. To rule out 

this possibility, I sequenced the RFLP site from Xist PGR products for a number of 

individuals scored as M. domesticus on the M. musculus side of the zone. In all cases, 

RFLP patterns matched the sequence at the restriction site. Additionally, the sequences 

revealed that these individuals carry M domesticus alleles at other sites in the PGR 

fragment. Hence, inferences about introgression at Xist from RFLP patterns are robust. 

Another explanation for the Xist results is that the scored difference at this locus is 

not diagnostic of M. domesticus and M. musculus, and merely reflects patterns of neutral 

gene flow at a site retaining ancestral polymorphism in one or both species. Limited 
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availability of samples from outside the hybrid zone makes this possibility difficult to 

eliminate. However, two lines of evidence argue against this interpretation. First, if the 

observed difference at this locus is polymorphic in one or both species just outside the 

hybrid zone, and patterns of introgression result mainly from neutral diffusion of this 

polymorphism, we might expect this variation to also be visible in localities on the M. 

domesticus side of the transect. However, the long tail of introgression appears to be 

restricted to the M. musculus side of the hybrid zone. Second, if the unusual tail of the 

Xist dine primarily reflects neutral introgression, similar patterns should be found in 

markers from across the genome. Although the introgression of M domesticus alleles 

can be seen at autosomal markers genotyped in the same transect (Tucker et al. 1992), the 

extent of gene flow appears to be much greater at Xist. Finally, it is possible that the 

assayed SNP does not map to the inferred genomic location. Although I cannot 

definitively rule out this possibility, it seems clear that the SNP is X-linked: 

heterozygous genotypes are only observed in females. 

Overall, the data seem most consistent with the notion that alleles at this locus are 

experiencing positive selection on a heterospecific genomic background. Empirical 

studies, particularly in plants, indicate that hybridization can provide a source of genetic 

variation for adaptation (Arnold 1997; Rieseberg et al. 2003). Theory indicates that 

advantageous alleles responding to environmental selection can escape barriers to gene 

flow caused by heterozygote disadvantage at the same locus in the center of a hybrid 

zone via drift (Pialek and Barton 1997). A situation more directly comparable to my 

study, with one locus showing a substantial barrier to gene flow in the center of the 
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hybrid zone and a linked locus showing signs of adaptive introgression just outside the 

center, has yet to be modeled. Given the apparent porosity of the genome (Rieseberg et 

al. 1999; Martinsen et al. 2001), theoretical results in this area would be useful. 

Asymmetrical Introgression 

There is a strong, positive correlation between dine width and clinc center across the 

X chromosome, indicating that loci with lower frequencies of introgression have dines 

shifted further into the M. domesticus side of the hybrid zone. Furthermore, measures of 

allele frequency change outside the center of the hybrid zone are generally uncorrelated 

between the M. domesticus and M. musculus sides and appear to be more variable on the 

M. musculus side. Using data from this transect, Tucker et al. (1992) also noted greater 

inter-locus variation in gene flow on the M. musculus side of the hybrid zone. 

Specifically, M. domesticus alleles were sometimes found in M. musculus localities at 

autosomal loci but not at markers on the X or Y chromosome. A similar discrepancy 

between sex chromosomes and autosomes was also observed in the Danish transect 

(Vanlerberghe et al. 1988; Dod et al. 1993). Taken together, these results suggest clear 

asymmetry in patterns of introgression across the hybrid zone, and imply that the extent 

of gene flow of particular X-linked regions may be determined primarily by the fitness of 

M. domesticus alleles on a hybrid or M. musculus genomic background. The inference of 

asymmetrical effects agrees well with data from crosses between Drosophila species 

pairs. For example, X-linked regions causing hybrid male sterility between D. 
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pseudoobscura and D. persimilis when crossing in one direction can be introgressed in 

the alternative direction with no observable effect (Wu and Beckenbach 1983). 

In addition to asymmetrical incompatibilities in hybrids, differences in the stringency 

of mate choice may affect observed patterns of gene flow between M domesticus and M. 

musculus. For example, behavioral studies of mice from the edges of the Danish transect 

suggest that M. musculus females are more particular than M. domesticus females 

(Smadja and Ganem 2002). 

Introgression and Recombination Rate 

I demonstrated that the degree of introgression is not correlated with local 

recombination rate or gene density across the X chromosome. The restriction of my test 

to the X chromosome limits the generality of my conclusions. Nevertheless, this pattern 

argues against the idea that reproductive isolation between M. domesticus and M. 

musculus is due to many loci scattered throughout the genome, with the probability of 

detection just a function of the number of genes linked to a surveyed locus. Viewed in 

combination with the incompleteness of reproductive isolation between these species and 

their recent divergence time (350,000 years; She et al. 1990), these results suggest that 

the isolation is relatively young and that we may expect to find a small to moderate 

number of genes associated with spcciation in this case. The collection and analysis of 

comparable data from the autosomes will allow a more rigorous assessment of this idea. 
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Predictions and Future Research 

My results provide a number of testable predictions regarding the genetic basis of 

reproductive isolation between M. domesticus and M. musculus. First, we might expect a 

gene or genes in the region with strongly reduced introgression to show unusual patterns. 

For example, such genes might display aberrant expression patterns in hybrids between 

M. domesticus and M. musculus or high rates of protein evolution. Additionally, I predict 

that studies designed to map the genetic basis of postzygotic or prezygotic isolation 

between these two species will detect loci of moderate to large effect in this region of the 

X chromosome. My results also suggest that surveys of nucleotide variaton at the Xist 

locus in mouse populations from just outside the hybrid zone may reveal evidence of 

positive, directional selection. 
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Appendix 1. Mus domesticus allele frequencies for each locus in each locality. 

Locality Fox Sepb Nt Fmr Emd Pol Xist L6 Pou Btk Pip Trr Glra2 
Augsburg (A), 1.00 1.00 0.94 0.94 0.94 0.94 0.94 1.00 0.94 0.94 1.00 0.94 1.00 
Germany 
Augsburg (B), 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Germany 
Ebersbach, 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Germany 
Kammerberg- 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Zandt, Germany 
Kammerberg- 1.00 0.83 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Hartl, Germany 
Appercha, 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Germany 
Gesselthausen- 0.98 0.93 1.00 0.99 0.99 0.99 0.99 0.99 0.99 0.98 0.99 0.99 0.99 
Ziigletrumm, 
Germany 
Gesselthausen- 0.91 0.83 0.88 0.91 0.91 0.90 0.91 0.91 0.89 0.92 0.92 0.90 0.90 
Warta, Germany 
Giesenbach, 1.00 0.75 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Germany 
Ebserspoint, 0.88 0.82 0.88 0.88 1.00 1.00 0.93 0.94 1.00 0.93 1.00 0.88 1.00 
Germany 
Massenhausen, 0.75 0.91 0.69 0.75 0.69 0.33 0.63 0.64 0.63 0.40 0.50 0.73 0.88 
Germany 
Neufahm bei 0.55 0.50 0.37 0.26 0.25 0.28 0.18 0.20 0.52 0.57 0.66 0.27 0.42 
Freising, 
Germany 
Pul ling- 0.17 0.17 0.75 0.58 0.90 0.42 0.50 0.42 0.50 0.17 0.75 0.50 0.25 



Petryszak, 
Germany 
Achering, 
Germany 
Freising, 
Germany 
Tuntenhausen, 
Germany 
Gut 
Wildschwaig, 
Germany 
Rudlfmg, 
Germany 
Schwaig, 
Germany 
Tittenkofen, 
Germany 
Sonnendorf, 
Germany 
Brand!, Germany 
Attenham, 
Germany 
Simbach, 
Germany 
Ranshofen-
Holfinger, 
Austria 
Ranshofen-
Penias, Austria 
Branau, Austria 

0.20 0.25 

0.00 0.00 

0.00 0.00 

0.00 0.00 

0.00 0.00 

0.09 0.09 

0.00 0.00 

0.18 0.00 

0.00 0.00 
0.00 0.00 

0.07 0.07 

0.00 0.00 

0.00 0.00 

0.00 0.00 

0.06 0.41 

0.00 0.00 

0.00 0.00 

0.00 0.00 

0.00 0.00 

0.26 0.13 

0.00 0.00 

0.00 0.00 

0.00 0.00 
0.00 0.00 

0.00 0.07 

0.00 0.00 

0.00 0.00 

0.00 0.00 

0.10 0.07 

0.00 0.00 

0.00 0.00 

0.00 0.00 

0.00 0.00 

0.04 0.09 

0.00 0.00 

0.00 0.00 

0.00 0.00 
0.00 0.00 

0.04 0.04 

0.00 0.00 

0.00 -

0.00 0.00 

0.00 

0.50 

1.00 

0.00 

0.63 

0.39 

0.00 

0.31 

1.00 
0.62 

0.70 

0.33 

0.25 

0.40 

0.00 

0.00 

0.00 

0.00 

0.00 

0.04 

0.00 

0.00 

0.09 
0.00 

0.08 

0.00 

0.00 

0.00 

0.14 

0.00 

0.00 

0.00 

0.00 

0.04 

0.00 

0.00 

0.00 
0.00 

0.04 

0.00 

0.00 

0.00 

0.36 

0.33 

0.00 

0.33 

0.00 

0.04 

0.00 

0.00 

0.00 
0.00 

0.04 

0.00 

0.00 

0.00 

0.59 

0.83 

1.00 

0.33 

0.13 

0.26 

0.00 

0.00 

0.39 
0.15 

0.07 

0.00 

0.00 

0.00 

0.04 

0.33 

0.00 

0.00 

0.03 

0.04 

0.00 

0.00 

0.00 
0.00 

0.08 

0.00 

0.00 

0.03 

0.00 

0.00 

0.00 

0.16 

0.17 

0.00 

0.00 

0.00 
0.00 

0.07 

0.00 

0.00 

0.00 



Nofmg, Austria 
Aufhausen, 
Austria 
Rodham, Austria 
Leitham-Fuchs, 
Austria 
Leitham-
Hubinger, 
Austria 

0.00 0.00 
0.00 0.00 

0.00 0.00 
0.00 0.00 

0.00 0.00 

0.00 0.00 
0.00 0.00 

0.00 0.00 
0.00 0.00 

0.00 0.00 

0.00 0.00 
0.00 0.00 

0.00 0.00 
0.00 0.00 

0.00 0.00 

0.21 
0.00 

0.10 
0.14 

0.00 

0.00 
0.00 

0.00 
0.00 

0.00 

0.00 
0.00 

0.00 
0.00 

0.00 

0.00 
0.00 

0.00 
0.00 

0.00 

0.00 
0.00 

0.00 
0.00 

0.00 

0.00 
0.00 

0.00 
0.00 

0.00 

0.00 
0.00 

0.00 
0.11 

0.00 
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Table 1. Hybrid zone localities, distances from western edge of transect, and numbers of 
chromosomes sampled (averaged across loci). 

Locality Distance Number of 
(km) Chromosomes 

Sampled 
Augsburg (A), Germany 2.2 17 
Augsburg (B), Germany 2.2 11 
Ebersbach, Germany 39.6 9 
Kammerberg-Zandt, Germany 45.2 7 
Kammerberg-Hartl, Germany 45.2 6 
Appcrcha, Germany 49.2 27 
Gesselthausen-Ziigletrumm, Germany 51.8 109 
Gesselthausen-Warta, Germany 51.8 63 
Giesenbach, Germany 52.4 4 
Ebserspoint, Germany 53.2 16 
Massenhausen, Germany 53.8 15 
Neufahm bei Freising, Germany 55.6 103 
Pulling-Petryszak, Germany 58.8 12 
Achering, Germany 59.2 30 
Freising, Germany 61.4 6 
Tuntenhausen, Germany 62.2 9 
Gut Wildschwaig, Germany 64.4 6 
Rudlfmg, Germany 67.2 30 
Schwaig, Germany 69.2 23 
Tittenkofen, Germany 77.2 3 
Sonnendorf, Germany 84.6 32 
Brundl, Germany 103.4 23 
Attenham, Germany 130.4 13 
Simbach, Germany 152.4 27 
Ranshofen-Holfinger, Austria 155.0 6 
Ranshofen-Penias, Austria 155.6 4 
Branau, Austria 157.4 5 
Nofing, Austria 160.4 24 
Aufhausen, Austria 170.0 3 
Rodham, Austria 170.2 10 
Leitham-Fuchs, Austria 176.0 8 
Leitham-Hubinger, Austria 176.4 3 



Table 2. Genomic positions and assay conditions of molecular markers. 

Locus Genetic 
Position 
(cM) 

Physical 
Position 
(bp) 

Forward 
PGR Primer 

Reverse 
PGR Primer 

Annealing T 
fC) 

Enzyme 

Fox 1.1 3748097 CCATTCA AGAGAGA 57 Haelll 
TCCTAAA GACTGGG 
TGCCAGA GACTGA 

Sepb 15.3 23407551 AGCGATC GACGCGA 61 EcoRI 
AACTCTG AAGCAAA 
GAGGAA ATGAAG 

Nt 20.8 40644378 TCCTTTC ATAGTTG 56 BspGNl 
CTGAGTT GGGGGTG 
GCTTGC ACTCGT 

Fmr 24.0 52891104 CCCTCAT CCAAACA 55 Hpyl88I 
CATTATT GATTAGT 
CATTTCG GGCTCA 

Emd 24.0 58386749 CCAGGGG GTGGGGT 56 Taql 
AATAAAA AAGGGAT 
GGATGC GAAGAG 

Pol 27.3 78445479 CCATGCA TCCAAGG 57 BstAPI 
CGAAGAG TAGTCAA 
GACTGT CTGTGGA 

A 

Xist 29.5 88396856 CAAGTCC CTGATGG 60 BanI 
TCGCTAC GGGATCT 
TCTGAAC CCAC 

L6 29.5 88564060 
A 

AGTAGCA GGTGTAT 55 BsmAI 
GTAGTCA GTAGACT 



Pou 40.4 

Btk 43.7 

Pip 45.9 

Trr 50.3 

Glra2 57.9 

96002970 

116363735 

118630362 

126291138 

142398736 

AAACAAA 
GOG 
TCTGCAC 
TCTTGCT 
GGAGAA 
CATCCTC 
CTGCCTC 
AACTTC 
TATGATA 
GTAGCAA 
ATGG 

CAAGGAG 
GTGGTAG 
GAGCTG 
CAAATTG 
GATTGTC 
TTATTGA 
ACTGCC 

GGCCAAG 
C 
CTCCCCA 
TGATCTG 
GGTTT 
TCCAAGA 
TTAGGGC 
TCAGAAA 
ACGCAGC 
AATAAAC 
AGGTGGA 
AGG 
AAAGAAT 
TGGTGCA 
GGGAGA 
CTGGAGG 
AAAGAAG 
TAGT 

57 MboII 

61 BsrI 

47 PvuII 

60 Haelll 

54 Mnll 
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Table 3. Cline parameter estimates (two-unit support limits) for loci surveyed in this 
study. 

Locus c w 9L Ok ZL zr 

Fox 56.25 6.14 0.49103 0.00029 13.9(1.9- 260.4 
(55.61- (4.63- (0.00028- (0.00004- 998.9) (80.4-
56.99) 8.02) 0.99932) 0.00163) 667.6) 

Sepb 55.86 7.53 0.02066 0.00006 40.0 (2.1- 982.0 Sepb 
(55.33- (6.10- (0.00016- (0.00003- 995.4) (143.7-
56.58) 9.69) 0.85684) 0.00237) 999.9) 

Nt 54.89 4.02 0.00002 0.01656 999.2 7.4(4.1-
(54.13- (2.78- (0.00001- (0.00494- (10.0- 20.7) 
55.39) 5.40) 0.99780) 0.05092) 999.9) 

Fmr 54.73 3.60 0.00002 0.00233 980.2 23.1 
(54.08- (2.30- (0.00001- (0.00084- (2.8- (12.8-
55.07) 4.56) 0.98508) 0.00712) 999.9) 48.6) 

Emd 54.12 1.16 0.00846 0.00256 8.6 (1.4- 5.7 (2.7-
(53.84- (0.64- (0.00184- (0.00073- 27.1) 12.9) 
53.34) 3.89) 0.51683) 0.03859) 

Pol 53.62 0.37 0.00000 0.00034 999 9 4.6 (2.4-
(53.34- (0.21- (0.00000- (0.00008- (317.0- 11.2) 
53.88) 0.91) 0.00001) 0.00221) 999.9) 

Xist 54.54 3.25 0.00001 <0.00001 999.6 999.9 
(53.93- (2.02- (0.00001- (0.00000- (7.5- (554.2-
55.21) 4.65) 0.61781) 0.00001) 999.6) 999.9) 

L6 54.49 2.95 0.45499 0.00009 0.9 (0.9- 230.0 
(54.08- (2.57- (0.00068- (0.00021- 998.7) (86.3-
54.78) 3.99) 0.99983) 0.00053) 600.5) 

Pou 55.73 5.29 0.00003 0.15332 999.9 2.3 (1.7-
(55.14- (3.89- (0.00001- (0.03662- (150.9- 17.9) 
56.66) 7.90) 0.75318) 0.58601) 999.9) 

Btk 55.78 5.42 0.00004 0.06026 999.9 3.8 (3.0-
(54.88- (4.19- (0.00002- (0.01751- (55.1- 9.8) 
56.59) 7.55) 0.00469) 0.16597) 999.9) 

Pip 56.26 5.72 0.67528 0.00205 558.7 21.9 Pip 
(55.26- (4.24- (0.00029- (0.00073- (2.1- (17.6-
57.15) 7.82) 0.99881) 0.00416) 998.8) 37.8) 

Trr 54.75 3.59 0.00002 0.02494 999.9 6.4 (3.2-
(54.06- (2.12- (0.00001- (0.00391- (11.9- 31.8) 
55.13) 4.55) 0.12893) 0.06957) 999.9) 

Glra2 55.32 2.49 0.03634 0.00011 7.5 (1.3- 135.3 
(54.99- (1.21- (0.00638- (0.00002- 25.0) (51.4-
55.62) 4.32) 0.22112) 0.00042) 334.4) 
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Table 4. Known genes in a window encompassing 1Mb on either side of the Pol locus. 

Gene Name Gene Description Function Position 
in bp 

Arx aristaless related homcobox gene 
(Drosophila) 

Polal polymerase (DNA directed), alpha 
Pdk3 pyruvate dehydrogenase kinase, 

isoenzyme 3 
Zfx zinc finger protein 

Eif2s3x eukaryotic translation initiation factor 2, 
subunit 3, structural gene 

Magedl melanoma antigen, family D 

transcription factor, 
development of 
forebrain and testes 
replication 
pyruvate 
metabolism 
transcription factor, 
expressed in 
gonads 
translation 

transcription factor, 
expressed in testes 
and placenta or 
cancerous cells 

78100519 

78118764 
78578614 

78888629 

79004497 

79349471 



Table 5. P-values for likelihood ratio tests for differences in six-parameter dine shape. 

Fox® Sepb Nt Fmr Emd Pol Xist L6 Pou Btk Pip Trr Glra2 
Fox"' 0.985 0.431 0.076 0.945 <0.001 <0.001 0.004 0.999 0.939 <0.001 0.275 0.930 
Sepb 0.995 0.582 0.430 0.999 <0.001 <0.001 0.038 0.999 0.923 <0.001 0.642 0.350 
Nt 0.073 0.467 0.999 0.999 0.587 <0.001 0.266 0.985 0.998 <0.001 0.999 0.713 
Fmr 0.030 0.042 0.999 0.999 0.382 <0.001 0.764 0.299 0.569 <0.001 0.999 0.803 
Emd <0.001 0.027 0.992 0.996 0.004 <0.001 0.688 0.790 0.501 <0.001 0.999 0.633 
Pol <0.001 0.005 0.865 0.834 0.999 <0.001 0.383 0.717 0.734 <0.001 0.988 0.025 
Xist <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
L6 <0.001 <0.001 0.214 0.254 0.999 <0.001 <0.001 0.002 <0.001 <0.001 0.999 0.621 
Pou 0.008 0.950 0.932 0.730 0.942 0.071 <0.001 0.002 0.999 <0.001 0.855 0.113 
Btk 0.261 0.875 0.998 0.942 0.854 0.023 <0.001 <0.001 0.999 <0.001 0.697 0.329 
Pip 0.011 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.032 <0.001 <0.001 
Trr <0.001 0.133 0.999 0.999 0.999 0.868 <0.001 0.702 0.833 0.599 <0.001 0.420 
Glra2 0.827 0.379 0.715 0.503 0.999 <0.001 <0.001 0.667 0.680 0.117 <0.001 0.997 

® Columns indicate source of data used in likelihood ratio tests. 

''Rows indicate source of parameter estimates used in likelihood ratio tests. 



FIGURE LEGENDS 

Figure 1. Map of collecting localities along a transect through the hybrid zone between 

M. domesticus and M. musculus in southern Germany and western Austria. Locality 

names correspond to those in Table 1. The dashed line shows the approximate position 

of the hybrid zone throughout Europe (modified from Sage et al. 1993). 1 Augsburg-

quail, 2 Augsburg-camel, 3 Ebersbach, 4 Kammerberg-Zandt, 5 Kammerberg-Hartl, 6 

Bachenhausen*, 7 Appercha, 8 Gesselthausen-Ziigletrum, 9 Gesselthausen-Warta, 10 

Giesenbach, 11 Eberspoint, 12 Massenhausen, 13 Giggenhausen*, MNeufahmbei 

Freising, 15 Thalhausen*, 16 Pulling-Petryszak, 17 Pulling-Appels*, 18 Achering, 19 

Freising, 20 Tuntenhausen, 21 Gut Wildshwaig, 22 Rudlfing, 23 Schwaig, 24 

Domhaselbach*, 25 Tittenkofen, 26 Sonnendorf, 27 Hogersdorf, 28 Atting*, 29 Brundl, 

30 Attenham, 31 Mitterskirchen*, 32 Simbach, 33 Konigsaich*, 34 Ranshofen-Holfmger, 

35 Ranshofen-Peinias, 36 Branau, 37 Nofing, 38 Aufhauscn, 39 Rodham, 40 Leitham-

Fuchs, 41 Leitham-Hubinger. Localities marked with * had sample sizes of less than 3 

chromosomes and were excluded from analyses. 

Figure 2. Scatterplots ofM domesticus allele frequency vs. geographic position (km) for 

13 X-linked loci. The loci are arranged by increasing physical position in the sequence. 

Figure 3. Scatterplot of dine width (km) vs. genetic position (cM) for 13 X-linked loci. 



Figure 4. Scatterplot of dine width (km) vs. dine centcr (km). 



Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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APPENDIX B: DOBZHANSKY-MULLER INCOMPATIBILITIES BETWEEN THE 

X CHROMOSOME AND THE AUTOSOMES IN A HYBRID ZONE 

ABSTRACT 

Laboratory studies on the genetic basis of speciation have revealed several general 

patterns. First, reproductive isolation between species is t5/pically caused by disrupted 

interactions between alleles at different loci (Dobzhansky-Muller incompatibilities), 

rather than by simple underdominance. Second, in crosses between animal species, 

heterogametic hybrids {i.e. those with different sex chromosomes) usually exhibit 

reduced fitness relative to homogametic hybrids (Haldane's rule). Third, a 

disproportionate number of the loci underlying reproductive isolation are located on the 

X chromosome. 

As general rules describing the development of postzygotic isolation (at least in animals), 

these patterns are predicted to have consequences for the dynamics of gene flow in 

nature, particularly among closely related species. Specifically, these trends suggest that 

Dobzhansky-Muller incompatibilities involving the X chromosome underlie much of the 

reproductive isolation between young species pairs, and that allele frequency dines at X-

1 inked loci and their epistatic partners in hybrid zones should reveal information about 

the genetic basis of this isolation. Here I investigate the effects of incompatibilities 

between the X chromosome and the autosomes on introgression across a hybrid zone 
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using computer simulations. I explicitly model two-locus interactions between the X 

chromosome and the autosomes of the type predicted to give rise to Haldane's rule (X-

linked recessive alleles with autosomal dominant alleles) and others likely to contribute 

to the large X effect, and describe the resulting patterns in allele frequency dines. 

Dobzhansky-Muller interactions between X-linked recessives and their autosomal 

partners cause dine locations to be displaced relative to one another and yield differences 

in dine shape between loci. Comparison with autosomal-autosomal incompatibiUties 

demonstrates that inter-locus differences in patterns of introgression are caused by both 

dominance relationships and the inheritance of the loci involved. Effects of X 

chromosome hemizygosity can be seen in inter-locus differences in both dine shape and 

dine position. I also investigate allele frequency dines for neutral loci that are closely 

linked to the genes involved in incompatibilities. Results suggest that finding 

Dobzhansky-Muller interactions between the X chromosome and the autosomes, and 

thus, detecting the signal of Haldane's rule and/or the large X effect using randomly 

chosen, neutral markers, will be challenging. 
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INTRODUCTION 

Decades of research dedicated to understanding the genctic basis of speciation in 

animals has revealed several clear generalities. First, postzygotic isolation between 

species typically evolves via the accumulation of incompatible substitutions at interacting 

loci (Bateson 1909; Dobzhansky 1936,1937: Muller 1940, 1942; Orr 1995,1996, 1997). 

Such incompatibilities (often called "Dobzhansky-Mullcr incompatibilities") can develop 

as simple by-products of neutral or adaptive divergence between allopatric populations at 

individual loci and do not require nascent species to pass through maladaptive states. 

The empirical evidence in support of this model is strong. Examples of Dobzhansky-

Muller incompatibilities include cases in Drosophila (Dobzhansky 1936; Crow 1942; Orr 

1987; Pantazidis and Zouros 1988; Orr and Coyne 1989; Johnson et al. 1992; Zeng and 

Singh 1993) and Xiphophorus (Wittbrodt et al. 1989), as well as in plants, such as Crepis 

(Hollingshead 1930) and Mimulus (Christie and Macnair 1984). The Dobzhansky-Muller 

model also predicts that hybrid incompatibilities will often act asymmetrically, and this 

appears to be the case (Wu and Beckenbach 1983; Vigneault and Zouros; Orr 1989). 

Another clear pattern to emerge from studies of postzygotic isolation in animals is 

that F1 hybrids with heterogametic combinations of sex chromosomes typically exhibit 

reduced fitness relative to homogametic hybrids ("Haldane's rule"; Haldane 1922). This 

phenomenon has been documented in many animal groups, including Drosophila, 

butterflies, moths, mammals, amphibians, reptiles, and birds (Haldane 1922; Coyne 1992; 

Laurie 1997; Orr 1997; Sasa et al. 1998; Presgraves 2002; Price and Bouvier 2002; 



Tubaro and Lijtmaer 2002; Lijtmaer et al. 2003). These results suggest that in young 

animal species, the heterogametic sex will often evolve sterility and inviability before the 

homogametic sex (Coyne and Orr 1989a, 1997). Haldane's rule appears to be primarily 

caused by recessive X-linked incompatibilities that are expressed in hemizygous male 

hybrids but hidden in heterozygous female hybrids (Muller 1940, 1942; Orr 1993; Turelli 

and Orr 1995 ,2000). In male-heterogametic taxa, accelerated divergence of male 

reproductive genes via sexual selection or increased sensitivity of spermatogenesis to 

hybridization may also contribute to Haldane's rule for sterility (Wu and Davis 1993; 

Hollocher and Wu 1996; True et al. 1996; Wu et al. 1996; Presgraves and Orr 1998). 

The ubiquity of Haldane's rule, combined with the ability of the dominance theory to 

explain it, indicates that postzygotic isolation seen in the F1 generation in animals is 

frequently caused by disrupted interactions involving recessive substitutions on the X 

chromosome. Incompatibilities involving X-linked recessive changes will continue to be 

expressed preferentially in the heterogametic sex (relative to the homogametic sex) in 

subsequent hybrid generations, leading to the prediction that the X chromosome should 

play a disproportionate role in the development of postzygotic isolation in general, if 

substitutions underlying this isolation are often recessive. This idea of a "large X effect" 

has been borne out by numerous genetic studies (Coyne and Orr 1989b). Crosses 

between species pairs have consistently mapped loci with major effects on hybrid sterility 

and inviability to the X chromosome (Dobzhansky 1936; Crow 1942; Grula and Taylor 

1980; Curtis 1982; Zouros et al. 1988; Orr 1989; Orr and Coyne 1989). Using 

introgression lines between D. simulans and D. mauritiana, Tao et al. (2003) estimated 
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that the X chromosome has 2.5 times the density of factors contributing to hybrid male 

sterility on the autosomes. Furthermore, in the handful of cases where they have been 

surveyed, X-linked markers show reduced introgression across hybrid zones relative to 

autosomal or mtDNA loci (Hagen 1990; Sperling and Spence 1991; Tucker et al. 1992; 

Dod et al. 1993; Porter et al. 1997). By predicting and comparing the relative fitnesses of 

various hybrid genotypes based on a model of two-locus incompatibilities, Turelli and 

Orr (2000) demonstrated that the large X effect does imply at least partial recessiveness 

of the X-linked allele in the interaction. 

The bulk of the evidence, then, indicates that the evolution of postzygotic isolation in 

animals is often due to Dobzhansky-Muller incompatibilities involving recessive changes 

on the X chromosome, and some theoretical work has proceeded accordingly (Orr 1993; 

Turelli and Orr 1995, 2000). In particular, Turelli and Orr (2000) modeled three kinds of 

two-locus Dobzhansky-Muller incompatibilities involving an autosomal locus and an X-

linked locus: heterozygous-heterozygous(hemizygous) (HO), heterozygous-

honiozygous(hemizygous) (HI), and homozygous-homozygous(hemizygous) interactions 

(H2). These authors showed that the strength of HO vs. HI incompatibilities predicts the 

signal of Haldane's rule, and the severity of HI vs. H2 interactions must also be 

evaluated to understand the large X effect in general. 

Despite the identification of these key genetical characteristics of speciation in 

animals, theoretical studies of postzygotic isolation in hybrid zones have typically taken 

alternative approaches. Most analytical results derive from the simplest models, such as 

heterozygote disadvantage (Bazykin 1969) or selection favoring different alleles in 



contrasting environments (Haldane 1948; Fisher 1950). These results rely primarily on 

the diffusion approximation (Fisher 1937; Haldane 1948; Slatkin 1973; Nagylaki 1975), 

which assumes that selection is weak. Simulation studies have also usually focused on 

one-locus models (Pialek and Barton 1997; Durrett et al. 2000; Goodisman and Crozier 

2001). 

In contrast, Barton and colleagues have developed a large body of theory that 

specifically relates multilocus dines to postzygotic isolation (Barton 1983; Barton and 

Hewitt 1983; Barton 1986; Barton and Bengtsson 1986; Barton and Gale 1993; Baird 

1995; Kruuk et al. 1999). For instance, information about dine shapes and linkage 

disequilibria across multiple loci can be used to estimate the strength of the selective 

barrier to gene flow and the number of genes responsible for the barrier (Barton 1980, 

1982; Barton and Hewitt 1981; Szymura and Barton 1986, 1991; Mallet et al. 1990; Sites 

et al. 1995; Porter et al. 1997). Barton and colleagues have also modeled the effects of 

epistatic selection on pattems of gene flow in hybrid zones by assuming that fitness is a 

decreasing function of the fraction of heterozygous loci (Barton and Gale 1993; Kruuk et 

al. 1999; Barton and Shpak 2000). Although this approach provides some insight into the 

dynamics of gene flow between closely related species, it does not incorporate explicit 

incompatibilities between loci. 

Alternatively, Gavrilets (1997) used two-locus two-allele models to analyze the 

consequences of specific incompatibilities for pattems of introgression in a hybrid zone. 

Analytical and simulation results indicated that strong epistatic selection (with low 

migration rates) generates substantial barriers to gene flow and the strength of these 
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barriers depends primarily on the fitness of F1 hybrids. However, Gavrilets (1997) 

restricted his analyses to incompatibilities between the autosomes; hence, these results do 

not address Haldane's rule and the large X effect. No theoretical investigation of patterns 

of introgression across a hybrid zone for Dobzhansky-Muller incompatibilities between 

X-linked and autosomal loci has been reported. 

Here, I model two-locus Dobzhansky-Muller incompatibilities between the X 

chromosome and the autosomes to characterize expected patterns of gene flow in a 

hybrid zone. Results indicate that after only hundreds of generations, clear inter-locus 

differences in dine location and shape arc observed. The magnitude of these differences 

reflects the effects of dominance and X chromosome heniizygosity. 
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MATERIALS AND METHODS 

Basic simulation framework 

Computer simulations were written in Java. All simulations were individual-based to 

model stochastic changes. A linear array of 11 populations was simulated. In each set of 

simulations, five populations at one end of the array started with an allele frequency of 

one, five populations at the other end of the array began with a frequency of zero, and the 

population in the center started with an allele frequency of 0.5. Therefore, the first 

generation in the simulations depicts the F1 generation following secondary contact in a 

hybrid zone. Each population started with 500 males and 500 females. In each 

generation, individuals dispersed according to a stepping-stone model of gene flow 

(Kimura and Weiss 1964). The per-generation migration rate (m) was set at 0.01 for both 

sexes. The two end populations were modeled as source populations, with individuals 

migrating out of but not into these populations. Females randomly chose mates from 

their resident population. This convention allowed a higher variance in male mating 

success: all females mated once, but a few males did not mate (and a few males mated 

multiple times). The number of offspring was drawn from a Poisson distribution with a 

mean of three. To avoid consistently expanding populations, a population ceiling of 1500 

was included: density-dependence was imposed via random death. Allele frequencies, 

dine width, and dine center were recorded every 50 generations for a total of 1000 

generations. Cline width was measured as the inverse of the slope of a linear regression 

of allele frequency on distance (assuming that neighboring populations were separated by 
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10 units) that included populations with allele frequencies between 0.1 and 0.9. Cline 

center was estimated from this regression as the distance for which the expected allele 

frequency equaled 0.5. The standardized variance in allele frequencies among all 

populations, Fst (Wright 1931), was also recorded as a measure of introgression that does 

not depend on the spatial arrangement of populations for its estimation. In most cases, 

inspection of cline width and Fst yielded similar results. All reported statistics were 

averages across 100 simulation trials. Ninety-five percent confidence intervals were 

estimated as ±2 standard errors, and significant differences between dines at different 

loci were identified as cases where confidence intervals did not overlap. Confidence 

intervals were usually narrow (see figures), indicating that although simulations 

incorporated the effects of drift, selection and migration were the dominant forces 

structuring allele frequency patterns. 

The performance of the simulations was checked by comparison to analytical 

predictions under neutral theory. For example, Fst values at neutral X-linked and 

autosomal loci, evaluated after many generations, agreed well with their respective 

predicted values. Results from a handful of cases involving one-locus selection 

(including heterozygote disadvantage, which gave rise to the predicted unstable 

equilibrium allele frequency of 0.5 in the center population) also verified the accuracy of 

simulation procedures. 



Selection against hybrid genotypes 

Although the genetic basis of postzygotic isolation is often complex, involving 

multiple incompatibilities scattered throughout the genome (Wu and Palopoli 1994), 

isolation between some species appears to be caused by the breakdown of simple two-

locus interactions (Hollingshead 1930; Christie and Macnair 1984; Hutter et al. 1990). 

My simulations modeled this situation. A schematic view of the Dobzhansky-Muller 

process that I assumed is provided in Figure 1. An ancestral population has a particular 

diploid, two-locus genotype (in this case, AqAoBoBo). The population breaks into two 

populations, and allopatry allows accumulation of substitutions at one locus in population 

one (AiAiBqBo) and substitutions at the other locus in population two (A0A0B2B2). 

When these two populations come into secondary contact, the Ai and B2 alleles have 

never been jointly exposed to natural selection, and cause a reduction in fitness. This 

process obviates the need for individual populations to pass through maladaptive states. 

In my simulations, selection against individuals carrying particular two-locus hybrid 

genotypes reduced male fertility and female fecundity by decreasing the mean of the 

Poisson distribution of offspring. In this scheme, the selection coefficient (.s) associated 

with a two-locus genotype resulting in an average number of offspring {n) was 

n - 3  s = 
3 

Two-locus Dobzhansky-Muller incompatibilities between X-linked and autosomal loci 

were modeled according to two different fitness arrays (Tables 1 and 2). First, a 

disrupted interaction between an X-linked recessive allele and an autosomal dominant 

allele (Table 1) was modeled. This type of incompatibility is often responsible for 
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Haldane's rule, particularly when it is only observed in one direction of a species cross. 

Second, an incompatibility between an X-linked recessive allele and an autosomal 

recessive allele (Table 2) was simulated. This scenario does not produce fitness effects in 

the F1 generation, but subsequent generations are subject to selection. Although this 

situation cannot explain Haldane's rule, it likely contributes to the disproportionate effect 

of the X chromosome on reproductive isolation. The asymmetrical nature of the 

Dobzhansky-Muller process requires that I assume a direction for the incompatibility. In 

the two types of fitness schemes described above, the autosomal allele from species 1 (to 

the left in the allele frequency graphs) was assumed to interact unfavorably with the X-

1 inked allele from species 2 (to the right in the allele frequency graphs). Because 

Dobzhansky-Muller incompatibilities as depicted in Figure 1 are inherently 

asymmetrical, results for these two fitness arrays received the majority of attention in the 

current study. For comparison, I also modeled two situations in which incompatibilities 

go in both directions (assuming multiple, independent changes at each locus; Figure 2; 

Tables 3 and 4). These cases may arise as divergence time accumulates between nascent 

species. 

For each set of simulations, allele frequencies were recorded at different time points 

for four loci: one X-linked locus and one autosomal locus participating in the 

incompatibility, one neutral X-linked locus, and one neutral autosomal locus. 

Incompatibilities between autosomal loci (without an X-linked locus) were modeled in a 

separate set of simulations to evaluate the effect of the X chromosome. To compare 

measures of introgression between selected loci, dine width, cline center, and Fst were 



converted to percent deviations from neutral conditions according to the following 

formula: 

selected - neutral 
xlOO 

neutral 

Inter-locus effects, such as a deviation of an X-linked locus from its autosomal partner in 

an incompatibility, were estimated as differences between these percentages. 

Consequently, dines at two loci could have significantly different positions, but yield no 

"inter-locus disparity" in position if both dines moved away from the center to an equal 

degree, but in opposite directions. For this round of simulations, all loci were unlinked. 

To investigate the effects of selection on linked sites (and thus the power to find 

incompatibilities of the kind considered here using randomly chosen loci), I also 

simulated neutral loci linked to the targets of selection. The autosomal selected locus 

was flanked by one autosomal neutral locus at 0.1 cM or 1.0 cM genetic distance, and the 

X-linked selected locus was flanked by one X-linkcd neutral locus at 0.1 cM or l.O cM 

genetic distance. These simulations were otherwise similar to those described above. 
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RESULTS 

Multiple trials demonstrated that with a per-generation migration rate of 0.01, dines 

at neutral loci converge to approximately straight, diagonal lines after only several 

hundred generations. All results reported here are for the SOO-generation time point, at 

which any significant variation in dine shape and position is caused by selection. This 

choice implies that my results will be especially relevant to hybrid zones that are 

relatively young. 

In this section, I use results for the case of ,s = 0.1, which corresponds to a selection 

intensity 10 times the strength of migration, to describe the effects of incompatibility type 

and X chromosome hemizygosity on patterns of introgression. In subsequent sections, I 

report the effects of alternative selection strengths and investigate patterns of 

introgression at linked, neutral loci. 

X-linked recessive, autosomal dominant incompatibilities 

Under this fitness regime (Table 1,5 = 0.1), dine widths and dine positions at both 

selected loci are different from those at neutral loci after 500 generations (Figure 3A). In 

addition, the positions of dines at X-linked and autosomal loci diverge considerably from 

one another. The position of the dine for the X-linked locus migrates toward the species 

whose allele is selected against in the incompatibility, and the dine at the autosomal 

locus does the same (in the other direction). This effect is more pronounced for the X-

linked locus, whose dine moves 25% further from the center of the hybrid zone than that 
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of its autosomal partner. The cline is also steeper for the X-linked locus, exhibiting an 

18.1% reduction in cline width and a 12.6% increase in Fst relative to the cline at the 

autosomal locus (Table 5). Comparison with the analogous autosomal-autosomal 

incompatibility (Figure 3B) leads to two observations. Clinal patterns are broadly 

concordant across the two sets of simulations, indicating that the interaction between 

recessive and dominant alleles, and not X chromosome inheritance, is primarily 

responsible for the observed inter-locus differences. Nevertheless, inter-locus divergence 

in cline location and shape is stronger in the X-autosome case (Table 5) than in the 

autosome-autosome case (Table 6), suggesting a non-negligible effect of X chromosome 

hemizygosity on allele frequency dines. 

X-linked recessive, autosomal recessive incompatibilities 

Disproportionate effects of X-linked recessive substitutions on reproductive isolation 

may not be expressed until the F2 or subsequent generations if the incompatibilities 

underlying them involve recessive substitutions on the autosomes. Figure 4 illustrates 

patterns of introgression under this scenario. Again, cline widths and cline positions for 

selected loci are different from those at neutral loci after 500 generations. Unlike 

incompatibilities involving autosomal dominant substitutions, cline shapes at the two loci 

are somewhat symmetrical. However, cline location is shifted more for the autosomal 

locus than for the X-linked locus (Figure 4A; Table 5), while cline positions for both loci 

have moved by a similar amount in the case of a comparable autosomal-autosomal 

incompatibility (Figure 4B; Table 6). The X-linked locus also displays less introgression 
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relative to its autosomal partner: dine width at the X-linked locus is reduced by 11.2% 

and Fst is 11.4% higher. Hence, effects of the X chromosome are observed, although 

overall inter-locus differences are weaker than in incompatibilities involving autosomal 

dominant substitutions. 

Recessive-dominant incompatibilities in both directions 

The fitness schemes modeled above represent the earliest stages in divergence and 

thus the most realistic cases in which Haldane's rule and/or the large X effect would be 

observed for a young species pair. After greater divergence time, multiple 

incompatibilities may arise between the two loci. Eventually, interactions between 

dominant and recessive alleles from the two species may be detrimental in both 

directions. I simulated one such case (Table 3) for comparison with the results obtained 

under the assumption of a single incompatibility. To allow multiple dominant-recessive 

incompatibilities, I assumed that alleles from species 2 were always recessive, regardless 

of locus identity. 

Under this scenario, dine widths and dine positions at the two selected loci again 

differ from those at neutral loci. Clines at the two selected loci move out of the center of 

the hybrid zone in the same direction, toward the species providing the recessive alleles 

that are selected against (species 2; Figure 5A). The X chromosomal locus moves 

slightly faster than its autosomal partner. Examination of the comparable autosomal-

autosomal incompatibility (Figure 5B) reveals no such difference, indicating that the 

small positional disparity between the X-linked locus and its autosomal partner is caused 
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by the hemizygosity of the X chromosome. The effect of the X chromosome on the 

amount of introgression is much stronger. The X-linked locus exhibits a 23.9% reduction 

in dine width and a 23.6% increase in Fst relative to its autosomal partner (Table 5). 

Again, no such disparity in the amount of introgression is observed in the case of an 

autosomal-autosomal incompatibility (Table 6). 

Alternative homozygous genotypes 

Finally, after sufficient time has elapsed in the divergence of two populations, a 

scenario may arise in which both two-locus homozygotes comprised of alleles from 

different species (X-linked alleles and alternative autosomal homozygotes, in males) 

suffer reduced fitness. I simulated this fitness regime (Table 4) as well. As can be 

predicted from comparison of the fitness arrays, this situation is the only one I examined 

that produces stable dines in the center of the hybrid zone (Figure 6). Similar to the 

cases modeled above, this selection regime produces dines at both selected loci that 

differ in width from those at neutral loci. In contrast to results in previous sections, the 

positions of dines at selected loci are concordant with one another (and with neutral 

loci). A substantial effect of X chromosome hemizygosity can be seen in the amount of 

introgression, however: the X-linked locus exhibits a 23.0% reduction in dine width and 

a 37.0% increase in Fst relative to its autosomal partner (Table 5), and no such inter-locus 

difference is observed in simulations of the comparable autosomal-autosomal 

incompatibility (Table 6). 
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The effect of selection strength 

To gauge the importance of selection strength as a determinant of inter-locus 

differences in introgression, I also simulated the four fitness regimes with selection 

coefficients of 0.02 (twice the strength of migration) and 0.5 (50 times the strength of 

migration). Results for all fitness schemes and selection coefficients are presented in 

Tables 5-6 and graphs are shown for the cases of unidirectional Dobzhansky-Muller 

incompatibilities in Figures 7-8. The results of varying the strength of selection clearly 

depend on the type of incompatibility. For an incompatibility between an X-linked 

recessive allele and an autosomal dominant allele (Figure 7), the extent of inter-locus 

differences in cline shape and position decreases with reduced selection strength {s = 

0.02) and increases with enhanced selection pressure (5 = 0.5). Simulations of the 

comparable autosomal-autosomal incompatibility show a similar pattern for s - 0.5 

(increased disparity in inter-locus introgression patterns). 

In incompatibilities involving X-linked recessive and autosomal recessive alleles 

(Figure 8), discordance in cline shape is visible between the two loci even with weak 

selection (s - 0.02). In fact, the inter-locus difference in cline width (11.6%) is very 

similar to that observed when selection is five times stronger {s = 0.1). In this case of 

weak selection, the two loci have different cline positions, but these positions represent 

similar deviations from the center of the hybrid zone. Under very strong selection (s = 

0.5), the inter-locus disparity in cline width vanishes and the autosomal locus exhibits a 

greater shift in cline position than its X-linked partner (by 5.6%). The comparable 

autosomal-autosomal incompatibility, which displays no inter-locus differences in cline 
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width or cline position across selection strengths, again underscores the importance of X 

chromosome hemizygosity. 

In both fitness regimes characterized by incompatibilities caused by multiple changes 

at each locus, differences between X-linked and autosomal loci in the amount of 

introgression (cline width and Fst) are most substantial for 5 = 0.1, with a weaker 

disparity in the case ofs = 0.02, and a still weaker discordance for s = 0.5. Recessive-

dominant interactions show greater shifts in cline position at X-linked loci than 

autosomal loci at.s = 0.02 but not at 5 = 0.5. No strength of selection yields intcr-locus 

differences in cline position for the fitness regime in which alternative homozygotes are 

selected against. 

Patterns of introgression at linked, neutral loci 

Simulations indicate that the association between patterns at Dobzhansky-Muller 

incompatibility loci and patterns at linked neutral markers decays quickly, even under 

non-trivial selection pressures (selection 10 times the strength of migration; Figures 9-

10). Most measures of introgression at neutral loci linked to incompatibilities show some 

alteration relative to the completely neutral case, but the signals are weak. In both types 

of incompatibility involving X-linked recessive alleles, the effects of decreasing the 

extent of linkage from 0.1 cM to 1.0 cM can be clearly seen. Cline shapes at markers 1.0 

cM away from the targets of selection start to resemble those of neutral markers unlinked 

to selected loci. However, inspection of cline width and cline center highlights two 

general patterns. First, interactions involving autosomal dominant alleles are more 



95 

detectable using patterns of variation at neutral loci than are interactions involving 

autosomal recessive alleles. Second, although levels of introgression at neutral markers 

are only weakly distorted by selection at linked loci, dine positions are more strongly 

affected (positions arc different than those of neutral, unlinked markers even in the 

weakest case of an interaction between an X-1 inked recessive and an autosomal recessive 

with linkage of 1.0 cM). 
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DISCUSSION 

Empirical and theoretical work suggests that disrupted interactions involving X-

linked recessive alleles and autosomal alleles play a disproportionate role in the 

development of postzygotic isolation between nascent animal species. I evaluated the 

consequences of such incompatibilities for patterns of introgression in a hybrid zone. 

Selection against particular two-locus genotypes causes changes in dine width and 

dine position. Clines at both selected loci are narrowed and driven away from the center 

of the hybrid zone to an extent determined by the type of incompatibility. Additionally, 

effects of X chromosome hemizygosity on introgression can be seen in all cases. This 

finding bears directly on discussions of the large X effect. Given the nature of my 

simulations (individual, two-locus incompatibilities), any effects of the X chromosome 

on patterns of introgression I observe cannot be caused by a higher density or a higher 

evolutionary rate of genes underlying reproductive isolation relative to the autosomes. 

Instead, the degree to which X-autosome incompatibilities differ from autosome-

autosome incompatibilities is a consequence of the fact that recessive mutations are 

visible to selection at lower frequencies on the X chromosome due to hemizygosity in 

males. Therefore, the inheritance mode of the X chromosome is alone sufficient to 

produce different patterns of introgression at X-linked and autosomal loci in hybrid 

zones. 
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Clinal manifestations of Haldane 's rule: X-linked recessive, autosomal dominant 

incompatibilities 

A disrupted interaction between an X-linkcd recessive allele and an autosomal 

dominant allele produces more asymmetry in inter-locus dine position than an interaction 

involving an X-linked recessive and an autosomal recessive allele. The dine at the X-

1 inked locus moves further than the dine at the autosomal locus from the hybrid zone 

center. Simulations of incompatibilities between autosomal dominant and autosomal 

recessive alleles suggest that the presence of the dominant allele, rather than X-

chromosomal hemizygosity, is primarily responsible for this increased asymmetry. The 

asymmetry is caused by the fact that an autosomal dominant allele is always expressed, 

so that the recessive allele at the other locus experiences selection over a broader 

geographic range. An effect of the X chromosome is more clearly seen in exaggerated 

differences in the amount of introgression (as measured by dine width and Fst) between 

loci in these dominant-recessive interactions. 

In summary, my simulations lead to the following predicted patterns of gene flow for 

loci underlying Haldane's rule involving an X-linked recessive allele and an autosomal 

dominant allele: (i) dines at both loci are shifted away from the center of the hybrid zone 

and toward the species whose allele is selected against, (ii) the shift in dine position is 

more severe for the X-linked locus, (iii) dines at both loci are narrower than those for 

neutral loci, (iv) the reduction in dine width is more severe for the X-linked locus, and 
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(v) the disparity between signals at X-linked and autosomal loci is more apparent in dine 

width than in dine position. 

Patterns of introgression of X-linked recessive, autosomal recessive incompatibilities 

Dobzhansky-Muller interactions between the X chromosome and the autosomes in 

which both partners are recessive are also interesting from the standpoint of reproductive 

isolation. These interactions are predicted to cause problems in second- or later-

generation hybrids, and (in addition to dominant-recessive incompatibilities) contribute to 

the large effect of the X chromosome that is frequently observed in crosses between 

species pairs. That both participating alleles are recessive leads to less extreme inter-

locus differences in introgression patterns overall than in incompatibilities involving 

dominant alleles. Nevertheless, the effect of the X chromosome is clearer in this context: 

inter-locus disparities in dine shape and position are seen in X-autosome 

incompatibilities, but autosome-autosome interactions produce few such differences. The 

effect of the X chromosome is more apparent in dine width than in dine position. 

Interestingly, the involvement of the X chromosome alters dine width primarily at the X-

linked locus, but moves the dine at the autosomal locus further away from the center of 

the hybrid zone. 

In summary, my simulations suggest the following predictions about patterns of 

introgression for disrupted interactions involving X-linked recessive alleles and 

autosomal recessive alleles: (i) dines at both loci are shifted away from the center of the 

hybrid zone and toward the species whose allele is selected against, (ii) the shift in dine 
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position is more severe for the autosomal locus, (iii) dines at both loci are narrower than 

those of neutral loci, (iv) the reduction in dine width is more severe for the X-linked 

locus, and (v) the disparity between signals at X-linked and autosomal loci is more 

apparent in dine width than in dine position. 

Multiple incompatibilities between two loci 

Becausc species that meet in hybrid zones may have accumulated multiple 

incompatibilities between two loci during allopatric divergence, I also simulated a few 

scenarios consistent with this pattern. As might be predicted from inspection of the 

fitness arrays, both scenarios produce dines with more sigmoidal shapes than those at 

loci involved in unidirectional incompatibilities. Additionally, inter-locus differences in 

dine position are much reduced relative to the unidirectional cases. In the case of 

selection against both types of alternative homozygotes, such variation in dine position is 

absent; both selected dines are stabilized in the center of the hybrid zone, along with 

those for neutral loci. Both types of incompatibility produce narrower dines at X-linked 

loci than at their autosomal partners, and in contrast to the situation of single 

incompatibilities, this difference is due exclusively to X-chromosomal hemizygosity 

(comparable autosomal-autosomal incompatibilities show no such variation). Therefore, 

effects of the X chromosome on levels of introgression at two-locus incompatibilities 

may be easier to identify in situations where both loci have experienced substitutions in 

both lineages. This line of reasoning suggests that older species may show greater 

disparities in patterns of gene flow at X-linked and autosomal loci than younger species. 
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The effect of selection strength 

The results obtained from simulations assuming different selection intensities 

highlight the inherent complexity of predicting pattems of introgression across a hybrid 

zone for Dobzhansky-Muller incompatibilities. For disrupted interactions between X-

1 inked recessive and autosomal dominant alleles, the degree of inter-locus differences in 

dine shape and position increase as a function of selection strength. Alternatively, for 

incompatibilities between X-linked recessive and autosomal recessive alleles, inter-locus 

variation in dine shape is reduced under very strong selection (s = 0.5) but similar under 

other selection pressures {s ~ 0.02,5 = 0.1). Additionally, results suggest that the ability 

to detect differences in dine shape between selcctcd loci when multiple incompatibilities 

exist is maximized at intermediate selection intensities (.v = 0.1). Therefore, the effects of 

selection strength on pattems of introgression depend importantly on the type of 

incompatibility. More specific statements about the form of this dependence await the 

assessment of clinal shape and location for more selection coefficients. 

Patterns of introgression at linked, neutral loci 

I used simulations to assess the effects of unidirectional Dobzhansky-Muller 

incompatibilities between X-linked recessive alleles and autosomal alleles on gene flow 

at linked, neutral loci. In both types of incompatibility, slight reductions in dine width 

(relative to unlinked, neutral loci) are observed at neutral loci when they are located 0.1 

cM away from selected loci. At genetic distances of 1.0 cM, selective effects on dine 

width are barely detectable at neutral loci. These results are similar to those of Gavrilets 
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(1997), who modeled incompatibilities between autosomal loci and found little 

correspondence between selected and neutral dines at a recombinational distance of 5 

cM. Goodisman and Crozier (2001) also found that allele frequency dines at neutral loci 

tightly linked to genes experiencing ovcrdominant selection in a hybrid zone showed 

little deviation from patterns expected under neutrality. Viewed collectively, these 

results suggest that selection targeting particular loci rarely impedes neutral gene flow at 

linked loci in hybrid zones. Substantial barriers to gene flow seem to require very strong 

selection and a large number of genes underlying isolation between hybridizing species 

(Barton and Bengtsson 1986). Therefore, despite the generation of linkage 

disequilibrium by admixture and selection against hybrids (Barton and Gale 1993), the 

genomes of young species may be permeable in hybrid zones, allowing genes to respond 

to contrasting selection pressures on a fairly small scale. 

A recent goal of empirical research in hybrid zones is to find genomic regions that 

underlie reproductive isolation by identifying mapped molecular markers with unusually 

low levels of introgression compared to the remainder of the genome (Rieseberg et al. 

1999). The power to locate these genomic regions is a function of the strength of 

selection on individual loci, the migration rate, the genetic distance between genes that 

cause reproductive isolation and surveyed markers, and the age of the hybrid zone. 

Although my results indicate that finding genes underlying reproductive isolation by 

surveying levels of introgression at randomly chosen loci will be challenging, the signal 

of cpistatic selection appears to be more visible in shifts of dine positions at neutral loci. 
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This observation suggests that cline position, is as relevant as dine width to attempts to 

map genomic regions involved in reproductive isolation in hybrid zones. 

The apparent difficulty in finding X-linked and autosomal genes that cause 

incompatibilities, and thus the challenge in identifying effects of the X chromosome on 

reproductive isolation, seems at odds with results from real hybrid zones. Recently, I 

conducted a survey of introgression at 13 loci placed across the X chromosome (average 

spacing of about 5 cM) in a hybrid zone between two closely related species of house 

mice, Mus domesticus and M musculus (Appendix A). I uncovered a clear valley of 

introgression near the center of the chromosome as well as other signs of the significance 

of linkage (patterns of introgression at neighboring loci were correlated), indicating 

sufficient power to identify genomic regions underlying reproductive isolation via 

differential patterns of introgression. Interestingly, I found that loci marking the unusual 

X-linked region also exhibited shifts in cline location (toward the M. domesticus end of 

the hybrid zone). Viewed in light of my simulation results, the X-linked allele 

participating in the incompatibility associated with this genomic region, if recessive, is 

likely to have come from M. domesticus. 

However, theory and data disagree on the issue of whether randomly chosen markers 

can be used to map genes underlying reproductive isolation in hybrid zones. In addition 

to the identification of specific genomic regions via differential patterns of introgression 

within chromosomes (Rieseberg et al. J 999; Appendix A), investigators have also found 

differences in introgression between sex chromosomes and autosomes using just a few 

loci (Hagen 1990; Sperling and Spence 1991; Tucker et al. 1992; Dod et al. 1993; Porter 
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et al. 1997). This discordance between theory and data may be attributable to several 

causes. First, selection against hybrid genotypes may be much stronger in nature than 

that modeled here. Second, perhaps young species pairs are isolated by many 

incompatibilities, the density of which is high enough to detect using randomly chosen 

markers. Third, the migration structure of real hybrid zones may differ dramatically from 

a stepping-stone model of gene flow, so that the effective amount of recombination 

(which is determined, in part, by the migration rate) may be over-predicted by the 

simulations described here. Finally, observed differences between X-chromosomal and 

autosomal introgression might result from non-selective forces, such as sex-biased 

dispersal, although it is difficult to explain patterns within the X chromosome, such as 

those seen in Appendix A, using this line of reasoning. My results mirror concerns from 

quantitative trait locus (QTL) mapping studies, where finding genes with phenotypic 

effects that are purely epistatic is viewed as a challenging statistical and biological 

problem (Lynch and Walsh 1998). 

Future work 

Pair-wise incompatibilities between the X chromosome and the autosomes are not the 

only kind of disrupted interaction that can cause Haldane's rule and the large X effect. In 

particular, problems between X-linked recessive alleles and Y-linked alleles would be 

useful to model, especially given reports for reduced introgression of the Y chromosome 

across hybrid zones (e.g. Tucker et al. 1992). Additionally, given that gene products 
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typically interact with multiple partners, investigation of incompatibilities caused by 

more than two loci would be informative. 

Differences in patterns of introgression between sex chromosomes and autosomes can 

also occur in the absence of selection, especially if dispersal is sex-biased (in opposite 

directions) in the two hybridizing specics. Knowledge of the effects of this demographic 

scenario on introgression at sex-linked and autosomal loci harboring incompatible alleles 

would provide a more realistic picture of the patterns expected for real hybrid zones. 
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Table 1. Fitness arrays for a unidirectional Dobzhansky-Muller incompatibility between 

an autosomal dominant allele and an X-linked rccessive allele. A or B designates locus, 

and subscript (1 or 2) designates spccics identity for each allele (with species 1 to the left 

and species 2 to the right in all figures). 

Locus A: autosomal; allele 1 dominant 
Locus B: X-linked; allele 2 recessive 

males AiAi A1A2 A2A2 

Bi 1 1 1 
B2 1-s 1-s 1 

females A,A, A1A2 A2A2 

BiBi 1 1 1 

B1B2 1 1 1 
B2B2 1-s 1-s 1 
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Table 2. Fitness arrays for a unidirectional Dobzhansky-Mul 1 er incompatibility between 

an autosomal recessive allele and an X-linked recessive allele. Notation as in Tabic 1. 

Locus A: autosomal; allele 1 recessive 
Locus B: X-linked; allele 2 recessivc 

males A,A, A1A2 A2A2 
B, 1 1 1 
B2 1-s 1 1 

females A,A, A,A2 A2A2 
BiB, 1 1 1 
B1B2 1 1 1 
B2B2 1-s 1 1 
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Table 3. Fitness arrays for multiple Dobzhansky-Muller incompatibilities, between 

dominant and recessive alleles, at two loci. 

Locus A: autosomal; allele 2 recessive 
Locus B: X-linked; allele 2 recessive 

males A,A, A1A2 A2A2 
B, 1 1 1-s 
B2 1-s 1-s 1 

females A,A, A1A2 A2A2 
B,B, 1 1 l-s 
B1B2 1 1 1-s 
B2B2 1-s 1-s 1 
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Table 4. Fitness arrays for multiple Dobzhansky-Muller incompatibilities, between 

alternative homozygous and homozygous(hemizygous) genotypes, at two loci. Notation 

as in Table 1. 

Locus A: autosomal 
Locus B; X-1 inked 

males A,A, A,A2 A2A2 
B, 1 1 1-s 
B2 1-s 1 1 

females A,A, A1A2 A2A2 
BiBi 1 1 1-s 
B1B2 1 1 1 
B2B2 1-s 1 1 



Table 5. Summary of simulation results for incompatibilities between X-linked and autosomal alleles. Differences are 

statistically significant (as determined by comparisons of 95% confidence intervals surrounding raw statistics) unless noted 

otherwise, by "NS". 

Cline width Fst Cline center 

Fitness s Autosomal X-linked Inter- Autosomal X-linked Inter- Autosomal X-linked Inter-

array" locus (A) locus (B) locus locus (A) locus (B) locus locus (A) locus (B) locus 

deviation^ deviation'' difference deviation deviation difference deviation deviation difference 

^ OANS^ 153 173 2.0 NS ^74 417 ~T7J 

1 0.1 35.7 53.8 18.1 37.2 49.8 12.6 32.3 57.5 25.2 

1 0.5 36.2 64.2 28.0 39.9 67.5 27.6 34.9 64.4 29.5 

2 0.02 3.9 15.5 11.6 4.7 14.1 9.4 19.1 18.9 0.2 NS 

2 0.1 19.5 30.7 11.2 18.1 29.5 11.4 37.1 31.3 5.8 



2 0.5 41.1 39.0 2.1 NS 36.8 37.9 1.1 49.3 43.7 5.6 

3 0.02 23.9 36.1 12.2 27.7 40.2 12.5 9.6 21.5 11.9 

3 0.1 54.8 78.7 23.9 74.5 98.1 23.6 40.1 43.5 3.4 

3 0.5 87.5 88.7 1.2 NS 117.0 125.2 8.2 10.7 11.6 0.9 NS 

4 0.02 11.1 24.8 13.7 8.6 23.1 14.5 1.8 2.4 0.6 NS 

4 0.1 40.7 63.7 23.0 42.1 79.1 37.0 1.5 1.0 0.5 NS 

4 0.5 83.3 87.3 4.0 103.4 125.0 21.6 0.8 1.4 0.6 NS 

^Tables with corresponding fitness arrays. 

Percent deviations from neutral statistics (see Materials and Methods for details). 

Differences are statistically significant (as determined by comparisons of 95% confidence intervals surrounding raw 

statistics) unless noted by "NS". 



Table 6. Summary of simulation results for incompatibilities between autosomal alleles and autosomal alleles. Notation as in 

Table 5. 

Fitness s Autosomal Autosomal Inter- Autosomal Autosomal Inter- Autosomal Autosomal Inter-

array locus (A) locus (B) locus locus (A) locus (B) locus locus (A) locus (B) locus 

deviation deviation difference deviation deviation difference deviation deviation difference 

T a02~l8J 4.4 13.7 16T~ 6.8 ~ ido" 18.2 ""lio 148 

1 0.1 25.8 29.1 3.3 NS 26.6 26.5 0.1 NS 26.4 56.7 30.3 

1 0.5 30.8 56.8 26.0 34.0 52.5 18.5 32.4 62.5 30.1 

2 0.02 3.7 5.5 1.8 NS 2.5 5.8 3.3 NS 12.1 13.0 0.9 NS 

2 0.1 18.4 15.5 2.9 NS 16.7 13.9 2.8 NS 29.3 26.9 2.4 NS 



2 0.5 34.2 35.2 1.0 NS 32.1 

3 0.02 16.6 17.3 0.7 NS 21.8 

3 0.1 52.7 50.5 2.2 NS 66.9 

3 0.5 87.6 87.6 0.0 NS 116.9 

4 0.02 9.8 9.1 0.7 NS 9.1 

4 0.1 40.6 39.2 1.4NS 44.3 

4 0.5 80.2 80.2 0.0 NS 97.0 

34.1 2.0 NS 39.2 39.0 0.2 NS 

24.0 2.2 NS 16.6 16.8 0.2 NS 

68.1 1.2 NS 50.9 50.8 0.1 NS 

116.8 0.1 NS 14.2 14.2 0.0 NS 

9.6 0.5 NS 0.0 0.0 0.0 NS 

44.8 0.5 NS 0.3 0.4 0.1 NS 

97.6 0.6 NS 1.4 1.5 0.1 NS 



119 

FIGURE LEGENDS 

Figure 1. A diagram of the Dobzhansky-Muller process at the earliest stage of 

divergence. In this example, the allele from species 1 at locus A has not interacted with 

the allele from species 2 at locus B until hybridization. 

Figure 2. A diagram of the Dobzhansky-Muller process at a later stage of divergence. In 

this example, the allele from species 1 at locus A has not interacted with the allele from 

species 2 at locus B, and the allele from specics 2 at locus A has not interacted with the 

allele from species 1 at locus B, until hybridization. 

Figure 3. A. Allele frequency dines for an incompatibility between an X-linked 

recessive allele (from species 2) and an autosomal dominant allele (from species 1) after 

500 generations with 5 = 0.1. B. Allele frequency dines for a comparable 

incompatibility between an autosomal recessive allele (from species 2) and an autosomal 

dominant allele (from species 1). In this figure and in all subsequent figures, species 1 is 

to the left and species 2 is to the right. The y-axis is allele frequency of the allele from 

species 1 and the x-axis is the population number. Error bars denote 95% confidence 

limits. 

Figure 4. A. Allele frequency dines for an incompatibility between an X-linked 

recessive allele (from species 2) and an autosomal recessive allele (from species 1) after 
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500 generations with 5 = 0.1. B. Allele frequency dines for a comparable 

incompatibility between an autosomal recessive allele (from species 2) and an autosomal 

recessive allele (from species 1). 

Figure 5. A. Allele frequency dines for multiple incompatibilities between dominant 

and recessive alleles at one X-linked and one autosomal locus after 500 generations with 

.9 = 0.1. B. Allele frequency dines for comparable multiple incompatibilities between 

dominant and recessive alleles at two autosomal loci. 

Figure 6. A. Allele frequency dines for multiple incompatibilities between alternative 

hemizygous (at an X-linked locus) and homozygous (at an autosomal locus) genotypes 

after 500 generations with s = 0.1. B. Allele frequency dines for comparable multiple 

incompatibilities between alternative homozygous genotypes at two autosomal loci. 

Figure 7. Allele frequency dines for an incompatibility between an X-linked recessive 

allele (from species 2) and an autosomal dominant allele (from species 1) after 500 

generations for three selection coefficients. A. s - 0.02. B. s = 0.1. C. -S' = 0.5. 

Figure 8. Allele frequency dines for an incompatibility between an X-linked recessive 

allele (from species 2) and an autosomal recessive allele (from species 1) after 500 

generations for three selection coefficients. A. s = 0.02. B. 5 = 0.1. C. s = 0.5. 



Figure 9. Allele frequency dines for an incompatibility between an X-linked recessive 

allele (from species 2) and an autosomal dominant allele (from species 1) after 500 

generations with 5 = 0.1, along with dines for neutral loci placed at 0.1 cM (A) and 1.0 

cM (B) distances from the selected loci. 

Figure 10. Allele frequency dines for an incompatibility between an X-linked recessive 

allele (from species 2) and an autosomal recessive allele (from specics 1) after 500 

generations with 5 = 0.1, along with dines for neutral loci placed at 0.1 cM (A) and 1.0 

cM (B) distances from the selected loci. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 9 
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Figure 10 
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APPENDIX C: THE GENOMICS OF SPECIATION; INVESTIGATING THE 

MOLECULAR CORRELATES OF X CHROMOSOME INTROGRESSION ACROSS 

A HYBRID ZONE BETWEEN TWO SPECIES OF HOUSE MICE 

ABSTRACT 

Understanding the genetic details of reproductive isolation is a key goal in the study 

of speciation. Hybrid zones, geographic regions where two species meet and exchange 

genes, can provide insight into the genetic basis of reproductive isolation. Studies of 

hybrid zones are especially useful 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, I compare patterns of introgression for 13 

loci on the X chromosome across a European hybrid zone between two species of house 

mice, Mus domesticus and M. musculus, to a number of genomic attributes inferred from 

the complete genome sequence, with two purposes. First, I 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, I determine whether patterns of gene 

flow are correlated with recombination rate, gene density, base composition, CpG island 
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density, mutation rate, and the rate of protein evolution. I identify seven candidate genes 

for reproductive isolation between M. domesticus and M. musculus, and my analyses 

reveal no general correlations between levels of introgression and other measured 

sequence characteristics. These results suggest that the genetic basis of reproductive 

isolation in house mice may be simple, involving a small number of loci with major 

effects, and underscore the utility of the house mouse as a model system for the study of 

speciation. 
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INTRODUCTION 

The identification of the genetic differences that cause reproductive isolation is a key 

goal in the study of speciation. Detailed knowledge about the genetic basis of 

reproductive isolation in animals comes primarily from laboratory crosses between 

species pairs (particularly in the truit fly genus Drosophila), in which genetic markers are 

associated with phenotypes related to reproductive isolation to identify the genomic 

regions involved (Dobzhansky 1936). In nature, geographic areas of overlap between 

species, where hybridization occurs (hybrid zones), can be used in a similar way to 

identify genomic regions underlying reproductive isolation. Under this approach, 

variation in the degree of gene flow between species is measured using molecular 

markers, with loci showing unusually low levels of admixture pointing towards genomic 

regions of interest. Rieseberg et al. (1999) successfully applied this strategy to locate 26 

genomic regions contributing to reproductive isolation between two sunflower species, 

Helianthus petiolaris and H. annum. 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 opportunities to elucidate the genetic 

basis of reproductive isolation for four reasons. First, Mus domes ticus and M. musculus 

(also referred to as M. musculus domesticus and M. musculus musculus, respectively), 

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 
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peninsula to the Bulgarian coast of the Black Sea (Boursot et al. 1993; Sage et al. 1993). 

Second, M. domesticus and M. musculus appear to be partially rcproductively isolated. 

Hybrid males produced by crossing wild M. musculus with some laboratory strains 

(which are of primarily M. domesticus origin) are sterile (Forejt and Ivanyi 1975; Forejt 

et al. 1991). Additionally, crosses between wild M. musculus and wild M domesticus 

sometimes yield sterile hybrid males (J. Pialek, pers. comm.). Natural hybrids also 

harbor more parasites than do pure-species individuals (Sage et al. 1986; Moulia et al. 

1993; Moulia ct al. 1995). Moreover, allele frequencies at diagnostic molecular markers 

change rapidly across the European hybrid zone (Hunt and Selander 1973; Vanlerberghe 

et al. 1986; Tucker et al. 1992; Munclinger et al. 2002), indicating that the zone is 

probably maintained by a balance between selection against hybrids and dispersal 

(Barton and 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. 

Patterns of differential introgression in the hybrid zone between M domesticus and 

M. musculus have provided key insights into the genetic basis of reproductive isolation. 

For example, in three separate transects of the hybrid zone, Tucker et al. (1992), Dod et 

al. (1993), and Munclinger et al. (2002) demonstrated that introgression is reduced on the 

X chromosome relative to the autosomes, suggesting that X-linked loci may contribute 

differentially to reproductive isolation between M. domesticus and M. musculus. This 



136 

idea motivated me to conduct a targeted survey of introgression in the hybrid zone at 13 

loci with known positions on the X chromosome (Appendix A). I identified a clear 

valley of reduced introgression, as measured by dine width, centered on a marker placed 

at 78.4 Mb (27.3 cM) in the sequence. The lack of introgression indicates that this 

genomic region may contain genes underlying reproductive isolation between M. 

domesticus and M. musculus. X-Iinked loci with reduced gene flow also exhibited shifts 

in dine position toward the M. domesticus side of the hybrid zone, suggesting that the 

crucial incompatibilities derive from disrupted interactions between the M. domesticus X 

chromosome and other parts of the M. musculus genome. The chromosomal arrangement 

of these patterns of introgression showed evidence of linkage, with adjacent loci 

displaying similar trends and a relatively smooth change in dine width and dine center at 

markers situated at increasing distances from the region of reduced introgression. 

The study in Appendix A constitutes the first survey of gene flow across a hybrid 

zone using molecular markers with known positions in a complete genome sequence. 

The availability of the complete genome sequence in A/us allows me to address several 

important and previously intractable questions. 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 characterized, certain categories of genes are predicted to 

play a role in reproductive isolation between M. domesticus and M. musculus. The 

observation that these two species appear to be primarily isolated by hybrid male sterility 

indicates that those genes only expressed in the male germ line represent reasonable 
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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 frequently show elevated 

rates of divergence (Coulthart and Singh 1988; Aguade et al. 1992; Swanson et al. 2001; 

Wyckoff et al. 2000; Torgerson ct al. 2002) and this rapid evolution may contribute to the 

formation of reproductive barriers (Swanson and Vacquier 2002). In 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 dysfunctional interactions between genes in hybrid 

individuals. For example, genes responsible for hybrid inviability (Nup96; Presgraves et 

al. 2003; Hmr, Barbash et al. 2003) and hybrid sterility {Odysseus; Ting et al. 1998) 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 introgression. Such correlations might be expected for several reasons, but 

most require that reproductive isolation have a polygenic basis. For example, if many 

genes contribute to isolation and these genes are randomly distributed 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. Recombination may also be important in the development of reproductive 

isolation. A recent model inspired by data from Drosophila and Helianthus suggests that 
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chromosomal rearrangements can reduce gene flow by suppressing recombination in 

heterozygotes (rather than by simple underdominance; Noor et al. 2001; Rieseberg 2001; 

Navarro and 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 chromosomes without rearrangement (Navarro and 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 species that form hybrid zones. 

If reproductive isolation is caused by many genes randomly placed throughout the 

genome, chromosomal 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. Furthermore, reproductive isolation might 

be expected to increase as a function of divergence in coding sequence, suggesting that 

markers situated near rapidly evolving genes may show reduced introgression. In 

general, correlations between patterns of introgression and genomic variables are not 

expected if only a few genes of major effect underlie reproductive isolation. 

These considerations motivated me to compare patterns of introgression of X 

chromosomal regions across the hybrid zone between M. domesiicus and M. musculus to 

several genomic attributes, with the goals of (i) identifying candidate genes for 

reproductive isolation and (ii) evaluating potential genomic correlates of introgression. 
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MATERIALS AND METHODS 

Differential patterns of introgression 

As described in Appendix A, I genotyped mice (collected by R. Sage) from a 170km 

transect of the hybrid zone in southern Genmany and western Austria at 13 species-

specific X-linked markers. Introgression was measured by fitting allele frequencies to a 

model derived from dine theory (Szymura and Barton 1986; Porter et al. 1997). Here, I 

use two of these parameters to characterize patterns of gene flow: dine width, the 

geographic distance over which the most extreme change in allele frequency occurs, and 

dine center, the geographic location where the expected allele frequency is 0.5. For 

more details of model fitting, see Appendix A. 

Candidate genes for reproductive isolation 

Because M. domesticus and M. musculus appear to be isolated by hybrid male 

sterility, I identified X-Iinked genes with expression restricted to mouse male germ cells 

from the literature. Most information 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 et al. 2003). Sequence positions for these 

genes were assembled using a variety of on-line databases, including UniGene 

(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). I also analyzed rates of protein evolution at 500 genes along 

http://www.ncbi.nlm.nih.gov/UniGene
http://www.ncbi.nlm.nih.gov/LocusLink
http://www.informatics.jax.org
http://www.genome.ucsc.edu
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the X chromosome (in comparison with rat coding sequences; see below). Those genes 

that were located in the X-linked region of reduced introgrcssion 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 ofpatterns of introgrcssion 

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 recombination rate, were completed for 

chromosomal windows including 500 kb, 1 Mb, and 2 Mb on either side of each 

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 microsatellites (downloaded from 

www.genome.ucsc.edu). Recombination rate was estimated as the slope of a linear 

regression of genetic position vs. physical position for microsatellites within 5Mb 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 niRNA expression has been verified), and GenScan genes (genes predicted based 

http://www.genome.ucsc.edu
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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 positions were also obtained at 

www.genome.ucsc.edu. GC 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 GC content estimation procedure. 

Rates of synonymous (ks) and nonsynonymous (ka) substitution per site were 

estimated by comparison to putative orthologous genes from rat. All X-linked coding 

sequences from mouse with putative homologs in rat and all X-linked coding sequences 

from rat with putative homologs in mouse were downloaded from www.ensembl.org. 

The rat sequences were used to assemble a blast database. Each mouse sequence was 

blasted against the rat database and the gene with the highest bitscore was selected as a 

putative ortholog. All genes that returned multiple matches with high similarity were 

discarded as potential paralogs. Orthologous gene pairs were aligned using the GAP 

routine from Wisconsin Package Version 10.2 [Genetics Computer Group (GCG), 

Madison, WI, USA] software. 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 multiple 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 dine width and dine center visually, and using 

Spearman's non-parametric rank correlation tests. 

http://www.genome.ucsc.edu
http://www.genome.ucsc.edu
http://www.genome.ucsc.edu
http://www.ensembl.org
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RESULTS 

Candidate genes for reproductive isolation 

I identified three genes located in the X-linked region of reduced introgression that 

are expressed only in male germ cells (Table 1). Tktll produces 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 disproportionately to the formation of 

reproductive barriers between closely related species. Two of the loci expressed solely in 

the male germ line, Tktll and TexJl, exhibit higher than average ka/ks values in 

comparison with other X-linked loci (Table 1; average ka/ks for 500 genes = 0.274; 

median = 0.152). Four additional genes show relatively high rates of protein evolution 

(ka/ks > 0.5) and map to the X-linked region of reduced introgression (Table 2). Pbsn 

fimctions in odorant binding, and reference cDNA sequences are derived from libraries 

constructed from urinary bladder, vesicular gland, and bone. Pet2 causes plasmacytoma 

(when mutated) and cDNA reference sequences come from testis. 

Additional functional information about these genes and the other genes in Tables 1 

and 2 is not currently available, but based on their locations, expression patterns, and 

rates of evolution, they represent candidates for the genetic basis of reproductive isolation 

between M. domesticus and M. musculus. 
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Genomic correlates of patterns of introgression 

Cline width and genomic attributes of the X-linked regions investigated in Appendix 

A are plotted as a function of sequence position in Figure 1, and data are provided in 

Table 3. Scatterplots of cline width vs. each genomic variable are shown in Figure 2. A 

few suggestive trends can be seen in Figure 1, including an apparent spike in gene density 

and CpG island density corresponding to the region of low cline width. Additionally, 

most variables show very weak trends in predicted directions. For example, cline width 

is positively related to recombination rate, and negatively related to gene density, CpG 

island density, and ka (Figure 2); however, none of these relationships approaches 

statistical significance in correlation analyses (P > 0.05) with total window sizes of 1 Mb, 

2 Mb, or 4 Mb. Additionally, comparisons between loci in regions of reduced 

i n t r o g r e s s i o n  a n d  a l l  o t h e r  l o c i  y i e l d  n o  s i g n i f i c a n t  d i f f e r e n c e s  ( M a n n - W h i t n e y  U;P> 

0.05 in all tests). Relationships between cline center and genomic variables are also not 

statistically significant. 
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DISCUSSION 

Candidate genes for reproductive isolation 

Perhaps the clearest prediction about sequence characteristics 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. Because M. domesticus and M. musculus appear to be primarily 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 Sequencing Consortium 

2002; Torgerson et al. 2002). Furthermore, sperm-related genes are over-represented on 

the X chromosome (Wang et al. 2001) and evolve faster than their autosomal 

counterparts (Torgerson and Singh 2003). 

Although I 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, Tktll, Halapx, and Texll, were 

identified on the basis of their expression and introgression profiles. 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 isolation, I identified four additional genes with high ka/ks values that map 

to the region of reduced introgression. One of these genes, Pbsn, has odorant binding 
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capacity. The combination of this function with a pattern of expression that includes the 

urinary bladder and vesicular gland is notable given the role of pheromones in mouse 

mating behavior (Bronson 1979). 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. 

In addition to identifying candidate genes for reproductive isolation, genomic data 

can also be used to find genes associated with positive selection in hybrid zones. 

Appendix A describes a pattern consistent with adaptive introgression at the Xist marker: 

although dine width was close to the average for the X chromosome, many populations 

on the M. musculus side of the hybrid zone contained M. domesticus alleles at this locus, 

suggesting that positive selection might drive the spread of alleles on to the heterospecific 

genomic background. I found four genes (Mm.46128 (UniGene identifier), Mm.54292, 

Tsx, and Cnbpl) 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; Torgerson et al. 2002), the inspection of patterns of introgression 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, I 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 
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involved in reproductive isolation between M domesticus and M muscuius. Genes with 

reproductive functions in females, including loci affecting mating behavior, may be 

important in isolation. Additionally, the observed increase in parasite loads in natural 

hybrids (Sage et al. 1986; Moulia et al. 1993; Moulia ct al. 1995) suggests that genes with 

functions related to immunity may contribute to reproductive barriers. Finally, many 

genes responsible for reproductive 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 phylogenetic boundaries 

(Presgraves et al. 2003). More genes underlying reproductive isolation need to be 

characterized 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 described in Appendix A 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. My analyses reveal no significant correlations between 

patterns of gene flow and measured genomic characteristics. To guide the interpretation 

of these results, I review reasons why patterns of introgression might be predicted to be 

correlated with a number of genomic attributes and then suggest an explanation for the 

observed lack of associations. 
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The rate of recombination may affect patterns of introgression in multiple ways. The 

extent of association between alleles at different loci in a hybrid zone is predicted to 

decay as a function of recombination rate. Riescberg 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 

recombination are also visible in the hybrid zone between M. domesticus and M. 

musculus (Appendix A), with neighboring loci showing correlated dine 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 recombination 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 incompatibilities 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 methylated, 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 
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regulatory functions. Hence, regional differences in CpG island density between M. 

domesticus and M. musculus could disrupt regulatory interactions in hybrids. 

Rates of evolutionary divergence might also be predicted 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 problems 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 rates of protein evolution and the degree of 

introgression might be expected. Alternatively, genes with more functional constraint at 

the protein level (within species) may be more easily perturbed in hybrids, suggesting 

that rates of protein evolution may be positively correlated with levels of gene flow. 

Despite these predictions, I did not find significant correlations between 

recombination rate, gene density, CpG island density, ks, or ka, and either dine width 

(Figure 2) or dine center. My failure to identify associations between patterns of 

introgression and these genomic attributes may be caused by the limited number of 

genomic regions I have surveyed. Weak relationships are probably not detectable and the 

effects of co-variation between genomic variables cannot be accounted for with a sample 

size of only thirteen. Surveys of introgression between M. domesticus and M. musculus 

with broader coverage of the genome will presumably allow more powerful tests for 

genomic correlates of introgression. 
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Nevertheless, my genomic analyses may provide an important clue about the genetic 

basis of reproductive isolation between M. domesticus and M. musculus. Broad-scale 

associations between patterns of introgression and genomic attributes are more likely 

under a model of reproductive isolation caused by a moderate to large number of loci 

situated throughout the genome than under a model including a small number of loci. 

Viewed in this light, my results suggest that M. domesticus and M. musculus are isolated 

by a relatively small number of genes. This hypothesis is consistent with the shallow 

divergence time between these two species (350,000 years; She et al. 1990) and the 

apparent incompleteness of their reproductive isolation (the species show patterns 

consistent with Haldane's rule for sterility). If a small number of genes maintain 

reproductive barriers between M. domesticus and M. musculus, and accordingly, some of 

these genes have major effects on isolation, the strategy used in Appendix A on the X 

chromosome should have a high probability of success for the autosomes as well. 



150 

REFERENCES 

Aguade, M., Miyashita, N., and Langley, C. H., 1992. Polymorphism and divergence in 
the Mst26A male accessory gland gene region in Drosophila. Genetics 132, 755-770. 

Barbash, D. A., Siino, D. F., Tarone, A. M., and Roote, J., 2003. A rapidly evolving 
MYB-related protein causes species isolation in Drosophila. Proc. Nat. Acad. Sci. USA 
100, 5302-5307. 

Barton, N. H., and Hewitt, G. M., 1985. Analysis of hybrid zones. Ann. Rev. Ecol. Syst. 
16,113-148. 

Boursot, P., Auffray, J.-C., Britton-Davidian, J., and Bonhomme, F., 1993. The evolution 
of house mice. Ann. Rev. Ecol. Syst. 24, 119-152. 

Bronson, F. H., 1979. The reproductive ecology of the house mouse. Q. Rev. Biol. 54, 
265-299. 

Clark, A. G., Aguade, M., Prout, T., Harshman, L. G., and Langley, C. H., 1995. 
Variation in sperm displacement and its association with accessory gland protein loci in 
Drosophila melanogaster. Genetics 139, 189-201. 

Coulthart, M. B., and Singh, R. S., 1988. High level of divergence of male-reproductive-
tract proteins, between Drosophila melanogaster and its sibling species, D. simulans. 
Mol. Biol. Evol. 5, 182-191. 

Dietrich, W. F., Miller, J., Steen, R., Merchant, M. A., Damron-Boles, D., Husain, Z., 
Dredge, R., Daly, M. J., Ingalls, K. A., O'Connor, T. J., Evans, C. A., DeAngelis, M. M., 
Levinson, D. M., Kruglyak, L., Goodman, N., Copeland, N. G., Jenkins, N, A., Hawkins, 
T. L., Stein, L., Page, D. C., and Lander, E. S., 1996. A comprehensive genetic map of 
the mouse genome. Nature 380,149-152. 

Dobzhanksy, T., 1936. Studies on hybrid sterility. IL Localization of sterility factors in 
Drosophila pseudoobscura hybrids. Genetics 21,113-135. 

Dod, B., Jermiin, L. S., Boursot, P., Chapman, V. H., Tonnes-Nielsen, J., and 
Bonhomme, F., 1993. Counterselection on sex chromosomes in the Mus m us cuius 
European hybrid zone. J. Evol. Biol. 6, 529-546. 

Forejt, J., and Ivanyi, P., 1975. Genetic studies on male sterility of hybrids between 
laboratory and wild mice {Mus musculus L.). Genet. Res. 24,189-206. 



151 

Forejt, J., Vincek, V., Klein, J., Lehrach, H., and Loudovamickova, M., 1991. Genetic 
mapping of the t-complex region on mouse chromosome 17 including the hybrid sterility-
1 gene. Mamm. Genome 1, 84-91. 

Hunt, W. G., and Selander, R. K., 1973. Biochemical genetics of hybridisation in 
European house mice. Heredity 31, 11-33. 

International Human Genome Sequencing Consortium, 2003. Initial sequencing and 
analysis of the human genome. Nature 409, 860-921. 

Kimura, M., 1980. A simple method for estimating evolutionary rates of base 
substitutions through comparative studies of nucleotide sequences. J. Mol. Evol. 16, 111-
120. 

Li, W.-H., 1993. Unbiased estimation of the rates of synonymous and nonsynonymous 
substitution. J. Mol. Evol. 36, 96-99. 

Moulia, C., LeBrun, N., Dallas, J., Orth, A., and Renaud, F., 1993. Experimental 
evidence of genetic determinism in high susceptibility to intestinal pinworm infection in 
mice: a hybrid zone model. Parasitology 106, 387-393. 

Moulia, C., LeBrun, N., Loubes, C., Marin, R., and Renaud, P., 1995. Hybrid vigor in 
parasites of interspecific crosses between two mice species. Heredity 74, 48-52. 

Mouse Genome Sequencing Consortium, 2002. Initial sequencing and comparative 
analysis of the mouse genome. Nature 420, 520-562. 

Munclinger, P., Bozikova, E., Sugerkova, M., Pialek, J., and Macholan, M., 2002. 
Genetic variation in house mice {Mus, Muridae, Rodentia) from the Czech and Slovak 
Republics. Folia Zool. 51, 81-92. 

Navarro, A., and Barton, N. H., 2003a. Accumulating postzygotic isolation genes in 
parapatry: A new twist on chromosomal speciation. Evolution 57, 447-459. 

Navarro, A., and Barton, N. H,, 2003b. Chromosomal speciation and molecular 
divergence - Accelerated evolution in rearranged chromosomes. Science 300, 321-324. 

Noor, M. A. F., Grams, K. L., Bertucci, L. A., and Reiland, J., 2001. Chromosomal 
inversions and the reproductive isolation of species. Proc. Nat. Acad. Sci. USA 98, 
12084-12088. 

Porter, A. H., Wenger, R., Geigcr, H., Scholl, A., and Shapiro, A. M., 1997. The Pontia 
daplidice-edusa hybrid zone in northwestern Italy. Evolution 51, 1561-1573. 



152 

Presgraves, D. C., Balagopalan, L., Abymayr, S. M., and Orr, H. A., 2003. Adaptive 
evolution drives divergence of a hybrid inviability gene between two spccies of 
Drosophila. Nature 423, 715-719. 

Rieseberg, L. H., 2001. Chromosomal rearrangements and speciation. Trends Ecol. Evol. 
16,351-358. 

Rieseberg, L. H., Whitton, J., and Gardner, K., 1999. Hybrid zones and the genetic 
architecture of a barrier to gene flow between two sunflower species. Genetics 152, 713-
727. 

Sage, R. D., Atchley, W. R., and Capanna, E., 1993. House mice as models in systematic 
biology. Syst. Biol. 42, 523-561. 

Sage, R. D., Heyneman, D., Lim, K.-C., and Wilson, A. C., 1986. Wormy mice in a 
hybrid zone. Nature 324, 60-63. 

Schultz, N., Hamra, F, K., and Garbers, D. L., 2003. A multitude of genes expressed 
solely in meiotic or postmeiotic spermatogenic cells offers a myriad of contraceptive 
targets. Proc. Nat. Acad. Sci. USA 100, 12201-12206. 

She, J. X., Bonhomme, F., Boursot, P., Thaler, L., and Catzeflis, F., 1990. Molecular 
phylogenies in the genus Mus: Comparative analysis of electrophoretic, scnDNA 
hybridization, and mtDNA RFLP data. Biol. J. Linn. Soc. 41, 83-103. 

Swanson, W. J., Aquadro, C. F., and Vacquier, V. D., 2001. Polymorphism in abalone 
fertilization proteins is consistent with the neutral evolution of the egg's receptor for lysin 
(VERL) and positive darwinian selection of sperm lysin. Mol. Biol. Evol. 18, 376-383. 

Swanson, W. J., and Vacquier, V. D., 2002. The rapid evolution of reproductive proteins. 
Nat. Rev. Genet. 3, 137-144. 

Su, A. I., Cooke, M. P., Ching, K. A., Hakak, Y., Walker, J. R., Wiltshire, T., Orth, A. P., 
Vega, R. G., Sapinoso, L. M., Moqrich, A., Patapoutian, A., Hampton, G. M., Schultz, P. 
G., and Hogenesch, J. B., 2002. Large-scale analysis of the human and mouse 
transcriptomes. Proc. Nat. Acad. Sci. USA 99,4465-4470. 

Szymura, J. M., and Barton, N. H., 1986. Genetic analysis of a hybrid zone between the 
fire-bellied toads, Bomhina bombina and Bombina variegata, near Cracow in southern 
Poland. Evolution 40, 1141-1159. 

Ting, C. T., Tsaur, S. C., Wu, M. L., and Wu, C.-L, 1998. A rapidly evolving homeobox 
at the site of a hybrid sterility gene. Science 282, 1501-1504. 



153 

Torgerson, D. G., Kulathinal, R. J., and Singh, R. S., 2002. Mammalian sperm proteins 
are rapidly evolving: evidence of positive selection in functionally diverse genes. Mol. 
Biol. Evol. 19, 1973-1980. 

Torgerson, D. G., and Singh, R. S., 2003. Sex-linked mammalian sperm proteins evolve 
faster than autosomal ones. Mol. Biol. Evol. 20, 1705-1709. 

Tucker, P. K., Sage, R. D., Warner, J., Wilson, A. C., and Eicher, E. M., 1992. Abrupt 
dine for sex chromosomes in a hybrid zone between two species of mice. Evolution 46, 
1146-1163. 

Vanlerberghe, F., Dod, B., Boursot, P., Bellis, M., and Bonhomme, F., 1986. Absence of 
Y-chromosome introgression across the hybrid zone between Mm musculus domesticus 
and Mus musculus musculus. Genet. Res. 48, 191-197. 

Wang, P. J., McCarrey, J. R., Wang, F., and Page, D. C., 2001. An abundance of X-
linked genes in spermatogonia. Nat. Genet. 27, 422-426. 

WyckofT, G. J., Wang, W., and Wu, C.-L, 2000. Rapid evolution of male reproductive 
genes in the descent of man. Nature 403, 304-309. 



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

germ line. 

Gene Description ka^^ ks® ka/ks'' Position^ 

Tktl 1 Transketolase activity; carbohydrate metabolism 0.038 0.109 0.352 58307522 

Halapx Haploid specific alanine-rich protein c c c 68169064 

Texll ' 0.104 0.094 1.108 85652084 

" Divergence rates are calculated by comparison to orthologous sequences from rat. 

Position represents the sequence position of the translation start site. 

'̂ No information available. No orthologous gene sequence for Halapx could be located in the rat genome. 



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

Gene® Description ka/ks Position" 

Mm.21705 d 0.106 0.109 0.972 58481953 

Pbsn Odorant-binding function 0.133 0.148 0.899 62321536 

Pet2 Plasmacjrtoma 0.156 0.115 1.357 74093574 

ENSMUSG00000050332.1 d 0.064 0.109 0.587 80204267 

"Gene name is given for known genes. For predicted genes, UniGene or Ensembl identifiers are provided. 

'' Divergence rates are calculated by comparison to orthologous sequences from rat. 

Position represents the sequence position of the translation start site. 

''No information available. 



Table 3. Genomic characteristics for 4Mb windows for comparison with patterns of introgression. 

Locus Sequence Genetic Cline Cline Recombination GenScan RefSeq Known CpG GC ks'^ ka/ks'^ 

position position width center rate (cM/Mb) genes genes genes islands content 

(bp) (cMf (km)'' (km)" 

Fox 3748097 1.1 6.14 56.25 0.16 53 46 44 27 0.45 0.155 0.026 0.192 

Sepb 23407551 15.3 7.53 55.86 0.54 76 29 24 25 0.42 0.159 0.030 0.181 

Nt 40644378 20.8 4.02 54.89 0.32 70 25 12 23 0.41 0.119 0.016 0.130 

Fmr 52891104 24.0 3.60 54.73 0.29 42 6 7 4 0.39 0.121 0.024 0.174 

Emd 58386749 24.0 1.16 54.12 0.16 105 69 69 39 0.42 0.141 0.034 0.211 

Pol 78445479 27.3 0.37 53.62 0.57 59 19 14 27 0.40 0.135 0.024 0.141 

Xist 88396856 29.5 3.25 54.54 0.24 87 19 19 33 0.42 0.158 0.045 0.293 

L6 88564060 29.5 2.95 54.49 0.24 85 18 18 31 0.42 0.160 0.047 0.306 

Pou 96002970 40.4 5.29 55.73 1.32 23 4 3 3 0.38 0.100 0.054 0.479 

Btk 116363735 43.7 5.42 55.78 0.42 73 37 36 23 0.40 0.168 0.039 0.193 

Pip 118630362 45.9 5.72 56.26 0.53 68 27 29 20 0.40 0.158 0.033 0.191 

Trr 126291138 50.3 3.59 54.75 0.47 57 11 8 4 0.39 0.150 0.038 0.294 

Glra2 142398736 57.9 2.49 55.32 0.04 63 20 21 16 0.41 0.148 0.037 0.309 

t̂fTTTT̂ I 

On 



Position on the Whitehead MIT Genetic Map (Dietrich et al. 1996) of the locus closest in the sequence. 

From Appendix A. 

Average of values for all mouse-rat orthologous gene pairs. 
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FIGURE LEGENDS 

Figure 1. Cline width and genomic attributes plotted against sequence position for 13 X-

linked loci. Results are shown for 10Mb windows for recombination rate and 4Mb 

windows for all other genomic characteristics. 

Figure 2. Scatterplots of cline width vs. genomic attributes. Correlation coefficients and 

/J-values are shown for Spearman's rank correlation tests. 
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