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ABSTRACT

Determining the genetic basis of reproductive isolation is a fundamental goal in

evolutionary biology.  Intrinsic reproductive isolation often arises due to epistasis

between divergent interacting genes.  The rapid evolution of hybrid male sterility is

known to have several causes, including the exposure of recessive X-linked

incompatibilities in males and the rapid evolution of male reproductive traits.  Despite

these insights, little is known about the genetics of reproductive isolation during the early

stages of speciation.  This deficiency inspired parallel studies on the molecular evolution

of male reproduction in house mice and the genetic basis of hybrid male sterility between

two mouse species, Mus domesticus and M. musculus.  Evolutionary analysis of 946

genes showed that the intensity of positive selection varies across sperm development and

acts primarily on phenotypes that develop late in spermatogenesis (Appendix A).  Several

reciprocal crosses between wild-derived strains of M. musculus and M. domesticus were

used to examine F1 hybrid male sterility (Appendix B).  These crosses revealed hybrid

male sterility linked to the M. musculus X chromosome and a novel sterility

polymorphism within M. musculus.  A large introgression experiment was used to further

dissect the genetic basis of X-linked incompatibilities between M. musculus and M.

domesticus (Appendix C).  Introgression of the M. musculus X chromosome into a M.

domesticus genetic background produced male sterility and involved a minimum of four

factors.  No sterility factors were uncovered on the M. domesticus X chromosome.  These

data demonstrate the complex genetic basis of hybrid sterility in mice and provide
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numerous X-linked candidate sterility genes.  The molecular evolution of five rapidly

evolving candidate genes was examined using population and phylogenetic sampling in

Mus (Appendix D).  Four of these loci showed evidence of positive natural selection.

One locus, 4933436I01Rik, showed divergent protein evolution between M. domesticus

and M. musculus and was one of a handful of testis-expressed genes within a narrow

interval involved in hybrid male sterility.  In summary, these data demonstrate that hybrid

male sterility has a complex genetic basis between two closely related species of house

mice and provide a foundation for the identification of specific mutations that isolate

these species.
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CHAPTER 1: INTRODUCTION

Explanation of the problem and its context

The process of speciation in sexually reproducing organisms depends upon the

evolution of phenotypes that limit genetic exchange between populations.  A complete

understanding of the genetic basis of speciation requires knowledge of the primary

barriers to reproductive isolation in nature, resolution of the evolutionary processes that

generated these barriers, and identification of the specific mutations that underlie

isolating phenotypes.  To date, very few studies have approached this level of insight, and

the genetic basis of speciation remains unresolved for most species.

One of the primary obstacles to understanding the genetic basis of speciation has

been an inability to relate patterns of reproductive isolation observed in the laboratory to

isolation among natural populations.  This has been difficult for two reasons.  First, many

of the phenotypes thought to be important in nature, such as sexual isolation, involve

complex behaviors that are difficult to study in the lab.  Second, many speciation genetic

experiments have used crosses between divergent species that do not hybridize in nature

(e.g., Barbash et al. 2003; Presgraves et al. 2003; Brideau et al. 2006; Masly and

Presgraves 2007).  While such studies extend our understanding of the developmental

consequences of species divergence, it is not possible to determine if phenotypes

contributing to isolation between these species in the laboratory were ever relevant to the

process of speciation (Harrison 1990; Orr and Presgraves 2000).
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This dissertation examines the evolution of reproductive isolation between two

species of house mice, M. domesticus and M. musculus.  Importantly, these species form

a natural hybrid zone and are reproductively isolated by hybrid male sterility (Forejt

1996; Britton-Davidian et al. 2005; Good et al. in press), a phenotype amenable to

genetic study.  Thus, house mice provide a powerful system to dissect the genetic basis of

phenotypes that underlie reproductive isolation in nature and to investigate the

evolutionary processes that led to the fixation of hybrid incompatible mutations.

Towards this end, I report results from a series of studies focused on the molecular

evolution of spermatogenesis in mice, the genetic analysis of hybrid male sterility

between M. domesticus and M. musculus, and the evolution of specific genes that may be

involved in mouse speciation.  These data extend our understanding of the evolution of

male reproduction in mice and of the genetic basis of reproductive isolation between M.

domesticus and M. musculus.

A review of the literature

The evolution of male reproduction: The rapid evolution of reproductive genes

appears to be a nearly ubiquitous pattern in animals (Coulthart and Singh 1988; Vacquier

et al. 1997; Begun et al. 2000; Wyckoff et al. 2000; Swanson et al. 2003; Clark and

Swanson 2005; Andres et al. 2006; Kelleher et al. 2007).  This extraordinary divergence

is thought to be driven by sexual selection acting after copulation and is most apparent in

male-specific genes (Swanson and Vacquier 2002).  In general, rapid evolution of male

reproduction may be driven by direct competition among male ejaculates (Parker 1970)
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and/or differential female selection of competing male gametes (Eberhard 1996).  In

addition, antagonistic fitness dynamics between males and females can result in

coevolutionary divergence (Rice 1996; Holland and Rice 1999).  All of these models

predict rapid divergence of male reproductive traits in species where females mate with

multiple males.  Mating systems with some degree of female remating are very common

in animal species (Eberhard 1996; Birkhead and Moller 1998; Dixson 1998; Markow

2002), and thus sexual selection on male reproductive genes could be a general

evolutionary force.

These data suggest that reproductive genes are frequently targets of positive

selection and that this divergence may have a profound influence on the evolution of

lineages.  Likewise, rapid functional turnover within species is likely to contribute to the

evolution of incompatibilities that diminish the fertility of hybrids between species (Wu

and Davis 1993; Singh and Kulathinal 2000).  However, despite a clear understanding of

the potential evolutionary consequences of reproductive divergence and numerous

examples of rapidly evolving reproductive genes, little is known about which phenotypes

are the primary targets of selection.  Connecting genotypes to reproductive phenotypes

has been hampered, in part, by a lack of gene-specific functional information.  Bridging

the genotype-phenotype disconnect remains a fundamental challenge in evolutionary

genetics.

The genetics of reproductive isolation: Two general insights have emerged from

the genetic study of postzygotic reproductive isolation.  First, hybrid sterility and other

forms of intrinsic postzygotic isolation arise as a consequence of disrupted epistatic
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interactions between loci that have diverged (i.e., Dobzhansky-Muller incompatibilities

[D-M incompatibilities]; Bateson 1909; Dobzhansky 1937; Muller 1942).  The basic

elements of this simple model are illustrated by considering two populations with

alternative genotypes fixed at two interacting loci, AAbb and aaBB, where the ancestral

genotype was aabb.  Hybrids between these two populations will have an AaBb genotype

that may be deleterious because interactions between A and B have never been tested by

natural selection.  This general model is now widely accepted (Coyne and Orr 2004),

including multiple studies that have identified specific genes involved D-M

incompatibilities (Wittbrodt et al. 1989; Ting et al. 1998; Barbash et al. 2003; Presgraves

et al. 2003; Brideau et al. 2006; Harrison and Burton 2006).

A second fundamental insight into speciation genetics is that the early stages of

reproductive isolation usually involve problems in the heterogametic sex first (i.e.,

Haldane’s rule; Haldane 1922; Laurie 1997; Orr 1997), suggesting that the sex

chromosomes play an important role in speciation.  In many taxa, males are the

heterogametic sex and the X chromosome has a large effect on reproductive isolation

(Dobzhansky 1936; Orr 1987; Coyne and Orr 1989; Tucker et al. 1992; Dod et al. 1993;

Besansky et al. 2003; Masly and Presgraves 2007).  In these species, hybrid male sterility

is the most common form of Haldane’s rule and has been shown to evolve much more

quickly than female sterility or inviability in either sex (Wu 1992; True et al. 1996;

Coyne and Orr 1997; Tao et al. 2003; Wu and Ting 2004; Masly and Presgraves 2007).

Multiple factors likely contribute to the rapid evolution of hybrid male sterility, including

the exposure of recessive X-linked incompatibilities (Muller 1942; Turelli and Orr 1995;
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Turelli and Orr 2000), the rapid evolution of male reproduction (Wu and Davis 1993; Wu

et al. 1996; Presgraves and Orr 1998), and faster evolution on the X chromosome

(Charlesworth et al. 1987).

Despite these fundamental insights, we still know little about the genetic details of

reproductive isolation between natural populations.  What is needed now are more data

on the genetic basis and evolution of specific phenotypes that cause reproductive

isolation during the early stages of speciation.

Reproductive isolation in house mice: House mice are a well-studied model

system with considerable genetic resources (Dietrich et al. 1996; Mouse Genome

Sequencing Consortium 2002; Su et al. 2004; Shifman et al. 2006).  House mice are

comprised of at least three species (M. domesticus, M. musculus, and M. castaneus) that

recently shared a common ancestor (~0.5 MYA; She et al. 1990; Boursot et al. 1993).

Mus domesticus and M. musculus are particularly suited to study the early stages of

reproductive isolation.  Laboratory experiments have shown that M. domesticus and M.

musculus are isolated by hybrid male sterility (Forejt and Iványi 1975; Forejt et al. 1991;

Forejt 1996; Vyskocilová et al. 2005) and that at least some of the genes underlying

sterility are on the X chromosome (Storchová et al. 2004; Britton-Davidian et al. 2005;

Good et al. in press).  Importantly, these two species form a narrow hybrid zone in

Europe (Boursot et al. 1993; Sage et al. 1993) and numerous genetic studies have shown

that X-linked gene flow is significantly reduced relative to the autosomes (Tucker et al.

1992; Dod et al. 1993; Munclinger et al. 2002; Macholán et al. 2007; Teeter et al. in

press).  Fine-scale hybrid zone analysis has further localized X-linked incompatibilities to
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specific intervals in the middle and distal portions of the chromosome (Payseur et al.

2004; Payseur and Nachman 2005).

Explanation of dissertation format

House mice provide an excellent model system for studying speciation genetics.

In particular, focused studies on male reproduction, hybrid male sterility, and the X

chromosome are likely to provide considerable insight into the genetic basis of

reproductive isolation in house mice.  In Appendix A, I utilize the extensive genomic

resources available in mice to examine the molecular evolution of genes involved in

spermatogenesis.  Using computational analysis combined with statistical methods based

on evolutionary theory, I show that rates of protein divergence are positively correlated

with timing of gene expression during spermatogenesis.  This pattern appears to be

driven, in part, by positive selection acting on phenotypes that develop late in

spermatogenesis (Good and Nachman 2005).  Then I present a detailed investigation of

patterns of hybrid male sterility in laboratory crosses between M. domesticus and M.

musculus (Appendix B).  These data show that F1 hybrid male sterility is fairly complex

and involves both X-linked and polymorphic hybrid incompatibilities (Good et al. in

press).  In Appendix C, I expand upon these results with a detailed examination of hybrid

male sterility on the X chromosome.  Specifically, I show that hybrid male sterility maps

exclusively to the M. musculus X chromosome and has a complex genetic basis.  In

Appendix D, I use mapping results reported in Appendix C combined with data on

reproductive isolation in the hybrid zone (Payseur et al. 2004) to motivate a detailed
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study of the molecular evolution of five X-linked male reproductive genes.  This work

describes two rapidly evolving male reproductive proteins that are candidates for

contributing to adaptation in and/or reproductive isolation between M. domesticus and M.

musculus.
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CHAPTER 2: PRESENT STUDY

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

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

most import findings of these papers.

To develop a more complete understanding of the evolution of reproductive

isolation in house mice, I have combined genomic analysis of the molecular evolution of

spermatogenesis in mice with detailed study of the genetic and phenotypic basis of hybrid

male sterility between M. domesticus and M. musculus.  Appendix A examines the

molecular evolution of 987 genes expressed during mouse spermatogenesis to determine

if rates of protein evolution and the intensity of positive selection vary across stages of

male gamete development.  Rates of protein evolution were positively correlated with the

developmental timing of expression.  The most rapidly evolving genes were expressed

during the final stages of spermatogenesis when round spermatids undergo dramatic

morphogenesis into spermatozoa.  Late-expressed genes were also more likely to be

specific to the male germline and to be targets of positive directional selection.  Overall,

these data suggest that the intensity of positive selection associated with the evolution of

male gametes varies considerably across development and acts primarily on phenotypes

that develop late in spermatogenesis.

Appendix B reports the results of a series of reciprocal crosses between wild-

derived strains of M. musculus and M. domesticus.  There were four main findings.  First,

hybrid male progeny of most interspecific crosses had significantly smaller testes and
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fewer sperm.  Second, in some crosses hybrid male sterility was asymmetric and mapped

to the M. musculus X chromosome.  Third, reciprocal crosses revealed polymorphism at

one or more hybrid incompatibilities within M. musculus.  Fourth, the spermatogenic

phenotype of this polymorphic interaction was distinct from previously described hybrid

incompatibilities between these species.  Collectively, these data build on previous

studies of speciation in house mice and show that the genetic basis of hybrid male

sterility is complex, even at this early stage of divergence.

Appendix C reports the results of a large reciprocal introgression experiment of

the X chromosome between M. musculus and M. domesticus.  Introgression of the M.

musculus X chromosome into a wild-derived M. domesticus genetic background

produced male sterility and involved at least four independent genetic factors.  Major

sterility QTL had additive phenotypic effects and resulted in complete male sterility when

combined on a common genetic background.  No sterility factors were uncovered on the

wild-derived M. domesticus X chromosome, but two QTL involved in differences in

testis weight between the two parental strains were identified.  These results demonstrate

the asymmetric nature of individual hybrid incompatibilities and highlight the distinction

between the genetic basis of lineage differences and the genetic basis of species

incompatibilities.  An 8.44 Mb interval was identified on the M. musculus X chromosome

that harbors at least one factor involved in hybrid male sterility.  Nine potential candidate

genes occur within this interval, including one of the most rapidly evolving genes on the

mouse X chromosome.
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Appendix D examines the molecular evolution of five rapidly evolving male

reproductive genes on the X chromosome to identify loci potentially relevant to adaptive

evolution and reproductive isolation in house mice.  Four of these genes showed evidence

of positive natural selection while one locus appeared to be a rapidly evolving

pseudogene.  One locus, Tsga8, was characterized by extremely high levels of nucleotide

and insertion-deletion variation within species of house mice and thus may be a target of

some form of balancing selection.  Two genes, 4933436I01Rik and Tsga8, showed

divergent protein evolution between M. domesticus and M. musculus and were coincident

with specific regions of the X chromosome previously implicated in reproductive

isolation in hybrid zone and in mapping studies.
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ABSTRACT

Male reproductive genes often evolve very rapidly, and sexual selection is thought

to be a primary force driving this divergence.  We investigated the molecular evolution of

987 genes expressed at different times during mouse spermatogenesis to determine if the

rate of evolution and the intensity of positive selection vary across stages of male gamete

development.  Using mouse-rat orthologs, we found that rates of protein evolution were

positively correlated with the developmental timing of expression.  Genes expressed early

in spermatogenesis had rates of divergence similar to the genome median, while genes

expressed after the onset of meiosis were found to evolve much more quickly.  Rates of

protein evolution were fastest for genes expressed during the dramatic morphogenesis of

round spermatids into spermatozoa.  Late-expressed genes were also more likely to be

specific to the male germline.  To test for evidence of positive selection, we analyzed the

ratio of non-synonymous to synonymous changes using a maximum likelihood

framework in comparisons among mouse, rat, and human.  Many genes showed evidence

of positive selection, and most of these genes were expressed late in spermatogenesis and

were testis-specific.  Overall, these data suggest that the intensity of positive selection

associated with the evolution of male gametes varies considerably across development

and acts primarily on phenotypes that develop late in spermatogenesis.
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INTRODUCTION

Genes associated with male reproduction often evolve rapidly (Swanson and

Vacquier 2002).  For example, several mammalian proteins involved in sperm form and

function have greatly accelerated rates of molecular evolution and appear to be under

positive selection (Wyckoff, Wang, and Wu 2000; Torgerson, Kulathinal, and Singh

2002; Swanson, Nielsen, and Yang 2003).  It is not clear, however, whether this rapid

evolution is associated with genes expressed during particular developmental stages or

whether it is a general feature of genes expressed throughout reproduction.  There are

several reasons why the developmental timing of expression may be important for

understanding patterns of molecular evolution in male reproductive genes.

First, sexual selection may be driving the evolution of male reproductive proteins,

either through male-male competition or through male-female interactions (Swanson and

Vacquier 2002).  In mice, spermatogenesis begins at birth and consists of approximately

11 days of mitotic cell growth, 10 days of meiosis, followed by 14 days during which

haploid spermatids undergo a dramatic morphological transformation into sperm (Eddy

2002).  If sexual selection on male gametes acts predominantly on mutations that

influence the form and function of sperm, then genes expressed late in spermatogenesis

might be expected to evolve more quickly and to show a greater signature of positive

selection.  In particular, genes involved in the morphological transformation from

spermatids into sperm are likely targets for sexual selection.

Second, variation in evolutionary rate among reproductive genes might be due to

differences in functional constraint, rather than (or in addition to) the action of positive
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selection.  Genes expressed early in development (Raff 1996) or in many different tissues

(Duret and Mouchiroud 2000) are expected to exhibit more pleiotropic effects.  Hence,

genes that are expressed late in development or are tissue-specific might be expected to

evolve more rapidly on average.  Some studies support these predictions while others do

not.  For example, in mammals, tissue-specific genes evolve more rapidly and exhibit a

larger variance in evolutionary rate compared to widely-expressed genes (Duret and

Mouchiroud 2000; Winter, Goodstadt, and Ponting 2004).  On the other hand, there is

little evidence for a simple relationship between rates of molecular evolution and

developmental timing of expression in Caenorhabditis elegans (Castillo-Davis and Hartl

2002; Castillo-Davis and Hartl 2003; Cutter and Ward 2005).

Thus, hypotheses for the rapid evolution of male reproductive genes based on

sexual selection or reduced functional constraint both predict that genes expressed late in

spermatogenesis will evolve more quickly than early-expressed genes.  However, sexual

selection may lead to a ratio of non-synonymous to synonymous nucleotide changes that

is greater than one for some late-expressed genes.  This signature of positive selection is

not expected for genes under relaxed functional constraint.

A third way in which developmental timing of expression may be important for

understanding the molecular evolution of male reproductive proteins relates to the

genomic location of these genes.  In mammals, recessive mutations that benefit males are

expected to accumulate on the X chromosome because selection will be more effective in

the hemizygous sex (Rice 1984; Charlesworth, Coyne, and Barton 1987).  However, the

X chromosome is inactivated in the male germline during meiosis, and this ought to
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select against X-linkage for genes that are expressed late in spermatogenesis (Betrán,

Thornton, and Long 2002; Wu and Xu 2003).  Consistent with this, there appears to be an

excess of X-linked genes in the mouse that are expressed early in spermatogenesis (Wang

et al. 2001) while late-expressed genes are rarely on the X chromosome (Betrán,

Thornton, and Long 2002; Khil et al. 2004).  The over-representation of X-linked genes

early in spermatogenesis might be caused by (i) an evolutionary shift towards earlier

expression of genes that were always X-linked (Wu and Xu 2003), or (ii) an evolutionary

increase in the number of X-linked genes with male-specific function, either through

recruitment of genes from the autosomes or through the evolution of novel function at

pre-existing X-linked genes.  The second hypothesis predicts that early-expressed, X-

linked spermatogenic genes may show a signature of positive selection.

The recent publication of patterns of gene expression in testes and other tissues in

the house mouse, Mus musculus (Schultz, Hamra, and Garbers 2003), presents an

opportunity to test these predictions and ask whether rates of evolution depend on when

genes are expressed during development.  Here, we investigate the molecular evolution of

genes expressed in the male germline of mice at nine developmental time points during

spermatogenesis (Schultz, Hamra, and Garbers 2003).  We discovered a significant

positive correlation between developmental timing of expression and the rate of protein

evolution.  Moreover, many late-expressed, rapidly-evolving genes were testes-specific in

their expression, and many showed evidence of positive selection in a maximum

likelihood analysis.  These observations are consistent with a strong role for sexual
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selection in driving the evolution of male reproductive genes in mice, particularly in later

developmental stages.
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MATERIALS AND METHODS

Expression Data: We used the data of Schultz et al. (2003) to identify genes

expressed in the germline of developing mouse testes.  They used the Mouse U74v2

Affymetrix array set to generate expression profiles in testes 1, 4, 8, 11, 14, 18, 21, 26,

29, and 60 days after birth (fig. 1).  Of the 21,374 transcripts expressed during at least at

one time point in this series, 3,794 transcripts changed at least three-fold change in

expression level relative to day 1 and were not expressed in testis somatic cells (i.e.,

Sertoli or interstitial cells).  Of this set, Schultz et al. (2003) grouped 2,785 transcripts

into eight distinct clusters based on overall similarity of expression profiles (see below).

To insure accurate annotation and to remove redundant probes, we queried the Ensembl

database (Build 32; http://www.ensembl.org/Mus_musculus/) to link each of the 2,785

Affymetrix probe IDs to annotated genes.  Probe IDs with unknown or ambiguous genes

associations in Ensembl were excluded, resulting in a set of 1,420 genes.

Previous studies have suggested that genes expressed early in spermatogenesis are

disproportionately X-linked and that genes expressed late in spermatogenesis are under-

represented on the X (Wang et al. 2001; Khil et al. 2004).  To estimate the expected

number of genes per chromosome, we calculated the observed proportion of genes per

chromosome annotated in Ensembl (Build 32).  Because some of the genes considered in

this study correspond to genes predicted by Ensembl, we included both known and

predicted genes in our null expectation.

Two approaches were used to associate genes with specific time points or phases

of spermatogenesis based on their expression profiles.  First, Schultz et al. (2003) applied
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a Gaussian clustering algorithm to their data and identified eight groups of genes based

on overall similarity of expression profiles across all time points (ARRAYMINER 4.0,

Optimal Designs, Brussels).  Here we used these clusters to identify groups of genes

whose expression increased or decreased at particular times during spermatogenesis.

Second, for each gene we noted the day of highest expression.  Expression data collected

at day 60 were not considered here since spermatogenesis is cyclic and all stages overlap

in adult testis (Eddy 2002).

Tissue-specific expression profiles were calculated using data from GNF

SymAtlas (v0.8; symatlas.gnf.org/SymAtlas/), an Affymetrix array database generated by

Su et al. (2004).  Expression was quantified based on the average signal difference

between match and mismatch probes.  GNF probe numbers were matched to Ensembl

genes using the UCSC Mouse Gene Sorter (genome.ucsc.edu).  For each gene, we

measured tissue specificity (TS
max) as the proportion of expression in the most highly

expressed tissue relative to the total level of expression summed over all tissues (Winter,

Goodstadt, and Ponting 2004).  Using the same approach, we also calculated the

proportion of expression in the testis (TS
testis).  We define testis- and tissue-specific genes

as those with TS
testis > 0.1 and TS

max > 0.1, respectively.  This definition corresponds to

approximately four times the median TS
testis or TS

max of all the genes in the GNF SymAtlas

database (N = 36,118).  To control for correlated expression across tissues we only

considered 31 tissues previously reported to not have significantly similar expression

profiles in the mouse (Winter, Goodstadt, and Ponting 2004).  Our measure of testis-

specificity should be broadly equivalent to male germline specificity since the genes
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identified by Schultz et al. (2003) were enriched for transcripts expressed in

spermatogenic cells and not in the somatic cells of the testis.

Rates of Molecular Evolution: Protein coding domains for 987 mouse and rat

one-to-one orthologs were obtained from the Ensembl database.  For all evolutionary

analyses we only considered annotated gene pairs with orthology based on best reciprocal

BLAST hits.  We translated each pair into amino acid sequences, aligned them in-frame

using the PileUp routine (Wisconsin Package v10.2, Genetics Computer Group, Madison,

WI, USA), and back translated to nucleotide sequence.  We then calculated the number of

nonsynonymous substitutions per nonsynonymous site (KA) and the number of

synonymous substitutions per synonymous site (KS) using the method of Li (1993) as

implemented in the Diverge routine (Wisconsin Package v10.2, Genetics Computer

Group, Madison, WI, USA).  All pairs with fewer than 100 aligned codons were

discarded.  For genes with multiple transcripts we aligned all pairwise combinations and

retained those pairs with the fewest number of ambiguous codons and/or the lowest KA/KS

values.  In all group comparisons we used R (www.r-project.org/) to construct 95%

confidence intervals about group means and medians based on 10,000 bootstrap

replicates.  All other statistical tests were conducted using JMP (v5.0, SAS Institute Inc.,

Cary, NC, USA) unless otherwise noted.

To test for positive selection we examined 387 mouse-rat-human orthologs (also

based on Ensembl annotation) using a maximum likelihood framework.  Genes

considered in the mouse-rat pairwise comparisons were excluded from this analysis if

they lacked an annotated human ortholog or were represented by more than one transcript
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in at least one species.  First, orthologous peptide sequences were aligned with

CLUSTALW using default parameters (v1.8; Thompson, Higgins, and Gibson 1994).

Then nucleotide sequences were aligned in-frame with RevTrans (v1.3, written by R.

Wernersson) using the amino acid alignment as a guide.  Several model-based tests of

positive selection have been proposed (Yang 2002).  We chose to conduct a relatively

conservative test using the codeml program in the PAML package (Yang 1997).  For

each gene tree, we fit the data to two models (models M7 and M8; Yang et al. 2000).  M7

assumes that KA/KS (~dN/dS) values follow a beta distribution constrained between 0 and 1

while the second model (M8) allows for an additional category of sites with KA/KS > 1.

The likelihood of data under each model can be directly compared using a standard

likelihood ratio test because M7 is a nested subset of M8.  Positive selection is inferred if

M8 provides a significantly greater fit when tested using a chi-square distribution.  We

chose a significance threshold of P < 0.01 to be conservative.  M8 has been reported to be

sensitive to starting values of w (~KA/KS) and tends to get stuck in local optima.  We used

an initial w of 1 to identified genes with a significantly better fit to M8.  We then further

evaluated M7 and M8 in this subset using an initial w value of 0.1 to check for starting

point dependency.  Only the highest likelihood scores are reported here.

Functional Annotation of Genes: We retrieve functional annotation of genes

from Ensembl (Build 32; http://www.ensembl.org/Mus_musculus/) based on the Gene

Ontology database (Ashburner et al. 2000).  All levels of the annotation hierarchy were

retrieved from each of the three Gene Ontology categories (i.e., biological process,

cellular component, and molecular function).
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RESULTS

Developmental Timing of Expression: Of the 2,785 Affymetrix probe IDs

identified by Schultz et al. (2003), 1,420 provided annotated matches to Ensembl genes.

Table 1 gives the average change in expression relative to day 1 of these genes when

partitioned into the eight expression clusters defined by Schultz et al. (2003).  Although

expression profiles were highly dynamic, the numbering of clusters provides a general

temporal order of expression during spermatogenesis.  Our numbering differs from that

of Schultz et al. (2003) who focused primarily on the five late-expressed clusters.  Genes

in clusters 1-3 are expressed early and show a steady decrease in expression following

early premeiosis (cluster 1) or early meiotic phases of spermatogenesis (clusters 2 and 3).

Genes in clusters 4 - 8 show a dramatic and continual increase in expression coincident

with the onset of meiosis or later (table 1).  Using the day of highest expression provided

similar results in all analyses below; therefore, we only report analyses based on

expression clusters.

Timing of expression and KA/KS: We aligned and calculated KA/KS values for

987 mouse-rat orthologous pairs.  Mean and median KA/KS values for each expression

cluster are given in table 2.  Genes expressed late in spermatogenesis (clusters 4 – 8)

were found to evolve significantly faster than genes expressed early in spermatogenesis

(clusters 1 – 3; figs. 2 and 3).  Forty-four of the top 50 most rapidly evolving genes

(KA/KS  0.56 -1.95; table S1) were from late expressed clusters (expected = 32.3), and 19

of these were found in cluster 7 (expected = 7.7).  Furthermore, KA/KS was positively

correlated with developmental timing of expression for these 987 genes (Spearman’s r =
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0.201, P < 0.0001).  In all comparisons, rates of synonymous substitutions (KS) were not

significantly different among groups.  Available functional data for the 50 most rapidly

evolving genes are summarized in table S1.

To examine the role of tissue specificity in influencing rates of evolution across

spermatogenesis we calculated the degree of tissue- (TS
max) and testis-specific (TS

testis)

expression for the 620 genes that were also found in the GNF SymAtlas database.  In

general, late-expressed genes had a higher degree of tissue- and testis-specificity (table

2).  Furthermore, testis-specific genes were expressed almost exclusively late in

spermatogenesis.  We compared rates of evolution across spermatogenesis in three

groups of genes: those expressed widely (TS
max < 0.1), those expressed primarily in one

tissue (TS
max > 0.1), and those expressed primarily in testis (TS

testis > 0.1).  There is

considerable overlap between these last two groups with 244 of the 620 genes showing

their highest expression in the testis (i.e., TS
max = TS

testis).  In each of these three groups,

the mean KA/KS was higher late in spermatogenesis compared to early in

spermatogenesis, although this difference was greatest for testis- and tissue-specific

genes (fig. 2).  Similarly, there was a positive trend between KA/KS and timing of

expression for genes in each of these three groups (table 3).  This pattern was significant

for tissue-specific genes (Spearman’s r = 0.166, P = 0.0012) but not for the other groups

(testis-specific, Spearman’s r = 0.099, P = 0.143; widely-expressed, Spearman’s r =

0.0.093, P = 0.1526).  However, most testis-specific genes are expressed late in

spermatogenesis leaving little power to detect a correlation in this comparison.  When

testis-specific genes were excluded from the tissue-specific set the positive correlation
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disappeared (N = 161, Spearman’s r = 0.037, P = 0.6397).  Thus, the high KA/KS values

late in spermatogenesis in the complete dataset seem to be associated largely, though not

exclusively, with genes that had testis-specific patterns of expression.

Tests of Positive Selection: To determine whether the high rates of evolution late

in spermatogenesis are caused by relaxed constraint or positive selection, we analyzed a

subset of the genes using PAML (Yang 1997).  This subset consists of 387 of the 987

genes and corresponds to those for which human-rat-mouse one-to-one orthologs could

be identified and are not represented by more than one transcript per species.  Restricting

the analysis to this subset is conservative for detecting selection, since some of the

excluded genes are likely to be rapidly evolving.  Twenty-nine of the 387 genes we

analyzed using a maximum likelihood framework showed evidence of positive selection

(for each of these 29 genes, P < 0.01, _2 > 9.21, df = 2; table S2).  Only nine of these

remain significant after a sequential Bonferroni correction for multiple comparisons (for

each of these nine genes, P < 0.000026; _2 > 21.09).  This Bonferroni correction is likely

to be conservative.  For example, with a P-value of 0.01, only four false positives are

expected by chance in a sample of 387 genes.  Thus, many or most of the 29 genes we

have identified may be under selection.  Selection was more common late in

spermatogenesis (table 4; Fisher’s Exact Test, P = 0.025) and among testis-specific genes

(table 5; Fisher’s Exact Test, P = 0.009).  The latter comparison is based on a smaller

sample since only 255 of the 387 genes considered here were represented in the GNF

database.  There was no significant relationship between the incidence of positive

selection and overall tissue specificity (Fisher’s Exact Test, P = 0.180).  Available
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functional data for the 29 genes identified to be under positive selection are summarized

in table S2.

Genomic location and KA/KS: Others have shown that genes expressed prior to

X-inactivation in early meiosis are preferentially located on the X chromosome while

late-expressed genes are preferentially located on the autosomes (Betrán, Thornton, and

Long 2002; Khil et al. 2004).  Overall there were fewer genes on the X than expected at

random (N = 1420, Observed = 44 X-linked, Expected = 62; Fisher’s Exact Test, P =

0.046).  However, genes in clusters 1 – 3 were slightly but not significantly

overrepresented on the X chromosome (N = 538, Observed = 28 X-linked, Expected = 24

Fisher’s Exact Test, P = 0.286) while late expressed genes were underrepresented on the

X (N = 882, Observed = 16 X-linked, Expected = 39; Fisher’s Exact Test, P = 0.001).

We tested if early expressed genes showed higher rates of evolution when X-

linked.  The median KA/KS value for early-expressed X-linked genes (0.142, C.I. 0.069-

0.290, N = 21) was found to be slightly but not significantly higher than autosomal genes

(0.118, C.I. 0.104-0.133, N = 329).
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DISCUSSION

Genes involved in sex and reproduction are among the most rapidly evolving

genes known, both in terms of coding sequence and expression, presumably due to the

action of sexual selection (Begun et al. 2000; Wyckoff, Wang, and Wu 2000; Torgerson,

Kulathinal, and Singh 2002; Swanson, Nielsen, and Yang 2003; Glassey and Civetta

2004).  Here we examined the molecular evolution of genes expressed at different

developmental time points during mouse spermatogenesis.  We found a significant

positive correlation between developmental timing of expression and rates of protein

evolution (fig. 3).  Genes expressed early in spermatogenesis were found to evolve at

rates similar to the genome median (KA/KS = 0.11; Gibbs et al. 2004), while genes

expressed after the onset of meiosis were found to evolve much faster.  This pattern

might be consistent with either relaxed constraint due to reduced pleiotropy, increased

positive selection, or both, during the later stages of spermatogenesis.  Below we discuss

each of these in turn.

Pleiotropy and constraint: There is weak evidence for reduced constraint in

some of the genes examined here.  For example, widely-expressed genes show higher

rates of evolution late in spermatogenesis compared to early in spermatogenesis, although

this difference is not significant (fig. 2B).  In addition, tissue-specific and testis-specific

genes show higher rates of evolution than widely expressed genes, a pattern that might

reflect differences in level of constraint, but also likely reflects differences in the strength

of positive selection (see below).
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Spermatogenesis in mice appears to be exceptionally sensitive to genetic

disruption.  This conclusion stems primarily from the observation that knockout

phenotypes disproportionately involve male sterility (Escalier 2001), including a number

of genetic targets not previously implicated in male reproduction (Tourtellotte et al. 1999;

Xu et al. 1999).  However, there is little evidence that early events in spermatogenesis are

more vulnerable.  Particularly delicate steps have been identified across all phases of

spermatogenesis, including primordial germ cells and spermatogonia (premeiotic),

primary spermatocytes (meiotic), and elongating spermatids (postmeiotic; Escalier 2001).

Consistent with this, we find only a weak trend relating rates of protein evolution to

developmental timing of expression independent of testis specificity.

In mammals, tissue-specific genes evolve more rapidly than widely expressed

genes (Duret and Mouchiroud 2000).  However, there is a large variance in rates of

evolution across tissues, and tissue-specific biology may play a larger role than general

models of pleiotropic constraint in explaining this pattern (Winter, Goodstadt, and

Ponting 2004).  For example, genes specific to the liver evolve more than three times as

fast as those specific to the dorsal root ganglion in rodents (Winter, Goodstadt, and

Ponting 2004).  The correspondence between increased rates of protein evolution and

increased testis-specificity late in spermatogenesis is striking (table 2).  Moreover

variation in rates of protein evolution depended more heavily on variation in testis-

specificity (TS
testis) across spermatogenesis than overall levels of tissue-specificity (TS

max),

illustrating the importance of testis-specific biology versus overall levels of constraint in

these data.  We found that testis specific-genes (TS
testis > 0.1) expressed late in
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spermatogenesis have a median KA/KS (0.231, N = 216) of more than twice the genomic

rate of 0.11 and over 70% higher than previous estimates for testis-specific genes

(Winter, Goodstadt, and Ponting 2004).

Positive selection and spermatogenesis: The high rate of protein evolution in the

later stages of spermatogenesis appears to be driven also by a higher prevalence of

positive selection.  Forty-four of the 50 most rapidly evolving genes (KA/KS 1.95 – 0.56,

pairwise mouse-rat comparisons) were from late expressed clusters.  Likewise, a

significant proportion of the genes found to be under positive selection within the subset

we analyzed using maximum likelihood were from late expressed clusters (table 4).

Why would positive selection be more frequent late in spermatogenesis?  First,

development of the male germline becomes increasingly specialized following the onset

of meiosis, and most testis-specific genes are expressed late in spermatogenesis (table 2;

Hecht 1993; Schultz, Hamra, and Garbers 2003).  In general there appears to be

unusually strong selection for the evolution of novel reproductive function in the mouse

(Eddy 2002; Waterston et al. 2002).  This increase in testis-specificity might facilitate

adaptive evolution if mutations that are beneficial when expressed in the testis are free

from pleiotropic effects in other tissues.

Second, many of the gametic phenotypes that are likely to be targets of sexual

selection, either due to sperm competition or interaction with the female reproductive

tract, develop during the dramatic postmeiotic morphogenesis of round spermatids into

spermatozoa.  During this period, the nucleus is reshaped and condensed, the acrosome

and flagellum are formed, and much of the cytoplasm is removed (Meistrich 1993).



43

Genes in cluster seven showed on average an almost forty-fold increase in expression

during this transformation (days 21-29, table 1).  Furthermore, this cluster had one of the

highest median rates of protein evolution (fig. 3), the largest proportion of very rapidly

evolving genes (table S1), and the highest incidence of positive selection in our

maximum likelihood analysis (table S2).

Some of these genes are thought to be involved in the formation of the sperm cell

surface and are logical candidates for playing a role in fertilization (Schultz, Hamra, and

Garbers 2003).  For example, we identified multiple genes involved in protein binding

and sperm-egg interactions that are rapidly evolving and/or positively selected (e.g.,

Spam, Spaca3, Zpr3; tables S1 and S2), consistent with the findings of previous studies

(Torgerson, Kulathinal, and Singh 2002; Swanson, Nielsen, and Yang 2003; Castillo-

Davis et al. 2004).  Given their direct interaction with the female gamete, these proteins

are logical targets for sexual selection through sperm competition and/or sexual conflict

(Torgerson, Kulathinal, and Singh 2002).  Interestingly, several of the rapidly evolving

genes we identified in cluster seven are involved in transcription, nuclear reorganization,

and condensation (tables S1 and S2).  Usually proteins involved in DNA packaging are

highly conserved across animal taxa (Thatcher and Gorovsky 1994).  However, nuclear

reorganization and DNA condensation may play a key role in sperm competition and

ultimately fertilization ability and, therefore, genes underlying these phenotypes could be

major targets of selection.  Consistent with this, multiple proteins involved in DNA

packaging in sperm appear to be under positive selection within primates (Wyckoff,

Wang, and Wu 2000).  Extensive divergence in sperm head morphology has been
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documented within mammals, even among closely related species (Breed 2004).

However, the genotypic basis of this variation remains poorly known.  Given the large

number of testis-specific genes expressed during spermiogenesis the potential number of

selective targets could be quite large.

Finally, other forces might lead to strong positive selection on phenotypes that

develop during spermatogenesis, independent of sexual selection.  In particular, natural

selection related to immune defense could contribute to divergence in reproductive genes.

In mammals, genes involved in immunity often evolve rapidly (Waterston et al. 2002;

Castillo-Davis et al. 2004).  Furthermore, multiple genes involved in mammalian

pathogen defense have been identified that are expressed in reproductive tissue and

appear to be under positive selection (Maxwell, Morrison, and Dorin 2003; Lynn et al.

2004).  However, it is unclear if testis-specific genes involved in immune defense are

common enough to contribute to the general pattern of increased rates of molecular

evolution across spermatogenesis that we observe.

Adaptive evolution and the X chromosome: Previous studies have reported that

a disproportionately high number of X-linked genes are expressed in the mouse testis

during early spermatogenesis (Wang et al. 2001; Khil et al. 2004) and that these genes

evolve more quickly on average than comparable autosomal genes (Torgerson and Singh

2003).  Both patterns are consistent with some theoretical predictions of the evolution of

sexually selected genes (Rice 1984).  In mammals, this phenomenon is expected to be

mostly restricted to early spermatogenesis since X-inactivation during early meiosis

clearly selects against X-linkage (Betrán, Thornton, and Long 2002; Wu and Xu 2003).
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However, we found little evidence of either rapid evolution or differential accumulation

of early-expressed genes on the X chromosome.  There was a weak, non-significant trend

towards increased KA/KS in premeiotic X-linked genes.  Moreover only three of the 50

most rapidly evolving genes and one of the 29 genes identified with maximum likelihood

based tests of selection were X-linked.  However, none of the eight X-linked genes

considered by Torgerson and Singh (2003) are found within our set of 1,420 genes.  We

also find only a slight trend towards increased X-linkage early in spermatogenesis.  A

recently proposed theoretical model that incorporates pleiotropy does not predict

increased X-linkage of sexually selected genes involved in male reproduction (Fitzpatrick

2004).  As mentioned above, we find a much lower degree of testis-specificity expressed

early in spermatogenesis.  If this lack of testis-specificity reduces the efficacy of

selection, it is not surprising that genes expressed early in spermatogenesis identified in

the current study do not conform to the classic predictions that do not consider pleiotropy

(Rice 1984).  For this and the developmental reasons mentioned above, the X

chromosome seems a less likely target of sexual selection on genes expressed in the male

germline.

However, our result is in contrast to a stronger bias of early testis-expressed genes

towards the X reported in a recent analysis of numerous datasets (Wang et al. 2001; Khil

et al. 2004), including some of the data collected by Schultz et al. (2003).  A number of

differences exist between our study and the work of Khil et al. (2004).  For example, we

required that all genes have at least a three-fold change in expression during

spermatogenesis and be absent in expression profiles from somatic tissues of the testis.
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Consequently, there appears to be surprisingly little overlap between the set of testis-

expressed genes considered by Khil et al. (2004) and those in the current study.  It also

remains unclear if the previously described patterns are driven by sexual selection or

adaptive evolution in general.  Other functional classes presumably not influenced by

sexual selection, such as genes expressed in muscle and the brain, have also been

reported to be overrepresented on the X (Bortoluzzi et al. 1998; Zechner et al. 2001) and

many aspects of the unusual genetic composition of this chromosome have yet to be fully

explained (Vallender and Lahn 2004).

Conclusions: Rates of protein evolution and tissue-specificity dramatically

increase with timing of expression in mouse spermatogenesis.  The highest rates of

protein evolution were found in testis-specific genes expressed during the morphological

transformation of round spermatids into spermatozoa.  Conversely, genes expressed early

in spermatogenesis were found to evolve at rates similar to the genome median.  Tests of

natural selection using a likelihood framework confirm that at least part of this pattern is

driven by a higher incidence of positive selection later in sperm development.  Overall,

these data suggest that the strength of positive selection commonly associated with the

evolution of male gametes varies considerably across development and acts primarily on

phenotypes that develop during the postmeiotic process of spermiogenesis.



47

SUPPLEMENTARY MATERIAL

SupplTables_S1_S2.pdf

Table S1.  Fifty most rapidly evolving genes based on pairwise KA/KS comparisons

between mouse and rat.

Table S2.  Twenty-nine genes inferred to be under positive selection using a maximum

likelihood framework.
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Table 2.  Tissue specificity and KA/KS across expression clusters.

KA/KS
Cluster N TS

max TS
testis Testis-specific1     Mean          Median

1 93 0.133 0.016 0% 0.175 0.133
2 74 0.118 0.021 1% 0.156 0.118
3 34 0.103 0.038 9% 0.185 0.136
4 57 0.143 0.094 26% 0.263 0.180
5 82 0.352 0.321 77% 0.227 0.215
6 134 0.201 0.149 37% 0.192 0.156
7 104 0.337 0.372 70% 0.325 0.242
8 42 0.183 0.113 38% 0.273 0.158

1 TS
testis > 0.1.
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Table 3.  KA/KS in testis-specific, tissue-specific, and widely-expressed genes.

KA/KS (Tstestis >
0.1)

KA/KS (Tsmax >
0.1)

KA/KS (Tsmax <
0.1)

Cluster N Mean Median N Mean Median N Mean Median
1 0 - - 45 0.218 0.174 48 0.135 0.105
2 1 0.160 0.160 30 0.137 0.100 44 0.169 0.127
3 3 0.231 0.128 12 0.241 0.111 22 0.153 0.149
4 15 0.471 0.309 29 0.331 0.240 28 0.193 0.159
5 63 0.236 0.232 71 0.232 0.231 11 0.197 0.147
6 49 0.200 0.157 79 0.210 0.174 55 0.166 0.122
7 73 0.372 0.264 87 0.349 0.249 17 0.203 0.168
8 16 0.388 0.226 28 0.305 0.171 14 0.210 0.158
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Table 4.  Number of genes under selection early and late in spermatogenesis.

Early Late Total
Genes under selection (P < 0.01) 6 23 29
Genes not under selection (P > 0.01) 145 213 358
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Table 5  Number of testis-specific (TS
testis > 0.1) and non-specific (TS

testis < 0.1) genes

under selection.

Non-specific Testis-specific Total
Genes under selection (P < 0.01) 6 11 17
Genes not under selection (P > 0.01) 161 77 238
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FIGURE LEGENDS

Figure 1.  Overview of male germ cell development in the mouse testis (modified from

Eddy 2002).  Spermatogenesis starts shortly after birth and consists of three major

phases: 11 days of mitotic cell growth, 10 days of meiosis, and 14 days postmeiotic

spermiogenesis.  The major cell type is given for each phase.  Transcription occurs until

midway through the postmeiotic phase except on the X chromosome, which is inactivated

during the pachytene step of prophase I (~ day 14; McCarrey 1993).  Following the

postmeiotic phase spermatozoa are released into the lumen of the seminiferous tubule of

the testis and transported to the epididymis for storage.  The nine developmental time

points sampled by Schultz et al. (2003) are indicated along the bottom.

Figure 2.  Evolutionary rates for genes expressed early and late in spermatogenesis.

Comparisons are given for the entire dataset (A), widely-expressed genes (B), tissue-

specific genes (C), and testis-specific genes.  Values are based on pairwise comparisons

between mouse and rat using the method of Li (1993).  Error bars represent 95%

confidence intervals about group medians based on 10,000 bootstrap replicates.  The

dashed line denotes the genome median KA/KS value of 0.11 (Gibbs et al. 2004).

Figure 3.  Rates of protein evolution across spermatogenesis based on 987 pairwise

mouse-rat comparisons.  Genes are clustered into groups with similar expression profiles

as defined by Schultz et al. (2003).  The numbering used here provides a general

temporal order of timing of expression during spermatogenesis (table 1) with the major
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developmental phases indicated along the bottom.  Error bars represent 95% confidence

intervals and the dashed line denotes the genome median KA/KS value of 0.11 (Gibbs et

al. 2004).  Overall rates of protein evolution were significantly correlated with

developmental timing of expression (Spearman’s r = 0.201, P < 0.0001).
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APPENDIX B: ASYMMETRY AND POLYMORPHISM OF HYBRID MALE

STERILITY DURING THE EARLY STAGES OF SPECIATION IN HOUSE MICE

Published: Evolution (2007) In press.
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ABSTRACT

House mice offer a powerful system for dissecting the genetic basis of phenotypes

that isolate species in the early stages of speciation.  We used a series of reciprocal

crosses between wild-derived strains of Mus musculus and M. domesticus to examine F1

hybrid male sterility, one of the primary phenotypes thought to isolate these species.  We

report four main results.  First, we found significantly smaller testes and fewer sperm in

hybrid male progeny of most crosses.  Second, in some crosses hybrid male sterility was

asymmetric and depended on the species origin of the X chromosome.  These

observations confirm and extend previous findings, underscoring the central role that the

M. musculus X chromosome plays in reproductive isolation.  Third, comparisons among

reciprocal crosses revealed polymorphism at one or more hybrid incompatibilities within

M. musculus.  Fourth, the spermatogenic phenotype of this polymorphic interaction

appears distinct from previously described hybrid incompatibilities between these

species.  These data build on previous studies of speciation in house mice and show that

the genetic basis of hybrid male sterility is fairly complex, even at this early stage of

divergence.
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INTRODUCTION

Identifying the specific mutations that isolate incipient species in nature remains a

central problem in evolutionary biology.  In animals, one common form of isolation

occurs when reproduction between two populations results in hybrid offspring with

reduced fertility or viability independent of external factors (i.e., intrinsic postzygotic

isolation).  According to the simple genetic model developed by Bateson (Bateson 1909),

Dobzhansky (Dobzhansky 1937), and Muller (Muller 1942), intrinsic postzygotic

isolation often evolves due to incompatible mutations at interacting genes [i.e.,

Dobzhansky-Muller (D-M) incompatibilities].  For example, consider two populations

with alternative genotypes fixed at two interacting loci, AAbb and aaBB, where aabb was

the ancestral genotype.  Reproduction between these two populations will produce an

AaBb F1 hybrid genotype that may have reduced fitness because A and B have never been

tested together by natural selection.  There is now considerable empirical support for this

model (Coyne and Orr 2004), including multiple studies that have implicated specific

genes involved in hybrid sterility (Ting et al. 1998) or inviability (Wittbrodt et al. 1989;

Barbash et al. 2003; Presgraves et al. 2003; Brideau et al. 2006; Harrison and Burton

2006).

Despite these fundamental insights, we still know little about the genetic details of

reproductive isolation during the earliest stages of speciation.  This is because many

genetic studies of speciation have relied upon crosses between divergent species that do

not hybridize in nature (e.g., Barbash et al. 2003; Presgraves et al. 2003; Brideau et al.

2006).  In such cases it is impossible to determine if phenotypes contributing to isolation
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in the laboratory were ever relevant to gene flow between natural populations (Harrison

1990; Orr and Presgraves 2000).  Furthermore, several of the predictions of the D-M

model depend critically upon the degree of functional divergence between two

hybridizing genomes.  For example, under one common model of speciation the number

of D-M incompatibilities is expected to increase much faster than linearly with time (Orr

1995).  When considering very divergent species, it is likely that many incompatible

mutations arose long after the completion of reproductive isolation in nature (Orr 1995).

Whether the genetic details of post-isolation incompatibilities are representative of the

processes that directly contributed to speciation remains an open question.

During the early stages of speciation, reproductive isolation might exhibit patterns

not seen at later stages of divergence.  For example, consider the general result that F1

hybrid sterility or inviability usually manifests in the heterogametic sex first (i.e.,

Haldane’s rule; Haldane 1922; Coyne and Orr 1997; Laurie 1997; Orr 1997).  A primary

explanation for Haldane’s rule is the exposure of epistatic interactions between recessive

sex-linked and dominant autosomal D-M incompatibilities in the heterogametic sex (i.e.,

the dominance theory; Turelli and Orr 1995; Turelli and Orr 2000).  For taxa with

heterogametic males, including mammals and Drosophila, this typically involves X-

autosome interactions.  Even at low levels of divergence Haldane’s rule is often observed

regardless of the direction of the intercross (Coyne and Orr 1989a; Coyne and Orr 1997),

presumably because X-linked incompatibilities have accumulated independently in both

lineages.  However, if the early stages of isolation involve X-linked incompatibilities in
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one lineage only, then F1 hybrid male dysfunction may initially be asymmetric and

depend upon the maternal origin of the X.

The strength of reproductive isolation may also depend on whether individual

incompatibilities are fixed between diverging populations.  Most theoretical treatments of

the D-M model assume the instantaneous fixation of incompatible mutations between

populations (e.g., Orr 1995; Turelli and Orr 1995; Orr and Orr 1996).  On the other hand,

several examples of intraspecific variation in the degree of postzygotic isolation between

plant (e.g., Stebbins 1958; Christie and Macnair 1987; Sweigart et al. 2007) and animal

species (e.g., Gordon 1927; Patterson and Stone 1952; Forejt and Iványi 1975; Wade and

Johnson 1994; Reed and Markow 2004; Kopp and Frank 2005; Shuker et al. 2005;

Vyskocilová et al. 2005; Demuth and Wade 2007) have been described.  While only a

few studies have examined natural variation in the context of specific loci (Forejt and

Iványi 1975; Christie and Macnair 1987; Vyskocilová et al. 2005; Sweigart et al. 2007),

all of these data are consistent with polymorphism of D-M incompatibilities.

House mice provide a particularly powerful system for studying the early stages

of speciation, with considerable genetic and genomic resources (Dietrich et al. 1996;

Mouse Genome Sequencing Consortium 2002; Su et al. 2004; Shifman et al. 2006).

House mice are comprised of at least three closely related lineages (Mus domesticus, M.

musculus, and M. castaneus) that have diverged from a common ancestor within the last

0.5 MYA (She et al. 1990; Boursot et al. 1993).  This recent divergence is reflected in the

literature by the alternative taxonomic treatment of the three lineages as subspecies of M.

musculus (i.e., M. m. domesticus, M. m. musculus, and M. m. castaneus).  The most
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studied pair from the standpoint of speciation is M. domesticus and M. musculus.  The

native range of M. domesticus occurs in Western Europe, North Africa, and the Middle

East, while M. musculus is found in Eastern Europe and Northern Asia (Boursot et al.

1993).  The two species form a narrow hybrid zone along ~2000 km in Europe (Boursot

et al. 1993; Sage et al. 1993).  While the exact phenotypes governing reproductive

isolation across the hybrid zone are unresolved, some hybrid populations have elevated

parasite loads (Sage et al. 1986; Moulia et al. 1991; Moulia et al. 1993) and reduced testis

size (Britton-Davidian et al. 2005).  In the hybrid zone, the X chromosome shows

reduced introgression relative to autosomal loci across multiple transects (Tucker et al.

1992; Dod et al. 1993; Munclinger et al. 2002; Macholán et al. 2007), suggesting a large

contribution of the X chromosome to reproductive isolation.

Complementary to hybrid zone studies, several laboratory experiments support

the notion that M. domesticus and M. musculus are isolated by hybrid male sterility

(Table 1).  Two sets of D-M incompatibilities have been described between M.

domesticus and M. musculus: one set of dominant autosomal epistatic interactions (> 3

major sterility factors) that include one or more tightly-linked loci on chromosome 17

(Hybrid sterility 1 or Hst1; Forejt and Iványi 1975; Forejt et al. 1991; Vyskocilová et al.

2005) and one set of X-autosome interactions (Storchová et al. 2004; Britton-Davidian et

al. 2005; see also Oka et al. 2004; Oka et al. 2007).  Interestingly, some of the underlying

D-M incompatibilities involved in hybrid male sterility, including Hst1, are apparently

not fixed within these species (Forejt and Iványi 1975; Vyskocilová et al. 2005).

However, many of these studies are compromised by the use of classic laboratory inbred
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strains to represent M. domesticus (Table 1).  Though primarily of M. domesticus origin

(>80%), the genomes of most classic inbred strains include substantial genetic

contributions from both M. musculus and M. castaneus (Wade et al. 2002; Frazer et al. in

press; Yang et al. in press).  The result is a collection of introgressed hybrid genomes

(Wade and Daly 2005) shaped by epistatic selection against D-M incompatibilities

(Payseur and Hoekstra 2005) and strong artificial laboratory selection (Petkov et al.

2005).  Thus, the species origin, existence of natural polymorphism, and biological

relevance of D-M incompatibilities remain ambiguous in crosses involving classic inbred

strains.

Data from crosses involving exclusively wild-derived mice are more limited, and

most of these have used outbred mice.  In some cases, crosses between the two species

produce fully fertile hybrid males (Vanlerberghe et al. 1986), while others show reduced

hybrid male fertility with variation in both the strength and direction of sterility (Alibert

et al. 1997; Britton-Davidian et al. 2005).  The genetic basis of this variation is very

difficult to discern with outbred wild mice.  The most comprehensive study of hybrid

male sterility using wild mice was performed by Britton-Davidian et al. (2005), who used

both outbred and inbred strains (crosses 8-11, Table 1).  The inbred strains consisted of

one from each species (PWK representing M. musculus and WLA representing M.

domesticus).  In crosses between these strains, they found asymmetric F1 male sterility

consistent with an X-linked locus in M. musculus interacting with one or more autosomal

loci in M. domesticus.  Britton-Davidian et al. (2005) did not cross PWK to other strains

and thus could not assess the generality of this pattern.  Asymmetric sterility has not been
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observed broadly in other experiments using wild mice (Vanlerberghe et al. 1986; Alibert

et al. 1997; Britton-Davidian et al. 2005) and/or classic inbred strains (Vyskocilová et al.

2005).

Here, we examine patterns of hybrid male fertility between M. musculus and M.

domesticus using a series of reciprocal crosses between multiple wild-derived inbred and

outbred strains of mice.  Our goals are to test the generality of several previous findings

across different genetic backgrounds, to describe the number of different sets of

interacting loci, and to develop these findings in the context of specific wild-derived

inbred strains that can subsequently be used for mapping of genes involved in mouse

speciation.  We address four primary questions: (1) Do F1 hybrid males show reduced

fertility in crosses involving wild-derived inbred lines? (2) Is hybrid male sterility

asymmetric? (3) Are D-M incompatibilities polymorphic within a single species?  (4) At

what developmental stage does hybrid sterility arise?
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MATERIALS AND METHODS

Animals and husbandry: Breeding colonies for each of four wild-derived inbred

strains were established from individuals purchased from the Jackson Laboratory (Bar

Harbor, ME).  Within M. domesticus we used the strains M. domesticusLEWES/EiJ and M.

domesticusWSB/EiJ (hereafter domesticusLEWES and domesticusWSB).  Both were isolated

from natural populations in eastern North America (Delaware and Maryland, USA,

respectively) and represent a recent range expansion of M. domesticus associated with

human migration from Western Europe.  Within M. musculus we used two strains

isolated from different localities outside of the hybrid zone within the Czech Republic,

M. musculusCZECHII/EiJ and M. musculusPWK/PhJ (hereafter musculusCZECH and

musculusPWK).  All four strains have the standard house mouse karyotype (2n = 40).

Detailed information on the known history of each strain is available from the Jackson

Laboratory (www.jax.org).  In addition, we founded an outbred colony of M. musculus

derived from mice collected by J. Piálek in the eastern portion of the Czech Republic

during 2003-2004 (vicinity of Studenec, 49˚11'N, 16˚03'E).  Starting with eight initial

founding pairs, we maintained four breeding pairs per generation using a crossing scheme

designed to maximize inbreeding avoidance (Wright 1921).  All crosses using outbred

mice involved males from the fourth or fifth laboratory generation since collection.  The

expected inbreeding coefficient after five generations of breeding under our scheme is f =

0.0625, assuming the founding mice were unrelated.  Since some of the founders were

collected from the same locality, the actual inbreeding coefficient may be higher.  Mice

were maintained at the University of Arizona Central Animal Facility in accordance with
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IACUC regulations.  Breeding pairs were housed two per cage and pregnant females

were isolated and caged individually prior to giving birth.

Experimental design: We conducted two kinds of crosses.  First, we performed

control crosses between the two wild-derived inbred strains within each species to

establish null expectations for patterns of F1 male fertility in each species.  These controls

are important for removing the effects of inbreeding depression.  For M. musculus we

crossed female musculusPWK with male musculusCZECH, and for M. domesticus we crossed

female domesticusLEWES with male domesticusWSB.  Second, we performed eleven

different types of interspecific crosses.  With two strains per species a total of eight

pairwise combinations are possible (Fig. 1A,B).  We performed two additional crosses

involving inbred females from each species (musculusPWK, domesticusLEWES) mated to

intraspecific F1 males to evaluate the segregation of hybrid sterility including the

potential role of the Y chromosome (Fig. 1C).  Finally, to extend the generality of our

findings, we performed a series of interspecific crosses between inbred domesticusLEWES

females and outbred M. musculus males.

Interspecific crosses involving musculusPWK are potentially informative regarding

the presence of the Hst1 sterility system in the domesticusLEWES and domesticusWSB

strains.  Hst1-related sterility was described based on crosses between classic inbred

strains and wild-caught M. musculus (Table 1).  Sterility is caused by interactions

between one or more tightly linked loci on chromosome 17 (Hst1; Forejt and Iványi

1975; Forejt et al. 1991) and several other loci (as yet uncharacterized).  The Hst locus

contains alleles in both classic inbred strains (sterile allele, Hst1s; fertile allele, Hst1f) and
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wild-derived M. musculus (sterile allele, Hstws; fertile allele, Hstwf).  Sterility occurs in

male F1 hybrid mice that are heterozygous Hst1s/Hstws.  The musculusPWK strain is

derived from wild-caught M. musculus mice and is thought to be fixed for the sterility-

ensuring Hstws allele (Forejt 1981).  Crosses between male musculusPWK and some classic

inbred strains (e.g., C57BL/10, BALB/c) yield sterile males characterized by

spermatogenic arrest at the pachytene spermatocyte stage (Forejt 1981; Chubb and Nolan

1987).  Thus, if the Hst1s allele and related interacting loci are present in domesticusLEWES

or domesticusWSB, then sterile sons with early meiotic arrest should result when crossed

with male musculusPWK.  This assumes that the musculusPWK strain in our experiment

retained Hst1-related sterility described in earlier experiments (Forejt 1981; Chubb and

Nolan 1987).

A minimum of four crosses was attempted per experimental treatment.  Male

offspring were weaned at approximately 20 days postpartum and housed in sibling groups

of up to four.  To reduce potential variance in male fertility associated with social

dominance interactions, males were separated into individual cages at 40 days and

maintained in isolation until being sacrificed.

Quantification of male fertility parameters: We considered multiple male

reproductive phenotypes including testis weight, sperm count, sperm motility, and

seminal vesicle weight.  In mice, testis weight is highly correlated with sperm count and

provides a good measure of the overall reproductive status while seminal vesicle weight

is highly sensitive to serological levels of testosterone (Forejt and Iványi 1975).

Throughout we use the terms ‘sterility’ and ‘fertility’ to reflect general patterns in
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multiple fertility-related phenotypes.  Nevertheless, hybrid male sterility is a complex

phenotype and in some cases males with dramatically reduced gamete production will

nevertheless be capable of siring some offspring (see below).

All males were sacrificed at 60 days old unless noted.  In mice, spermatogenesis

starts at birth (Eddy 2002), weaning occurs ~20 days postpartum (Pelikán 1981), and

males are capable of inseminating females by 50 days old (JMG personal observation; L.

Drickamer, unpubl. data).  For each male, testes and seminal vesicles were immediately

dissected and placed in sealed Eppendorf tubes until they could be weighed.  We also

collected body weight and standard size measurements including length of total body,

tail, right hind foot, and right ear.

We evaluated sperm motility and counts using a Makler counting chamber (Sefi-

Medical Instruments, Haifa, Israel) and a light microscope at 200X magnification.  Sperm

suspensions were created by placing the caudal epididymides in a pre-warmed (37°C)

watch glass with 1 mL of modified Phosphate Buffered Saline (Modified Dulbecco’s

solution; www.jax.org/cryo/media.html).  The paired caudal epididymides were cut into

pieces with a razor blade, covered with parafilm, and allowed to incubate at 37°C for 10

min.  Following incubation the epididymides were removed with forceps and the solution

was gently mixed with a 200 mL pipettor using a wide-bore tip.  To estimate sperm

motility, we transferred 5 µl of sperm suspension to the Makler chamber and immediately

counted the number of motile and immotile sperm.  Overlaid onto the cover slip of the

Makler chamber is a 1mm2 10 x 10 grid.  We arbitrarily chose one row of ten squares,

recording the total number of motile sperm summed across squares with a 10 second
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observation time per square.  We then recorded the total number of non-motile sperm per

row and calculated the proportion of motile sperm.  To estimate overall sperm counts,

200 mL of the incubated sperm suspension was transferred to a 0.6 mL tube and heat

shocked at 60°C for five minutes to stop motility.  This aliquot was then gently mixed

and 5 µl was transferred to the Makler chamber.  The average number of sperm heads

was determined across five rows where each row represents an estimate of sperm

concentration in millions per 1 mL.  In general, these methods were characterized by high

precision.  For example, we found relatively low variance among ten independent

estimates of sperm count from the same male (mean = 16.5 x 106 sperm, SD = 1.1).

For a subset of males we examined fecundity based on litter size following

pairing with musculusPWK females.  F1 males (>60 days postpartum) were caged with a

single female and each male was paired successively with two separate females.  Females

were separated when pregnant or after 20 days.  Litter size was recorded within 5 days

postpartum.  We chose musculusPWK females for this assay because they consistently

produce larger litters than the other three inbred strains.

Testis histology: Testis histological cross-sections were examined in four

intraspecific males (N=2, ♀ musculusPWK x ♂ musculusCZECH; N=2, ♀ domesticusLEWES

x ♂ domesticusWSB) and 10 interspecific males (N=2, ♀ musculusPWK x ♂

domesticusLEWES; N=2, ♀ domesticusLEWES x ♂ musculusPWK; N=1, ♀ musculusCZECH x

♂ domesticusLEWES; N=1, ♀ domesticusLEWES x ♂ musculusCZECH; N=2, ♀
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musculusCZECH x ♂ domesticusWSB; N=2, ♀ domesticusWSB x ♂ musculusCZECH).  For

each male, we transferred a single whole testis into Bouin’s solution (Ricca Chemical)

immediately following sacrifice.  Following 24 hours of fixation in Bouin’s solution,

testes were progressively dehydrated with 30-minute ethanol washes (x2 25%, x2 50%,

x4 70%, x2 100%).  Dehydrated testes were embedded in paraffin, cut into 5-µm cross-

sections, stained using periodic acid-Schiff (PAS) according to standard protocols.

Histological cross-sections were examined and classified as normal or abnormal based on

standard criteria for the progression of mouse spermatogenesis (Russell et al. 1990).  All

specimens were analyzed blind with respect to their genotype and sample classifications

were independently verified.

Molecular analysis: Male fertility within both M. domesticus and M. musculus

can be strongly influenced by the t allele (Silver 1985).  To detect the presence of the t

bearing haplotype in crosses involving outbred M. musculus males we performed a length

polymorphism PCR assay using a previously developed protocol for the Tcp-1 locus

(Planchart et al. 2000).  This assay is diagnostic of t haplotypes versus wild-type alleles

but does not discriminate among different t haplotypes.  DNA was extracted from fresh

tissue using a Puregene DNA isolation kit (Gentra Systems, Minneapolis, MN).
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RESULTS

Intraspecific Comparisons

We collected data on several characters related to male fertility for a total of 136

inter- and intraspecific F1 males (all 60 days old) from 59 litters.  We first considered F1

males from crosses between two inbred strains within each species (Table 2).  Consistent

with known species differences, M. domesticus males were significantly larger than M.

musculus males for both body (Wilcoxon P = 0.0091) and testis weight (Wilcoxon P =

0.0140).  For our combined intraspecific data we found a strong positive association

between body weight and testis weight (r2 = 0.58, F1, 18 = 24.94, P < 0.0001), seminal

vesicle weight (r2 = 0.56, F1, 18 = 22.76, P = 0.0002), and sperm count (r2 = 0.34, F1, 18 =

9.46, P = 0.0065) but a weak negative association between body weight and sperm

motility (r2 = 0.23, F1, 18 = 5.47, P < 0.0311).  In order to correct for size-related

differences, we also report testis and seminal vesicle weight (mg) relative to body weight

(g) (i.e., Relative Testis Weight, RTW; Relative Seminal Vesicle Weight, RSVW).

Interspecific Comparisons

Most interspecific F1 hybrid males had strongly reduced male reproductive

parameters: Half of the crosses between M. domesticus and M. musculus produced

males that were significantly larger than males from intraspecific control crosses (Table

2).  In contrast, six of the eight interspecific crosses produced males with severely

reduced testis weights and sperm counts.  Both crosses involving a male musculusPWK

produced reproductively normal hybrid males and will be discussed in more detail below.
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In the six crosses yielding sterile males the average hybrid RTW ranged between 38%

(♀ domesticusWSB x ♂ musculusCZECH) and 62% (♀ musculusPWK x ♂ domesticusWSB)

of the average for the combined intraspecific control set.  Likewise, approximately 40%

(22/54) of the males from these six crosses contained no sperm in their caudal

epididymides.  Because sperm numbers were low or absent, reliable estimates of sperm

motility in progeny from these crosses were not possible.  General qualitative differences

between groups given in Table 2 remained consistent when considering older males (>60

days old).  For example, the strong asymmetrical reduction in testis weights and sperm

counts observed in the reciprocal cross between musculusPWK and domesticusLEWES was

still apparent in males 110 days and older (N = 44, data not shown).  We observed

approximately equal sex ratios for interspecific crosses (39 litters, 198 offspring, 51.0%

male) with no significant heterogeneity across cross types (Χ2 = 7.82, P = 0.55, df = 9).

Hybrid male sterility was partially asymmetric: Crosses involving female

musculusPWK and male M. domesticus (domesticusWSB or domesticusLEWES) produced male

progeny with significantly reduced testis weights and sperm counts (Fig. 2B, Table 2).  In

contrast, the reciprocal crosses involving a male musculusPWK produced reproductively

normal hybrid males (Fig. 2C, Table 2).  Males sired from reciprocal crosses share the

same autosomal genotype but differ in the species origin of the sex chromosomes (Fig.

1B).  In these crosses, reduced fertility was observed when hybrid males had a M.

domesticus Y chromosome and a M. musculus X chromosome.  Thus, at least one set of

hybrid incompatibilities involved one or both of the sex chromosomes.  As part of an

ongoing research program, we have introgressed the musculusPWK X chromosome onto
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the domesticusLEWES autosomal background over several backcross generations.  In these

backcrosses, male sterility segregates with the M. musculus X chromosome (JMG,

unpubl. data).

To test if hybrid sterility was due to a common set of incompatibilities that are

fixed across strains of M. domesticus, we crossed musculusPWK females to M.

domesticusLEWESxWSB F1 males.  Consistent with a common set of incompatibilities, all 13

males demonstrated significantly reduced reproductive parameters (Table 3).  However,

given the sample size we cannot exclude a more complicated scenario involving multiple

independent loci within each strain.

Asymmetric fertility was also apparent in patterns of fecundity.  Five crosses

between ♀ musculusPWK and F1 males from the ♀ domesticusLEWES x ♂ musculusPWK

cross produced an average of 6.4 offspring per litter (+ 1.7 SD) while five crosses

between ♀ musculusPWK and F1 males from the female ♀ musculusPWK x ♂

domesticusWSB yielded an average of 2.4 offspring per litter (+ 2.9 SD).  Though small

sample sizes preclude significance (Wilcoxon P = 0.0555), this result is qualitatively

consistent with our expectations given the differences in testis weight and sperm count

between these groups (Table 2).

One or more sterility factors were polymorphic in M. musculus: Hybrid

fertility was dramatically reduced in interspecific crosses involving either male or female

musculusCZECH (i.e., a symmetric reduction in reproductive parameters), whereas normal

fertility occurred in intercrosses involving a male musculusPWK (i.e., an asymmetric
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reduction in reproductive parameters; Table 2; Fig. 2C).  At a minimum, symmetric F1

sterility requires either multiple sets of sex-linked incompatibilities or a single set of

exclusively autosomal interactions.  Given the existence of X-linked incompatibilities in

crosses involving female musculusPWK, these musculusCZECH data indicate that at least two

different sets of incompatibilities underlie hybrid male sterility in our crosses.  Further,

one or more incompatibilities involved in one set were not present in musculusPWK and

thus are polymorphic within M. musculus.

In principle, F1 male sterility in crosses between female M. domesticus and male

musculusCZECH could be due to either autosomal or Y-linked M. musculus

incompatibilities.  To explore this in more detail, we crossed domesticusLEWES females to

M. musculusPWKxCZECH F1 males.  Hybrid males from these crosses will have a

musculusCZECH Y, a domesticusLEWES X, and a heterozygous autosomal background with

domesticusLEWES alleles combined with a random complement of musculusCZECH or

musculusPWK alleles (Fig. 1C).  If F1 sterility maps to the musculusCZECH Y chromosome

and has a fairly simple genetic basis, we would expect all males from this cross to

continue to have significantly reduced fertility.  Contrary to this, we observed

considerable variance in male reproductive parameters with five out of 10 males showing

at least partial recovery of fertility, defined as testis weights and sperm counts all

exceeding the range observed in the sterile ♀ domesticusLEWES x ♂ musculusCZECH cross

(Table 3).  These data are consistent with one or more sterility factors on the

musculusCZECH autosomal background.
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The dramatic difference in hybrid fertility observed between interspecific crosses

involving the two different M. musculus genotypes raises the question of the status of this

apparent polymorphism in natural populations of M. musculus.  To begin to address this

issue we analyzed 20 hybrid males descended from crosses between female

domesticusLEWES and a total of seven outbred M. musculus sires derived from wild mice

collected in eastern Czech Republic.  Six sires were from the fifth generation of our

outbred colony while the seventh sire was from the fourth generation.  Many of the

hybrid males had reproductive parameters within the ‘normal’ range of parameters

characteristic of the control intraspecific crosses and the ♀ domesticusLEWES x ♂

musculusPWK interspecific cross, while a subset showed fairly severe reductions in RTW

and/or sperm counts (Fig. 2D).  Eighteen of the 20 hybrid males we considered were

heterozygous for t haplotypes based on the Tcp-1 PCR diagnostic (Planchart et al. 2000).

In contrast, t alleles were completely absent from all crosses involving wild-derived

inbred strains (as expected).  Two observations argue that segregation of t haplotypes

does not explain the reproductive variance among hybrid males we observed.  First, of

the two wild-type males, one was reproductively normal while the other had reduced

testis weight and low sperm counts.  Second, we observed both normal and sterile t

bearing individuals segregating within the same pedigree (i.e., with the same t allele)

arguing against the potential influence of different variants of the t locus.  These data are

thus consistent with results from crosses involving wild-derived inbred lines in

suggesting that hybrid sterility factors are polymorphic within natural populations of M.

musculus.
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Reduced hybrid fertility involved primarily post-meiotic disruption of

spermatogenesis: PAS-stained histological cross-sections were assessed to determine the

extent of spermatogenesis and any abnormal features (Fig. 3).  Spermatogenesis appeared

normal in all four intraspecific males (N=2, ♀ domesticusLEWES x ♂ domesticusWSB;

N=2, ♀ musculusPWK x ♂ musculusCZECH; Fig. 3A) and the two interspecific males from

a ♀ domesticusLEWES x ♂ musculusPWK cross (Fig. 3B), consistent with the observation

of normal testis weights and sperm counts in these mice (Table 2).  In contrast, reduction

in spermatogenesis was evident in the remaining eight males analyzed from interspecific

crosses (N=2, ♀ musculusPWK x ♂ domesticusLEWES; N=1, ♀ musculusCZECH x ♂

domesticusLEWES; N=1, ♀ domesticusLEWES x ♂ musculusCZECH; N=2, ♀ musculusCZECH

x ♂ domesticusWSB; N=2, ♀ domesticusWSB x ♂ musculusCZECH).  In these eight males

we observed no gross abnormalities in the structure or frequency of primary

spermatocytes and many normal-appearing round spermatids with intact acrosomes.

However, disruptions in post-meiotic spermiogenesis were present in all eight samples,

including fewer than normal elongating and condensing spermatids, abnormal spermatid

head morphology and clusters of abnormally swollen and pycnotic cells consistent with

necrotic or apoptotic cell death and phagocytosis by Sertoli cells (see Fig. 3C, D for

examples).  We observed some variation in the degree of disruption among individuals of

the same genotype.  For example, we observed variation in the degree of spermatogenic

disruption for the two males from a cross between ♀ musculusPWK x ♂ domesticusLEWES.
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One male was characterized by a strong reduction in the number of elongating and

condensing spermatids and the occurrence of abnormal head morphology.  Small clusters

of abnormally pycnotic cells were also observed in multiple tubule lumens of this male

(Fig. 3C).  For the other male, spermatogenesis appeared more normal albeit with

diminished numbers of maturing spermatids.  We also observed variation in the degree of

disruption across tubules within individual interspecific males.  In these instances, all

tubules appeared abnormal but some were characterized by more advanced stages of

normal development.  One of the hybrid males (♀ domesticusLEWES x ♂ musculusCZECH)

with severely abnormal histology was 90 days old, again confirming that the

spermatogenic abnormalities we observed were not strongly age-dependent.
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DISCUSSION

Using a series of reciprocal crosses between wild-derived inbred strains of M.

musculus and M. domesticus, we found evidence for multiple genetic factors underlying

hybrid male sterility.  Many hybrid males showed reduced fertility.  Reduced hybrid

fertility was asymmetric in some crosses, consistent with a large effect of the M.

musculus X chromosome.  Reciprocal crosses also revealed polymorphism within M.

musculus for one or more loci necessary for reduced hybrid male fertility.  Hybrid male

sterility was due primarily to post-meiotic disruptions of spermatogenesis.  When

combined with previous results, these data suggest a fairly complex genetic basis to

hybrid male sterility in this system.  Below we discuss our findings in relation to other

studies on hybrid male sterility in house mice.  We also discuss the broader significance

of asymmetry and polymorphism in the evolution of reproductive isolation.

Asymmetry, X-linked sterility, and the initiation of Haldane’s rule: The X

chromosome often plays a central role in the evolution of postzygotic reproductive

isolation (i.e., the large X-effect; Dobzhansky 1936; Coyne and Orr 1989b; Tao et al.

2003).  One of the most striking aspects of our data was the strong asymmetry in hybrid

male sterility in reciprocal crosses between musculusPWK and either M. domesticus strain

(Table 2, Fig. 2), suggesting hybrid incompatibilities originate on one or both of the sex

chromosomes.  Asymmetric F1 sterility has been shown in one other cross, also involving

musculusPWK (Britton-Davidian et al. 2005), and our results demonstrate that this pattern

is consistent across multiple wild-derived M. domesticus genotypes.  Two lines of

evidence suggest that the observed asymmetric reduction in hybrid fertility was due to
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interactions involving the M. musculus X chromosome.  First, we have introgressed the

musculusPWK X chromosome onto the domesticusLEWES autosomal background as part of

an ongoing research program to map X-linked hybrid male sterility genes.  In these

backcrosses, male sterility segregates with the M. musculus X chromosome (JMG,

unpubl. data; see also Britton-Davidian et al. 2005).  Second, hybrid male sterility is

caused by substitution of a wild-derived M. musculus X chromosome onto the genomic

background of the classic inbred strain C57BL/6 (Storchová et al. 2004).  It remains to be

seen if the underlying genetic architecture across these examples is the same.

In the hybrid zone, the sex chromosomes show significantly reduced cline widths

(i.e., reduced introgression) relative to the autosomes in most transects (Vanlerberghe et

al. 1986; Tucker et al. 1992; Dod et al. 1993; Munclinger et al. 2002; Macholán et al.

2007).  Significantly reduced cline widths for the X and Y chromosomes are commonly

assumed to reflect selection against sex-linked hybrid incompatibilities in the hybrid zone

(Tucker et al. 1992; Dod et al. 1993; Payseur et al. 2004; Macholán et al. 2007) and our

data on hybrid male sterility are consistent with this interpretation for the X chromosome.

Interestingly, genomic regions with very narrow cline widths are also often highly

asymmetric in cline shape (Payseur et al. 2004).  However, asymmetric patterns of gene

flow across the hybrid zone are seen at many X linked and autosomal loci and are

probably strongly influenced by demography (Macholán et al. 2007; Teeter et al. in

press).  It is unclear whether or not some of these asymmetries in the hybrid zone are also

caused by epistatic interactions.
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Dominance theory posits that Haldane’s rule reflects the exposure of interactions

between recessive X-linked and dominant autosomal incompatibilities in the

heterogametic sex (Muller 1942; Turelli and Orr 1995; Turelli and Orr 2000).  X-

autosome incompatibilities in F1 hybrids are different from dominant interactions

between autosomal loci in that they depend on the direction of the cross (Fig. 1B).  If the

initiation of sterility or inviability involves an X-autosome incompatibility, the first

mutation in the evolution of F1 postzygotic isolation will necessarily present asymmetric

problems in hybrid males.  Thus, asymmetry in the reciprocal crosses between

musculusPWK and either M. domesticus strain (Table 2, Fig. 2) likely reflects the relatively

recent divergence of these species.

Haldane’s rule for sterility evolves quite rapidly relative to inviability (Wu 1992;

True et al. 1996; Coyne and Orr 1997; Sawamura et al. 2000; Tao et al. 2003) and likely

has multiple causes in species where males are the heterogametic sex (Wu and Davis

1993; Wu et al. 1996; Presgraves and Orr 1998).  For example, the rapid evolution of

hybrid male sterility may occur as a by-product of intense sexual selection on male

reproductive genes and/or an inherent developmental sensitivity of spermatogenesis (Wu

and Davis 1993).  Both processes may contribute to the evolution of hybrid male sterility

in mice.  Multiple mating is common in mice, creating a potential arena for intense post-

copulatory sexual selection in the form of sperm competition (Dean et al. 2006).

Consistent with this there is abundant evidence that genes involved in male reproduction

evolve rapidly in mice (Mouse Genome Sequencing Consortium 2002; Winter et al.

2004; Torgerson et al. 2005) and are frequently the target of positive selection (Torgerson
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et al. 2002; Good and Nachman 2005; Torgerson and Singh 2006).  Moreover, gene

knockout and mutagenesis models disproportionately cause male sterility suggesting

mouse spermatogenesis is exceptionally sensitive to genetic disruptions (Escalier 2001;

Handel et al. 2006).

Polymorphism of Dobzhansky-Muller incompatibilities: The large amount of

variation in the degree of hybrid male sterility observed across a range of crosses has

long suggested polymorphism within mice for hybrid sterility factors (Table 1).  In an

important set of experiments, Forejt and colleagues used a series of crosses between

classic inbred females and wild-derived M. musculus males to describe the Hst1 sterility

system (Forejt and Iványi 1975; Forejt 1981; Forejt et al. 1991; Trachtulec et al. 1994;

Trachtulec et al. 2005).  In these crosses, epistatic interactions between three or more loci

caused early meiotic arrest in hybrid males (Forejt and Iványi 1975; Forejt 1981).

Polymorphism for sterility factors was observed in both species and was shown to

represent allelic variation in both classic inbred strains (sterile allele, Hst1s; fertile allele,

Hst1f) and wild-derived M. musculus (sterile allele, Hstws; fertile allele, Hstwf).  The Hstws

and Hstwf alleles have since been shown to be polymorphic in multiple populations of M.

musculus (Forejt and Iványi 1975; Vyskocilová et al. 2005).  We also found evidence of

polymorphism within M. musculus at one or more hybrid sterility factors; however, the

variation we observe is likely distinct from Hst1 (see below for a detailed discussion).

Understanding how D-M incompatibilities are fixed within natural populations is

central to determining which evolutionary forces are most important for the evolution of

reproductive isolation (Schluter 2000; Coyne and Orr 2004; Funk et al. 2006).  Data on
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polymorphic male sterility in house mice adds to a growing list of species that show

intraspecific variation in the strength of intrinsic postzygotic isolation in both plants

(Stebbins 1958; Christie and Macnair 1987; Sweigart et al. 2007) and animals (Gordon

1927; Patterson and Stone 1952; Forejt and Iványi 1975; Wade and Johnson 1994; Reed

and Markow 2004; Kopp and Frank 2005; Shuker et al. 2005; Vyskocilová et al. 2005).

Transient polymorphism is a necessary state of mutations fixed by genetic drift or

positive selection; therefore, the documentation of polymorphic reproductive isolation in

and of itself does not speak to the prevalence of either force during speciation.

Nevertheless, because targets of positive directional selection are less likely to be

sampled during the polymorphic state, the frequent occurrence of polymorphic D-M

incompatibilities could suggest that non-directional evolutionary forces play an important

role early in speciation (e.g., genetic drift or balancing selection).

Some examples of polymorphic reproductive isolation, including house mice,

involve genetic variation for hybrid sterility or inviability segregating within single

populations (Forejt and Iványi 1975; Reed and Markow 2004; Kopp and Frank 2005;

Shuker et al. 2005; Vyskocilová et al. 2005; Sweigart et al. 2007).  The Hst sterile and

fertile alleles (Hstws and Hstwf) are polymorphic within multiple localities of M. musculus

in the Czech Republic and appear to segregate at intermediate frequencies (Forejt and

Iványi 1975; Vyskocilová et al. 2005).  These data remain one of the clearest examples of

naturally segregating variation at a specific D-M incompatibility locus.  Likewise,

sterility factors segregating between musculusCZECH and musculusPWK reflect variation in

reproductive isolation sampled over a small geographic scale.  Our intercrosses involving
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outbred M. musculus males from a third locality in the Czech Republic also yielded

hybrid male offspring with fertility ranging from normal to severely reduced (Fig. 2D).

Though the frequency and overall geographic spread of the underlying D-M

incompatibilities remains to be determined, polymorphism at loci involved in

reproductive isolations seems to be a common phenomenon in house mice.

Two very different processes could generate polymorphism of D-M

incompatibilities in mice.  First, D-M incompatibilities could be polymorphic within

either mouse species because of interspecific introgression of previously fixed loci.

Reduced interspecific gene flow is considered a hallmark of loci directly involved in

hybrid incompatibilities (Rieseberg et al. 1999; Payseur et al. 2004) but recombination

within a hybrid zone may break up D-M incompatibilities and enable introgression of

underlying loci (Virdee and Hewitt 1994).  Polymorphism introduced via interspecific

gene flow may extend well beyond the boundaries of the mouse hybrid zone due to

human-mediated dispersal (Macholán et al. 2007) and could occur in any wild-derived

strains of mice.  Indeed, a recent genomic scan of SNP variation among multiple wild-

derived inbred strains (including WSB) found multiple putative cases of interspecific

introgression (Yang et al. in press).

Alternatively, polymorphism may reflect naturally segregating variation within

species.  Genetic drift likely plays an important role in the local fixation of Robertsonian

chromosomal rearrangements within some populations of M. domesticus (Nachman and

Searle 1995).  In many instances these rearrangements appear weakly under-dominant

(Searle 1993) and result in reduced fertility in hybrids between populations fixed for
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alternative karyotypes (Piálek et al. 2001).  However, drift seems a less plausible

explanation for the maintenance of polymorphic D-M incompatibilities in mice, given the

apparent frequency and geographic scale at which polymorphism has been observed

(Forejt and Iványi 1975; Vyskocilová et al. 2005).  In general, determining the frequency

and geographic spread of polymorphic D-M incompatibilities will be critical in

evaluating the relative importance of natural selection versus genetic drift in the evolution

of hybrid male sterility between M. musculus and M. domesticus.

A complex genetic basis to F1 reproductive isolation in mice: The results

presented here suggest that at least three sets of F1 epistatic D-M incompatibilities occur

between M. musculus and M. domesticus (Table 4).  It is difficult to speculate on the

genetic basis of the sterility polymorphism within M. musculus without a direct linkage

analysis; however, it unlikely that the incompatibilities we observed between ♀ M.

domesticus (both strains) and ♂ musculusCZECH involve Hst1 for the following reasons.

First, we observed primarily post-meiotic problems in all impaired hybrid males (Fig. 3)

and this general phenotype is distinct from the early meiotic arrest generated by Hst1 and

interacting loci (Forejt 1981; Chubb and Nolan 1987).  Second, as described previously,

the musculusPWK strain has been described to carry the sterility-ensuring Hstws allele

(Forejt 1981; Chubb and Nolan 1987), yet the male progeny produced from crossing

female domesticusLEWES or domesticusWSB to male musculusPWK were normal.  If the

strain of musculusPWK that we used has retained the Hstws allele described in these

previous experiments (Forejt 1981; Chubb and Nolan 1987), then both domesticusLEWES
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and domesticusWSB appear to be missing some component of this epistatic interaction

necessary for sterility.  Consequently, it follows that the male sterility involved in crosses

of female domesticusLEWES or domesticusWSB to male musculusCZECH appears distinct

from both the Hst1 and the musculus X chromosome D-M incompatibility systems.

These arguments suggest that a third set of F1 epistatic D-M incompatibilities

occur between M. musculus and M. domesticus.  In this set of D-M incompatibilities one

or more of the underlying sterility factors is polymorphic in M. musculus (present in

musculusCZECH, absent in musculusPWK).  In a recent geographic survey of the Hst1

incompatibility system, Vyskocilová et al. (2005) described three pedigrees of mice (out

of seven) where hybrid male sterility was polymorphic and did not segregate with

variation at the Hst1 locus.  Their experiment involved outbred wild M. musculus.

Therefore, reciprocal crosses controlled for genotype could not be produced.  It is unclear

whether the polymorphism they described involved loci interacting with Hst1, the X-

autosome incompatibility system, or a new set of incompatibilities.  It is possible that the

polymorphism observed in their study was tracking the same sterility factors that are

polymorphic between musculusCZECH and musculusPWK.

Overall, hybrid male sterility in house mice appears more complicated than

previously thought (Forejt 1996).  Currently, we have little information on the total

number or independence of loci involved in each of the three proposed set of epistatic

interactions that underlie F1 hybrid male sterility between M. musculus and M.

domesticus.  If the interacting partners in these three putative sets of epistatic interactions

were partially non-independent then the total number of incompatibilities would be
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reduced.  However, the number of hybrid incompatibilities typically increases as a

function of experimental resolution (Coyne and Orr 2004) and thus Table 4 likely

represents a severe underestimate.  Regardless, the observation of polymorphism at

multiple loci that have a large impact on F1 hybrid fertility suggests that resolving the

overall genetic architecture of hybrid male sterility may require considerable population-

level sampling within both M. musculus and M. domesticus (Vyskocilová et al. 2005).

The unexpected combination of genetic complexity and polymorphism during incipient

mouse speciation highlights the utility of this system for studying the early stages of

speciation.

While our approach has been to focus exclusively on hybrid male fertility, it is

likely that other phenotypes also play an important role in reproductive isolation between

these species.  For example, increased hybrid susceptibility to parasites (Sage et al. 1986;

Moulia et al. 1991; Moulia et al. 1993), female sterility (Britton-Davidian et al. 2005),

and assortative mating have all been described (Smadja and Ganem 2002; Smadja et al.

2004; Ganem et al. 2005).  None of these phenotypes appear as strong or as consistent

across studies as hybrid male sterility but nevertheless may contribute to overall

reproductive isolation between M. musculus and M. domesticus.  The existence of several

potential isolating mechanisms combined with our increasing appreciation of the genetic

complexity underlying male sterility are consistent with recent estimates suggesting many

genes are involved in reproductive isolation across the hybrid zone (Macholán et al.

2007).
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Conclusions and future directions: The true power of studying speciation in a

model genetic system is the potential to experimentally dissect the genetic basis of

reproductive isolation.  In mice, this goal has been impaired by a lack of genetic studies

using inbred strains derived from natural populations.  We have shown that F1 hybrid

male sterility in mice involves both polymorphic and X-linked loci, broadly consistent

with previous results.  At least one set of D-M incompatibilities described here appears

distinct from previously described X-linked or Hst1-related interactions.  Importantly,

while reproductive isolation in mice appears to have a fairly complex and variable

genetic basis, a surprising amount of genetic complexity in F1 hybrid male sterility was

captured by a small subset of wild-derived inbred strains.  These strains are widely

available and should facilitate the fine-scale genetic dissection of reproductive isolation

in this system without reliance on classic laboratory strains.
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Table 4.  Inferred genetic linkage and number of loci involved in three sets of hybrid

incompatibilities involved in F1 male sterility between M. musculus and M.

domesticus.

musculus1 domesticus Polymorphic2 No. loci3 Supporting
Crosses4

Auto (Hstws) Auto (Hst1) M, D5 > 3 1-4, 6-7, 10, 11
X (Hstx1) Auto Unresolved > 3 CW, 86

Auto/Y Auto/X M > 27 CW
1Genetic linkage of incompatibilities by species, Auto = autosomal, X = X chromosome.

2Evidence of polymorphism in musculus (M) or domesticus (D).

3Estimated number of sterility factors.

4Crosses consistent with inferred incompatibilities.  CW = current work, and

numbers correspond to crosses in Table 1.

5Evidence of polymorphism in domesticus is based on variation among classic inbred

strains.

6See also Storchová et al. (2004).

7Minimum estimate assuming a D-M epistatic incompatibility model.
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FIGURE LEGENDS

Figure 1.  Experimental crossing scheme and genetic composition of F1 hybrid males.

(A) Inter- and intraspecific crossing design, reciprocal crosses are indicated with double

headed arrows.  (B) Schematic of reciprocal interspecific crosses with M. musculus

chromosomes colored white and M. domesticus chromosomes colored black.  (C)

Interspecific crosses involving an inbred female crossed to an intraspecific F1 male.

Recombinant genotypes for M. domesticus (LEWES and WSB) and M. musculus (PWK

and CZECH) are distinguished with crosshatch shading.

Figure 2.  Distributions of relative testis weights (RTW) and sperm counts for male

progeny from (A) the combined intraspecific crosses, (B) the interspecific crosses

between female M. musculus and male M. domesticus, (C) the interspecific crosses

between female M. domesticus and male M. musculus with the strain of the sire indicated

(PWK or CZECH), and (D) the interspecific crosses between female M. domesticusLEWES

and seven outbred M. musculus males.  Shading in (B), (C), and (D) indicate values

within the observed range of the combined intraspecific crosses (light) or values outside

of these distributions (dark).

Figure 3.  Histological cross-sections from testes.  Panels A and B show seminiferous

tubules from males with normal spermatogenesis: (A) M. musculus F1 male (♀

musculusPWK x ♂ musculusCZECH), (B) interspecific F1 male (♀ domesticusLEWES x ♂
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musculusPWK).  Panels C and D are of seminiferous tubules from interspecific F1 males

with disrupted spermatogenesis: (C) ♀ musculusPWK x ♂ domesticusLEWES and (D) ♀

domesticusLEWES x ♂ musculusCZECH.  In panels C and D, note the diminished numbers of

germ cells overall, and poor organization of the seminiferous epithelium with clumps of

vesiculated cells (D1) and abnormal sperm head morphology (D2).
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FIGURE 3



123

APPENDIX C: A COMPLEX GENETIC BASIS TO X-LINKED HYBRID MALE

STERILITY BETWEEN TWO INCIPIENT SPECIES OF HOUSE MICE
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ABSTRACT

The X chromosome often plays a central role in the evolution of reproductive

isolation, but relatively few studies have examined the genetic basis of X-linked

incompatibilities during the early stages of speciation.  We report the results of a large

experiment focused on the reciprocal introgression of the X chromosome between two

incipient species of house mice, M. musculus and M. domesticus.  Introgression of the M.

musculus X chromosome into a wild-derived M. domesticus genetic background

produced male-limited sterility, consistent with previous experiments using classic inbred

strains to represent M. domesticus.  The genetic basis of sterility was complex and

involved a minimum of four independent factors on the M. musculus X chromosome.

The phenotypic effects of major sterility QTL were largely additive and resulted in

complete male sterility when combined into a single genotype.  No sterility factors were

uncovered during the reciprocal introgression of a wild-derived M. domesticus X

chromosome into the M. musculus genetic background.  However, we mapped two

regions involved in differences in testis weight between the two wild-derived strains we

considered, including one QTL coincident with a sterility factor on the M. musculus X

chromosome.  These results demonstrate the asymmetric nature of individual hybrid

incompatibilities during the early stages of speciation.  They also highlight the distinction

between the genetic basis of lineage differences and the genetic basis of species

incompatibilities involving the same trait (testis size).  Combined with data from previous

studies, our data implicate one relatively narrow interval on the M. musculus X

chromosome that harbors at least one gene involved in hybrid male sterility.  Only a
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handful of genes within this region are expressed during spermatogenesis, including one

of the most rapidly evolving genes on the mouse X chromosome.
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INTRODUCTION

The X chromosome often plays a central role in the evolution of reproductive

isolation.  For example, studies in Drosophila have shown that substitution of the X

chromosome between species has a larger impact on hybrid male fertility than

introgression of autosomes (Dobzhansky 1936; Orr 1987; Coyne and Orr 1989; Masly

and Presgraves 2007).  Likewise, levels of gene flow between naturally hybridizing

species tend to be lower on the X chromosome relative to the autosomes (Tucker et al.

1992; Dod et al. 1993; Besansky et al. 2003), suggesting selection against X-linked

incompatibilities.  The contribution of the X chromosome seems particularly strong when

considering reproductive isolation between closely related species.  Hybrid

incompatibilities between incipient species are often sex-limited and manifest in the

heterogametic sex first (i.e., Haldane’s rule; Haldane 1922; Laurie 1997; Orr 1997) due,

in part, to the exposure of hemizygous X-linked incompatibilities (Muller 1942; Turelli

and Orr 1995; Turelli and Orr 2000).  Nevertheless, we know relatively little about the

specific details of the genetic basis and architecture of X-linked reproductive isolation

during the early stages of speciation.

Hybrid sterility and other forms of intrinsic postzygotic isolation are thought to be

a consequence of deleterious epistasis between interacting genes that have diverged

between species (i.e., Dobzhansky-Muller incompatibilities [D-M incompatibilities];

Bateson 1909; Dobzhansky 1937; Muller 1942).  Hybrid male sterility is especially

relevant to the onset of intrinsic isolation because it has been shown to evolve much more

quickly than female sterility or inviability in either sex (Wu 1992; True et al. 1996;
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Coyne and Orr 1997; Tao et al. 2003; Wu and Ting 2004; Masly and Presgraves 2007).

Multiple factors may contribute to the rapid evolution of hybrid male sterility, including

the exposure of recessive X-linked D-M incompatibilities (Muller 1942; Turelli and Orr

1995; Turelli and Orr 2000), the rapid evolution of male-limited traits (Wu and Davis

1993; Wu et al. 1996; Presgraves and Orr 1998), and a higher rate of positive selection on

the X chromosome (Charlesworth et al. 1987).  Regardless of which evolutionary forces

underlie the large X-effect, the rapid accumulation of X-linked sterility factors suggests

that the genetic basis of hybrid male sterility will quickly become complex and involve

mutations at many genes.  This prediction is supported in Drosophila by both the rapid

accumulation of X-linked male sterility factors (True et al. 1996; Tao et al. 2003; Masly

and Presgraves 2007) and the rapid evolution of complex epistasis within sets of

interacting male sterility loci (Davis and Wu 1996; Sawamura et al. 2004).

House mice are well suited to address the genetic architecture of hybrid male

sterility during the early stages of speciation.  House mice are a well studied model

organism (Dietrich et al. 1996; Mouse Genome Sequencing Consortium 2002; Su et al.

2004; Shifman et al. 2006) consisting of at least three closely related species: Mus

domesticus, M. musculus, and M. castaneus (also referred to as subspecies of M.

musculus: M. m. domesticus, M. m. musculus, and M. m. castaneus).  Divergence of these

lineages initiated between 200,000 (A. Geraldes and MWN, unpublished data) and

500,000 years ago (She et al. 1990; Boursot et al. 1993).  Mus castaneus is distributed

throughout Southeastern Asia, M. musculus occurs in Eastern Europe and Asia, and M.

domesticus occurs in Western Europe, Southwestern Asia, Africa, Australia, and the



128

Americas (Boursot et al. 1993).  House mice live in close association with humans, and

the native ranges of all three lineages have been extended through human-mediated

dispersal.  All three pairwise combinations of these taxa hybridize to some extent in

nature along established hybrid zones (M. domesticus-M. musculus) or in mosaic or

admixed populations (M. castaneus-M. musculus, M. domesticus-M. castaneus).

The X chromosome is thought to play a primary role in isolation between M.

domesticus and M. musculus.  In the European hybrid zone, the X chromosome shows

significantly lower levels of gene flow relative to autosomes (Tucker et al. 1992; Dod et

al. 1993; Munclinger et al. 2002; Macholán et al. 2007; Teeter et al. in press).  Payseur et

al. (2004) surveyed 13 X-linked loci across a transect in Germany and found significantly

reduced introgression at several adjacent markers located in the middle of the

chromosome, suggesting that this genomic region harbors at least one hybrid

incompatibility.  Moreover, laboratory crosses between some wild-derived inbred strains

of M. domesticus and M. musculus yield F1 hybrid males with reduced fertility (Britton-

Davidian et al. 2005; Good et al. in press).  F1 male sterility is asymmetric in these

crosses and only occurs when hybrid males possess the M. musculus X chromosome.

This pattern is consistent with hybrid sterility caused by epistatic interactions between the

hemizygous M. musculus X-linked or mitochondrial mutations and dominant autosomal

and/or hemizygous Y-linked mutations in M. domesticus (Britton-Davidian et al. 2005;

Good et al. in press).

Two recent studies offer further insights into the genetic basis of X-linked hybrid

male sterility between M. musculus and M. domesticus.  First, Storchová et al. (2004)
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substituted the X chromosome of M. musculus (wild-derived strain PWD/Ph) onto the

genomic background of M. domesticus as represented by the classic laboratory strain

C57BL/6J.  The resulting X consomic females were normal while consomic males were

sterile with significantly smaller testes, lower sperm count, and abnormal sperm head

morphology (Storchová et al. 2004).   Second, Oka et al. (2004) observed male-limited

sterility when they introgressed the X chromosome of Mus musculus molossinus

(laboratory strain MSM/Ms) into C57B/6J.  Mus musculus molossinus is derived from an

ancient hybridization event between M. castaneus and M. musculus.  Likewise,

C57BL/6J and other classic laboratory strains of house mice include substantial genetic

contributions from both M. musculus and M. castaneus (80-90% M. domesticus; Wade et

al. 2002; Frazer et al. 2007; Yang et al. 2007).  Both Storchová et al (2004) and Oka et al.

(2004) mapped two or three X-linked quantitative trait loci (QTL) contributing to hybrid

male sterility in later backcross generations.  QTL confidence intervals overlapped

between the studies in some instances, including the identification of a major sterility

QTL in the same general central region of the X chromosome that shows low

introgression in the German hybrid zone (Payseur et al. 2004).  However, since both of

these studies used laboratory strains of complex and mosaic origin, the relevance of these

results for reproductive isolation in the wild is uncertain.

Here, we report the results of a large experiment focused on the introgression of

the X chromosome between M. musculus and M. domesticus.  Our ultimate goal is to

elucidate the genetic basis and architecture of X-linked hybrid male sterility between

these species.  Our results extend previous studies on X-linked reproductive isolation in
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mice in three important ways.  First, our introgression design is reciprocal.  These data

provide the first direct test for hybrid incompatibilities on the M. domesticus X

chromosome and allow us to fully evaluate basic predictions of the D-M model of

epistatic incompatibilities (Muller 1942; Coyne and Orr 2004).  Second, this is the first

study to examine the genetic basis of X-linked hybrid sterility using inbred strains

exclusively derived from wild mice.  Third, whereas previous studies introgressed the

entire X chromosome, we primarily focus on smaller chromosomal segments.  This

design selects for double recombinants and allows us to evaluate the independent

contributions of specific regions spanning the X chromosome.
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MATERIALS AND METHODS

Animals:  Two wild-derived breeding colonies were established using wild-

derived inbred strains purchased from the Jackson Laboratory (www.jax.org).  We used

the LEWES/EiJ strain to represent M. domesticus (hereafter domesticusLEWES).  This

strain was originally isolated from natural populations in Lewes, Delaware, USA and is

thought to descend from recent human-mediated dispersal of M. domesticus from

Western Europe.  Mus domesticus from eastern North America are genetically

indistinguishable from European M. domesticus in allozyme studies (Selander et al.

1969a; Selander et al. 1969b).  For M. musculus, we used the PWK/PhJ strain isolated the

central region of the Czech Republic (hereafter musculusPWK, Gregorová and Forejt

2000).  In genetic analyses both strains cluster most closely with other wild-derived

strains of M. musculus and M. domesticus, respectively (Petkov et al. 2004), and have a

standard house mouse karyotype (2n = 40).  Recently, some putative cases of

introgression between M. domesticus and M. musculus have been reported for a few

standard wild-derived strains of mice, including musculusPWK (Yang et al. 2007).  The

contribution of M. domesticus to the genome of musculusPWK has not been quantified, but

levels of introgression are likely to be fairly low based on available data (Gregorová and

Forejt 2000).  All mice were maintained in accordance with IACUC regulations at the

University of Arizona Central Animal Facility.

Experimental Design:  We performed two parallel introgression experiments

using a standard backcross design (Figure 1).  In experiment one, three ~55 Mb genomic

regions spanning the M. musculusPWK X chromosome were introgressed into the M.
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domesticusLEWES autosomal background.  Following an initial intercross between ♀

musculusPWK x ♂ domesticusLEWES, F1 female offspring were backcrossed to ♂

domesticusLEWES for a total of nine generations (i.e., to generation N10).  Each generation

female offspring were screened at 18 diagnostic X-linked microsatellite markers (see

below) and females heterozygous for at least one of the three-targeted regions were used

for the next backcross generation.  In experiment two, we repeated this general design to

introgress the same three genomic regions of the M. domesticusLEWES X chromosome into

the M. musculusPWK genomic background.  A total of seven backcross generations (i.e., to

generation N8) were performed in experiment two.  After the completion of the backcross

generations, individual introgression lines were fixed (when possible) with crosses

between full siblings.

Importantly, the genetic composition of hybrid males will change over the course

of these experiments.  The effects of recessive autosomal hybrid incompatibilities will be

masked in F1 males but exposed in later backcross generations.  Thus, both the genetic

basis of X-linked sterility and the overall sterility phenotype could change over the

course of our two experiments.

Data from previous studies were used to guide our decision on how to partition

the X chromosome for our introgression experiments.  Both genetic mapping (Storchová

et al. 2004; Oka et al. 2007) and hybrid zone data (Payseur et al. 2004) suggest that the

middle of the X chromosome is involved in reproductive isolation, including at least one

QTL of major effect on hybrid male sterility, Hstx1, that maps to near marker DXMit119
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(68.7Mb, 29.5cM; Storchová et al. 2004).  We targeted three overlapping regions

corresponding to the proximal (marker interval 6.8-62.3 Mb), central (62.3 – 100.3 Mb),

and distal (100.3 – 162.6 Mb) regions of the X chromosome.

Treatment of Experimental Males: Males were weaned into same-sex sibling

groups of up to four and split into individual cages at approximately 60 days old.  All

males were sacrificed as adults (all males >70 days old and > 11.0 g body weight).

Quantification of Male Reproductive Phenotypes: Male sterility is often a

complex phenotype.  While the ability to sire offspring may be taken as the most direct

assessment of male fertility, this criterion provides little insight into the underlying

phenotypic basis of reproductive failure.  To provide a broad assessment of male

reproductive condition we considered several general male reproductive phenotypes,

including testis weight, sperm count, sperm motility, sperm head morphology, and

seminal vesicle weight.  In addition, we examined the reproductive success of some

males using two different mating assays (see below).

Our methods for quantifying sperm count and motility have been described in

detail previously (Good et al. in press).  Briefly, we evaluated sperm motility and count

using a Makler counting chamber (Sefi-Medical Instruments, Haifa, Israel) and a light

microscope at 200X magnification.  Sperm from the caudal epididymides were incubated

at 37°C in modified Phosphate Buffered Saline for 10 minutes.  Following incubation, 5

µl of mixed sperm suspension was transferred to the Makler chamber and the number of

motile and immotile sperm was determined over a fixed area and observation time.
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Sperm counts were estimated with a Makler chamber using heat-shocked aliquots of the

same sperm suspension.

To examine sperm head morphology, 25 µl of sperm suspension was spread onto

a microscope slide and allowed to air dry.  The slides were then fixed using a 1 % acetic

acid solution in 95% ethanol for two minutes and allowed to dry.  Fixed preparations

were then stained in 1% Eosin Yellow (Sigma) for five minutes, rinsed three times in

70% ethanol, dried, and mounted with 30 µl of Permount (Fisher).  Mounted preparations

were evaluated at 400X magnification using a Phase Contrast microscope.  Sperm head

morphology was classified into four different categories based on the degree of

abnormalities observed: (1) normal sperm head morphology with a long apical hook

(Russell et al. 1990), (2) sperm heads with a shortened hook and/or flattened shape, (3)

head shortened and a very short or absent apical hook, and (4) a general class of severely

abnormal shape.  We considered a minimum of 100 individual sperm heads per male.

For a subset of males we examined fertility based on two different mating assays.

First, we considered fecundity based on reproductive output following pairing with

musculusPWK females.  Males (>90 days postpartum) were caged with a single female for

17 days and each male was paired successively with at least two separate females.

Females were sacrificed and the number of embryos was counted.  Estimates of fecundity

based on numbers of late-term embryos provide a relatively insensitive measure of

fertilization potential because males typically fertilize many more eggs than develop.

Therefore, we used a second assay to estimate male fertility.  Males were paired with

females that were treated with hormones to induce ovulation (following Nagy et al.
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2003).  Because musculusPWK females do not respond to the hormone regiment, we used

F1 females from a cross between musculusPWK females and M. musculus males from the

CZECHII/EiJ wild-derived inbred strain (Jackson Laboratory, www.jax.org).  Female

progeny (five weeks old) were intraperitoneally injected with 5 units of pregnant mare

serum gonadotropin (PMSG, Calbiochem), followed 48 hours later with 5 units of human

chorionic gonadotropin (hCG, Calbiochem).  Ovulation occurs approximately 12 hours

after administration of hCG.  Immediately following injection with hCG, we paired

females individually with males.  Females were sacrificed after 20 hours and cumulus

masses were dissected from the oviducts and treated with hyaluronidase to isolate

oocytes.  We counted the number of oocytes with two pronuclei, two polar bodies, or

neither.  The two pronuclei stage occurs approximately 8 hours after fusion of sperm and

egg, while the two polar body stage occurs approximately 6 hours after fusion (Nagy et

al. 2003).  Either stage was taken as evidence of fertilization.  If we did not observe a

vaginal plug, semen contents in the uterus, sperm around the oocytes, or any fertilized

embryos, we assumed that mating did not occur.

Genotyping:  Each generation we screened females at 18 SSLP markers across

the X chromosome (Dietrich et al. 1994; Dietrich et al. 1996).  The screened loci,

physical locations in Megabases (Mb) based on NCBI mouse build 36 (Ensembl release

46, August, 2007; www.ensembl.org), and the consensus genetic location in

centiMorgans (cM) based on the Mouse Genome Database (MGI 3.54; Eppig et al. 2005)

were as follows: DXMit26 (6.8Mb, 1.5cM), DXMit137 (14.9Mb, 5.7cM), DXMit81

(32.6Mb, 9.25cM), DXMit50 (37.1Mb, 14.1cM), DXMit166 (47.9Mb, 15.5cM),
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DXMit141 (55.8Mb, 19.0cM), DXMit46 (62.3Mb, 24.5cM), DXMit119 (68.7Mb,

29.5cM), DXMit195 (81.8Mb 32.0cM), DXMit128 (89.5Mb, 34.7cM), DXMit158

(100.3Mb, 43.6cM), DXMit65 (104.9Mb, 48.5cM), DXMit97 (115.5Mb, 49.0cM),

DXMit173 (125.7Mb, 50.5cM), DXMit67 (136.7Mb, 60.0cM), DXMit153 (146.4Mb,

62.2cM), DXMit121 (156.8Mb, 67.0cM), DXMit160 (162.6Mb, 73.3cM).  Select males

from the N2, N4, N6, N7, N8, N9, and N10 generations were also screened with the same 18

markers.

DNA was extracted from fresh tissue (tail tip, ear notch, or liver) using a

PureGene DNA isolation kit (Gentra Systems, Minneapolis, MN).  We used 10 µl

reactions and, when possible, loci were multiplexed into groups of two or three.  The

forward primer of each locus was labeled with 6-FAM or HEX.  We followed standard

Polymerase Chain Reaction (PCR) protocols for these loci (Dietrich et al. 1994; Dietrich

et al. 1996) and we optimized annealing temperature, primer concentration, and the

number of amplification cycles as necessary.  Specific PCR conditions are available from

the authors upon request.  Genotypes were resolved on an ABI 3100 (Applied

Biosystems) with a 500 ROX ladder and scored using Genotyper 2.0 (Applied

Biosystems).

QTL analysis:  A total of 347 males from late backcross generations were used to

map quantitative trait loci for several male reproductive phenotypes.  For experiment one,

we considered 204 males from the N6 through N8 generations.  For experiment two, 143

males from the N4, N6, and N7 generations were used.  Most males included in QTL
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analyses were resolved for their entire 18-locus genotype and all males were successfully

genotyped at a minimum of 14 markers.

Two complementary approaches based on interval mapping were implemented

using the QTL Cartographer software package.  First, we used the program Zmapqtl to

identify X-linked QTL using composite interval mapping (CIM; Zeng 1994).  This

general method combines background markers as cofactors with standard interval

mapping (Lander and Botstein 1989) to increase the power and resolution of QTL

identification.  For each phenotype, we calculated the likelihood L1 that a given position

contributes an additive effect (a ≠ 0) and compared this model to the likelihood L0 of the

null hypothesis of no additive effect (a = 0) at the test site.  Significance of additive

effects was determined using a standard likelihood ratio test statistic [LRS = -2ln(L0/L1)]

and critical values for the experiment were calculated with Zmapqtl using 1,000

permutations (Churchill and Doerge 1994).  The most informative markers for controlling

genetic background were selected based on the results of a forward stepwise regression

conducted with SRmapqtl.  All analyses were performed using a window size of 10 cM

and a walking distance of 1 cM.  Dominance effects could not be evaluated because

males were hemizygous for all X-linked markers.

Following CIM analyses, we estimated a multiple QTL model using multiple

interval mapping (MIM; Kao et al. 1999).  Our MIM model was constructed using a

stepwise approach (Kao et al. 1999; Zeng et al. 2000): (1) an initial model of multiple

putative QTL was defined based on the results of CIM, (2) the significance of individual

QTL in the model was evaluated, and QTL with LRS scores below the CIM



138

experimentwise critical values of α = 0.05 were removed, (3) positions of significant

QTL were refined, (4) the X chromosome was scanned for additional additive QTL, and

(5) pairs of all identified QTL were tested for significant epistatic interactions using a

forward stepwise search.

Analysis of candidate genes on the X chromosome:  We evaluated potential

candidate genes for hybrid male sterility using a variety of sources.  X-linked protein-

coding genes were identified from Ensembl (release 46, August, 2007;

www.ensembl.org) based on NCBI mouse build 36.  X chromosome expression during

spermatogenesis was based on data from a recent Affymetrix microarray analysis

(Affymetrix 430 2.0) on four distinct classes of germ cells: premeiotic type A and B

spermatogonia, pachytene spermatocytes, and postmeiotic round spermatids (Namekawa

et al. 2006).  Affymetrix probes were matched to annotated protein-coding genes using

the Ensembl Biomart tool.  Testis-specific genes were defined as genes with 5X median

expression in testis in a panel of 61 mouse tissues (GNF Symatlas, symatlas.gnf.org; Su

et al. 2004).



139

RESULTS

Male reproductive phenotypes in the parental inbred strains:  Data from

musculusPWK and domesticusLEWES for a suite of standard male reproductive phenotypes

are presented in Table 1.  In general, musculusPWK and domesticusLEWES were similar in

overall body weight, sperm count, sperm motility, and paired seminal vesicle weight.  A

significant reduction in testis weight was observed in domesticusLEWES (Wilcoxon P <

0.001).  This difference was strain-specific and is not related to divergence between these

species (Good et al. in press).  In general, testis weight and sperm count were both

significantly correlated with body weight in both strains (Good et al. in press).  We used

two different approaches to account for this correlation.  First, for all comparisons we

report testis weight relative to body weight (Relative Testis Weight, RTW, mg testis/g

body weight).  Second, in all quantitative genetic analyses we used residual trait scores

based on a standard least squares regression on body weight.

Asymmetric sterility in F1 hybrid males: A previous study showed that crosses

between a female musculusPWK and a male domesticusLEWES yield hybrid male offspring

with abnormal spermatogenesis while the reciprocal cross produces reproductively

normal F1 males (Good et al. in press).  These abnormal hybrid males were characterized

by significant reductions in testis weight (Table 2) and sperm count (see also Table 2 in

Good et al. in press).  Histological analyses revealed primarily post-meiotic abnormalities

in spermatogenesis with a general reduction in the number of maturing spermatids (Good

et al. in press).  Because the reciprocal F1 hybrids shared the same autosomal genotype,

these data suggested that one or more genes on the M. musculus X chromosome, the M.
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musculus mitochondrial DNA and/or the M. domesticus Y chromosome influenced

spermatogenesis in F1 hybrid males.  The reduction in testis size was seen in both young

males (60-day old) and older males (~120 day-old), demonstrating that this difference

does not represent a developmental delay (Table 2).

Experiment 1: Introgression of the musculusPWK X chromosome into

domesticusLEWES

Overview: Introgression of the M. musculusPWK X chromosome into the M.

domesticusLEWES autosomal background caused severe reductions in male fertility.  We

considered several male reproductive phenotypes in a total of 294 males sampled across

nine backcross generations (N2-N10).  We begin by reporting the general qualitative

patterns observed during the early backcross generations and then provide a detailed

account of the genetic basis of sterility in later backcross generations.

X-linked male sterility during the early backcross generations:  We examined

X chromosome genotypes and several male reproductive phenotypes for 35 males from

the first backcross generation (N2).  The majority of these males demonstrated some level

of recovery in testis weight and/or sperm count relative to F1 males from the ♀

musculusPWK x ♂ domesticusLEWES.  Only three males showed dramatic reductions in

testis size (average RTW = 2.48 mg/g, SD = 0.63) and all three were hemizygous for the

entire or most of the musculusPWK X chromosome.  However, multiple males with large
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introgressions of the musculusPWK X chromosome had relatively normal fertility

parameters, demonstrating that this genotype by itself was not sufficient for sterility.  By

the N4 generation (n = 55) most males with large introgressions of the musculusPWK X

chromosome were characterized by dramatically reduced testis weight and sperm count

relative to control males with a domesticusLEWES X chromosome.  There were two

striking exceptions to this trend; the two most severely abnormal males (testis weight <

25 mg and no sperm in their caudal epididymides) in this generation both had a

domesticusLEWES X chromosome.  Dramatic reductions were not observed in males with

the domesticusLEWES X chromosome genotype in any of the later backcross generations.

Multiple factors on the musculusPWK X chromosome contribute to reduced

testis weight, sperm count, and abnormal sperm head morphology: By the N6

generation none of the introgressed males in our experiment possessed a complete

musculusPWK X chromosome.  Nevertheless, it became apparent that multiple loci on the

musculusPWK X chromosome were involved in male sterility and that the severity of

reproductive disruption depended on the number of incompatibilities present in a given

male.  One simple pattern consistent with a multigenic basis to sterility was a significant

negative linear correlation between the residual testis weight and the approximate length

of the introgressed musculusPWK X chromosome (Figure 2; n = 202 N6-8 males, r2 = 0.45,

P < 0.0001).  Residual sperm count also showed a significant, albeit weaker, negative

correlation with musculusPWK X chromosome introgression length (r2 = 0.12, n = 198

males, P < 0.0001).  Introgression length was not correlated with body weight, seminal

vesicle weight, or sperm motility (all P > 0.40).
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Of the three targeted chromosomal regions (Figure 1), introgression of the

proximal portion of the musculusPWK X chromosome had the largest individual impact on

male reproduction and resulted in a significant reduction in both testis weight and sperm

count relative to control males (Wilcoxon P < 0.01; Figure 3).  Only slight reductions in

testes weight and no reductions in sperm count were observed for males with either the

central or distal musculusPWK X chromosome introgressions.  Nevertheless, larger

introgressions spanning the proximal, central, and distal portions of the musculusPWK X

chromosome resulted in an even greater reduction in both testis weight and sperm count

than introgression of the proximal segment alone (Figures 3 and 4).  We were able to

further localize individual factors influencing testis size to three partially overlapping

intervals (0 - 55.8 Mb; 47.9 - 81.8 Mb; 100.3 Mb - telomere) through inspection of

smaller recombinants.  Each interval represents the minimal genotype in each region that

resulted in at least one male with relative testis size below the entire range of values

observed in control N6-8 males with a domesticusLEWES X chromosome (range = 5.34 –

3.84, n = 71).

Sperm head morphology was even more strongly influenced by the genotype of

the X chromosome in the later backcross generations.  In mice, a rounded head shape

with a long curved apical hook defines normal sperm morphology (Russell et al. 1990).

We observed normal head morphology for the majority of sperm from either parental

strain (domesticusLEWES, musculusPWK) or control backcross males with a

domesticusLEWES X chromosome (Figure 4).  In contrast, most males with large portions

of the musculusPWK X chromosome had sperm with severely abnormal head morphology
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with absent or very shorten apical hooks.  Males with smaller introgressions tended to

show less severe abnormalities, including a noticeable shortening of the apical hook

and/or a flattened, less rounded head shape (Figure 4).  Overall, we observed a very

significant negative correlation between the proportion of sperm with abnormal head

morphology and musculusPWK X chromosome introgression length (arcsine square-root

transformed, n = 174, r2 = 0.75, P < 0.0001).  As with testis weight, the proximal half of

the musculusPWK X chromosome had the strongest influence on sperm head morphology.

Figure 4 shows the negative influence of progressively larger introgressions of the

musculusPWK X chromosome (proximal to distal) on sperm head morphology.  Males

with > 81.9 Mb of the proximal musculusPWK X chromosome produced essential no

sperm with normal head morphology (Figure 4).  We localized four non-overlapping

intervals in recombinant males (0 - 37.1 Mb; 47.9 - 81.8 Mb; 89.5 - 125.7; 125.7 Mb -

telomere) that resulted in proportionally fewer sperm with normal morphology relative to

the range of values observed in all control males (range = 0.96 – 0.67, n = 61).  Thus, at

least four independent factors on the musculusPWK X chromosome contributed to

abnormal sperm head morphology.

QTL mapping of sterility factors:  We used a combination of CIM and MIM to

further resolve the number, location, and phenotypic effects of X-linked QTL

contributing to reduced testis weight (n = 204), sperm count (n = 200), and abnormal

sperm head morphology (n = 174) in males from the N6, N7, and N8 generations.  All

males were the progeny of crosses between late generation females heterozygous for

some portion of X chromosome and domesticusLEWES males.  Residual sperm count
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followed a normal distribution (Shapiro-Wilk W Test, P = 0.880).  However, both testis

weight and sperm head morphology were not normally distributed and were characterized

by a strong left skew.  To reduce the influence of outliers on these characters we

transformed both phenotypes.  For testis weight we performed a Box-Cox transformation

and for sperm head morphology we used an arcsine square-root transformation.  In both

cases the distributions were dramatically improved but still deviated from normality (both

characters Shapiro-Wilk W Test, P < 0.03).

Residual testis weight, residual sperm count, and the proportion of abnormal

sperm head morphology all showed evidence of multiple significant QTL based on CIM.

Figure 5 shows the likelihood of odds scores (LOD ≈ 0.217 likelihood ratio static) for all

three traits as a function of genetic position on the X chromosome.  Standard Bonferroni

correction of LOD critical values were inappropriate for hypothesis testing because

markers were linked and thus non-independent (Lynch and Walsh 1998).  For each

character we computed the experimentwise critical values using 1,000 permutations.  For

testis weight, LOD scores exceeded critical values (LOD = 2.822, α = 0.05) for much of

the first third of the X chromosome (DXMit26-DXMit119) and between DXMit173 and

DXMit67 on the distal end (Figure 5).  The QTL with the largest effect on testis weight

was estimated to occur between markers DXMit141 and DXMit46 (position 18.5 cM)

and explained 21.7% of the total phenotypic variance (LOD = 16.52).  A very similar

pattern was found for sperm count, consistent with a close correlation between these two

characters.  The single QTL with the largest influence on variance in sperm count was
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estimated to occur at position 12.3 cM and explained 24.1% of the total phenotypic

variance (LOD = 9.97).

The likelihood surface was more resolved in our analysis of sperm head

morphology (proportion of abnormal sperm heads, arcsine square-root).  As with testis

weight and sperm count, the strongest influence was found for loci from the first third of

the chromosome.  Within this region, there were two distinct peaks and multiple peaked

shoulders.  The QTL with the largest influence on sperm head morphology accounted for

55.5% of the total phenotypic variation and was located at position 20.0 cM (LOD =

43.4).  The central and distal end of the X chromosome also showed evidence of QTL for

abnormal sperm head morphology, including one or more QTL near the center of the X

chromosome where QTL were not observed for testis weight and sperm count.  We also

considered abnormal sperm head morphology using an index for each male based on the

proportion of different classes of abnormalities within a given male (see Materials and

Methods; index modified from Oka et al. 2004) and this alternative quantification

produced very similar results in CIM analysis (analysis not shown).

Inspection of Figure 5 suggested that several of the QTL influencing testis weight,

sperm count, and sperm morphology were non-independent.  Consistent with this, we

detected significant pairwise correlations between all three characters (all P < 0.0001;

testis weight x sperm count, r2 = 0.26; testis weight x sperm head morphology, r2 = 0.50;

sperm count x sperm head morphology, r2 = 0.18).  The first principle component (PC1)

of the covariance of these three traits accounted for 85.1% of the total variation and CIM

analysis of PC1 produced qualitatively similar results (analysis not shown).
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Resolution of the location and phenotypic effects of individual QTL identified by

CIM was clearly influenced by the occurrence of multiple closely linked QTL.  For

example, the proportion of phenotypic variance explained by the combined contribution

of all major peaks identified with CIM exceeded 100% for all three traits.  To help

address this issue we constructed a multiple QTL model using MIM (Zeng 1994).  Our

approach was to iteratively evaluate the significance of putative QTL peaks identified by

CIM, refine the position of QTL that remained significant within the MIM model, and

scan for additional additive and epistatic interactions (Zeng 1994; Zeng et al. 2000).  The

results of our MIM analyses are summarized in Table 3 and Figure 5.  In the MIM

framework, R2 is the sum of the contributions of all singly significant QTL to the total

genotypic variance and provides an estimate of broad sense heritability.  Three QTL

remained significant for testis weight, and heritability was moderately high (R2 = 0.631)

while only two QTL remained significant for sperm count and heritability was fairly low

(R2 = 0.240).  For both traits, all QTL identified represented musculusPWK alleles that

resulted in hybrid abnormalities and all loci of large phenotypic effect (R2 > 0.10) were

localized proximal to DXMit46 (62.3 Mb).  By contrast, seven positions remained

significant for abnormal sperm head morphology and these loci explained most of the

phenotypic variation observed in the trait (R2 = 0.944).  Three QTL of major effect were

located proximal to DXMit119 (68.7 Mb) and one was found distal to DXMit97 (115.5

Mb).  In addition, one locus contributed an additive effect in the opposite direction (Table

3), consistent with a positive influence of a musculusPWK allele within this region.  We
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found no evidence for significant epistatic interactions between the identified QTL for

any of the three characters.

Male fecundity and fertility of select genotypes:  To relate observed male

reproductive abnormalities to reproductive isolation we used two different mating assays

to evaluate the relative reproductive success of m ales from three genotypic classes from

the N9 or N10 generations: control (domesticusLEWES), proximal (<68.7 Mb), and all major

QTL (<146.7 Mb; see Table 3).  The average fecundity (measured as the number of

embryos produced) of proximal males was only marginally reduced relative to control

males (Wilcoxon P < 0.04; Table 4).  However, we observed a dramatic and consistent

reduction between these two genotypic classes for in vivo fertilization rate (Fisher’s Exact

Test, P < 0001).  Possible explanations for this difference are discussed below.

Differences in the fecundity and fertilization ability of two males containing all major

QTL from the musculusPWK X chromosome were less subtle; both males failed to sire

offspring or fertilize eggs in repeated trials.

Experiment 2: Introgression of the M. domesticusLEWES X chromosome into M.

musculusPWK

Overview:  Asymmetric sterility in the reciprocal F1 crosses between M.

domesticusLEWES and M. musculusPWK suggests that the domesticusLEWES X chromosome

was not involved in F1 hybrid male sterility (Good et al. in press).  Nevertheless, this

asymmetric pattern does not preclude the existence of factors on the M. domesticusLEWES
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X chromosome contributing to hybrid male sterility because epistatic interactions

between hemizygous X-linked loci and recessive autosomal incompatibilities are masked

in the F1 generation.  To evaluate the potential role of the X chromosome in hybrid male

sterility we introgressed three genomic regions spanning the domesticusLEWES X

chromosome onto the musculusPWK genomic background.  We considered a total of 227

males in four backcross generations (N2, N4, N6, N7).  In contrast to Experiment 1, we

observed no introgressed hybrid males with strongly reduced reproductive parameters

relative to the parental strains.  However, M. musculusPWK had significantly larger testis

than M. domesticusLEWES (Table 1) and our experiment identified two X-linked QTL

contributing to differences in testis size between these strains.

Multiple X-linked loci contributing to differences in testis size between M.

musculusPWK and M. domesticusLEWES map to the X chromosome:  The average RTW

of male progeny from the first backcross generation (N2) was intermediate between M.

domesticusLEWES and M. musculusPWK, increased across later backcross generations, and

approached the values characteristic of M. musculusPWK (Table 5).  To determine if X-

linked loci contributed to differences in testis weight between M. domesticusLEWES and M.

musculusPWK we genotyped 142 males from the N4, N6, and N7 generations.  In these

males, relative testis weight showed a significant negative correlation with the

approximate length of the introgressed domesticusLEWES X chromosome (n = 142, r2 =

0.21, P < 0.0001), consistent with multiple X-linked loci contributing to differences in

testis weight between the strains.
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QTL mapping of X-linked factors influencing testis weight:  CIM and MIM

analysis of testis weight (residuals of Box-Cox transformed values) of 142 males

identified two major QTL in the central (34.7 cM, 34.0-44.6 2 LOD confidence interval)

and distal (61.0 cM, 50.5-68.0) regions of the X chromosome, respectively (Figure 6).  A

third putative QTL was borderline significant (LOD = 2.55) based on a critical value of

LOD = 2.26 (α = 0.05, 1000 permutations) in CIM but was not significant in our MIM

model.  Overall, the additive effects of these two major QTL explained 46.8% of the

variance in testis weight in our MIM model (R2 = 0.468), with the largest contribution

coming from distal most QTL (61.0 cM, R2 = 0.278%).  We did not detect any significant

epistatic interactions between these two QTL.
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DISCUSSION

Introgression of the M. musculus X chromosome into a wild-derived M.

domesticus genetic background produced male-limited sterility, consistent with previous

experiments using classic inbred strains to represent M. domesticus.  QTL analysis of late

backcross generation males implicated multiple hybrid incompatibilities and thus a fairly

complex genetic basis to X-linked sterility.  In some instances our patterns were in

agreement with previous mapping experiments, while in other cases we found evidence

for apparently novel hybrid incompatibilities.  No sterility factors were uncovered during

the reciprocal introgression of a wild-derived M. domesticus X chromosome onto a M.

musculus genetic background.  However, we mapped two loci involved in differences in

testis weight between the two wild-derived strains we considered, including one QTL

coincident with a sterility factor on the M. musculus X chromosome.  Below we discuss

the broader significance of our findings in relation to the evolution of D-M

incompatibilities during the early stages of speciation.  We then contrast our results with

previous studies looking at X-linked reproductive isolation between these species,

including patterns of gene flow in the hybrid zone.  Finally, we discuss specific X-linked

genes that are potential candidates for hybrid male sterility in mice.

The evolution of X-linked hybrid male sterility:  The simplest form of the D-M

model involves epistatic interactions between two loci with alternative alleles fixed

between species (e.g., AAbb and aaBB).  Under this scenario, the genetic basis of hybrid

dysfunction will be asymmetric and arise from interactions between the A and B alleles

(i.e., incompatibilities should not involve interactions between a and b; Muller 1942; Orr
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1995).  This prediction was uniformly supported in our reciprocal introgression

experiments with asymmetric genetic interactions evident for all of the X-linked loci

underlying hybrid male sterility between M. domesticus and M. musculus.  These data

provide strong support for the D-M model and add to data from other reciprocal

introgression experiments in animals where individual sets of epistatic interactions have

been shown to be asymmetric (e.g., Wu and Beckenbach 1983; Vigneault and Zouros

1986; Orr 1989; Wittbrodt et al. 1989; Johnson et al. 1992).  Interestingly, we identified

some X-linked genetic differences in testis weight between domesticusLEWES and

musculusPWK that were not involved in hybrid incompatibilities (Figure 6), further

demonstrating that divergence at individual loci is necessary but not sufficient for the

evolution of D-M incompatibilities.

All of the D-M incompatibilities we identified in later backcrosses involved

epistatic interactions between incompatibilities on the M. musculus X chromosome and

one or more loci on the M. domesticus genomic background.  Hybrid male sterility was

also asymmetric in the progeny of F1 crosses between M. domesticusLEWES and M.

musculusPWK (Table 2; Good et al. in press).  While asymmetric sterility at the F1 and

later backcross generations could reflect the same incompatibilities, the genetic

composition of hybrid males was fundamentally different at these two stages of the

experiment.  In particular, the effects of recessive autosomal hybrid incompatibilities will

be masked in F1 males but exposed in later backcross generations.  Thus, both the genetic

basis of X-linked sterility and the overall sterility phenotype could change over the

course of our experiment.  We observed no evidence for a shift in the developmental
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timing of sterility.  Hybrid male sterility in F1 males (♀ musculusPWK x ♂

domesticusLEWES) involves primarily postmeiotic disruptions in spermatogenesis,

resulting in sperm morphological abnormalities, reduced testis size, and lower sperm

count (Good et al. in press) and a similar phenotype was manifest in N4 and later

generation males with large introgressions of the musculusPWK X chromosome (Figure 4).

However, we did observe some variation in patterns of sterility in the N2 generation that

may reflect some differences in the genetic basis of sterility in F1 and later backcross

generation males.  Reductions in relative testis weight and sperm count were also more

severe in later backcross generations.  This change in severity could reflect the exposure

of additional epistatic interactions or an interaction between sterility factors and the

overall heterozygosity of males.

The occurrence of multiple linked sterility factors makes it difficult to resolve the

total number of incompatibilities on the musculusPWK X chromosome.  There were at

least four non-overlapping intervals on the X chromosome that contributed to abnormal

sperm head morphology and MIM analysis implicated a total of seven QTL for this trait

(Figure 5, Table 3).  Overall, QTL within these four regions made largely additive

contributions to hybrid male sterility (Table 3), cumulating in complete sterility when all

major QTL were combined on the same genotype (see also Storchová et al. 2004).  Males

with the proximal portion of the musculusPWK X chromosome, where we mapped the

QTL with largest phenotypic effects (Table 3), were still capable of siring relatively large

litters (Table 4).  While the majority of sperm produced by proximal males presented

some morphological aberrations, some normal sperm were also observed and
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abnormalities were generally much less severe than sterile males with larger

introgressions (Figure 4).  Interestingly, we did detect a dramatic reduction in the

fertilization potential of proximal males relative to control males (Table 4).  This

apparent discrepancy between a striking reduction in fertilization potential and a weak

reduction in male fecundity (i.e., the number of late-stage embryos produced) may be

explained by the fact that males typically fertilize many more eggs than eventually

develop.  It is seems likely these sub-fertile mutations could strongly reduce male fitness

in nature where females often mate with multiple males (Dean et al. 2006), generating

intense postcopulatory sperm competition among males.

We did not detect significant epistatic interactions between QTL identified in our

MIM models; however, we cannot rule out interactions among tightly linked loci within

these regions.  Indeed, we observed abnormal sperm head morphology in multiple males

containing a relatively small interval in the center of the musculusPWK X chromosome,

but we were unable to fine-scale map the phenotype with smaller introgressions (data not

shown).  Similar patterns have been observed when mapping X-linked sterility in

Drosophila (Perez and Wu 1995; Davis and Wu 1996), and complex epistasis within

linked regions may be a common pattern of hybrid male sterility (Sawamura et al. 2004).

While our data do not speak to the complexity of specific D-M incompatibilities without

information on the number of interacting partners (but see Oka et al. 2007), X-linked

hybrid male sterility in mice does appear to have a relatively a complex genetic basis

overall.
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At least two other studies have mapped X-linked QTL underlying differences in

testis weight between inbred strains of mice (Le Roy et al. 2001; Bolor et al. 2006),

suggesting the X chromosome plays an important role in regulation of mouse

spermatogenesis.  Nevertheless, there are two reasons why the evolution of a large X-

effect for male sterility in Mus is particularly noteworthy.  First, the X chromosome in

mammals comprises a fairly small portion of the overall genome (i.e., ~4.3% of known

protein-coding genes are X-linked in mice) compared to other species where a large X-

effect has been described (e.g., 20-40% of the Drosophila genome is X-linked).  Second,

like Drosophila, genes involved in spermatogenesis are proportionally less frequent on

the mouse X chromosome than the autosomes (Khil et al. 2004), due to transcriptional

inactivation of most X-linked genes during and after meiosis (Namekawa et al. 2006).

Thus, X-linked spermatogenesis genes comprise a very small portion of the overall testis

transcriptome (~2.4%, Khil et al. 2004), especially when considering genes involved in

postmeiotic spermiogenesis (Khil et al. 2004).  One consequence of this is that there are

likely many more recessive autosomal sterility factors that are masked in F1 hybrids.  For

example, X-linked male sterility factors are approximately 2.5 times more frequent than

autosomal incompatibilities in Drosophila (Tao et al. 2003).  Assuming a similar ratio

occurs in mice and a minimum of four X-linked sterility factors then we might expect on

the order of 35-40 autosomal recessive hybrid incompatibilities in house mice.

The differential accumulation of multiple incompatibilities on the musculus X

chromosome raises the question as to whether rates of X-linked evolution are asymmetric

between M. domesticus and M. musculus.  While we have no data on the relative rate of



155

X-linked protein-coding evolution between M. domesticus and M. musculus, rates of X-

linked protein evolution in mice are significantly faster (Torgerson and Singh 2003;

Baines and Harr 2007) and adaptive evolution of X-linked male reproductive proteins

appears more frequent (Torgerson and Singh 2006) when compared to autosomal loci.

Interestingly, asymmetry in intrinsic reproductive isolation seems to be a fairly general

pattern in both animals (Turelli and Moyle 2007) and plants (Tiffin et al. 2001).  For

example, approximately 15% of species pairs showing male-limited sterility or inviability

in Drosophila are qualitatively asymmetric in reciprocal crosses (Turelli and Orr 1995;

Coyne and Orr 1997).  Turelli and Moyle (2007) recently provided a detailed theoretical

treatment of the evolution of asymmetric postmating isolation.  They found that while

lineage-specific acceleration of sex-linked loci could contribute to asymmetry in

reproductive isolation, the evolution of asymmetric isolation between closely related

species is more simply explained by stochastic processes.

Comparison with previous mapping studies in mice:  Two previous studies

have focused on the genetic basis of X-linked sterility between M. musculus and M.

domesticus (Oka et al. 2004; Storchová et al. 2004).  Both studies reported male-limited

sterility related to the introgression of the M. musculus (Storchová et al. 2004) or M. m.

molossinus (a hybrid between M. musculus and M. castaneus; Oka et al. 2004) X

chromosome onto the genetic background of the classic laboratory strain C57BL/6J.  The

degree of concordance between our data and these studies depends on which sterility-

related phenotypes were considered.  Neither of the previous studies detected QTL

contributing to testis weight on the proximal portion of the X chromosome (all QTL >
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60.2 Mb, Oka et al. 2004; Storchová et al. 2004), the same region where we detected the

largest phenotypic effects (Figure 5, Table 3).  In general, the predominant influence of

the proximal portion of the X chromosome in our study stands as the strongest

discrepancy with previous mapping efforts.  This difference may reflect genetic

differences between the different introgressed M. musculus X chromosomes and/or the

genomic background of C57BL/6J versus domesticusLEWES.

All three studies consistently identified multiple QTL influencing abnormal sperm

head morphology spanning the X chromosome.  Our minimum estimate of four sterility

factors related to abnormal sperm head morphology exceeds the estimates of both

previous studies, where the independent influences of specific intervals were not

considered in detail (Oka et al. 2004; Storchová et al. 2004).  Oka et al. (2004) described

three major QTL (Sperm head abnormality 1, Sha 2, Sha 3) that overlap with our

proximal, central, and distal QTL intervals (Figure 5).  Sha 2 also overlapped with the

primary hybrid sterility-related QTL (hybrid sterility-X1 or Hstx1) identified by

Storchová et al. (2004) and maps to the same region where we identified two QTL for

abnormal sperm head morphology and one QTL for reduced testis weight (Table 3).

When considered jointly, these data strongly suggest that one or more genes involved in

reproductive isolation between M. musculus and M. domesticus reside with this region

(see below).

Importantly, data on the genetics of hybrid male sterility between M. musculus

and M. domesticus are also in broad agreement with patterns of X-linked gene flow

across the European hybrid zone.  First, the two X-linked markers with lowest levels of
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gene flow across the hybrid zone are located in the central (Pola1, 89.9Mb) and distal

(Btk2, 132.1Mb) regions of the chromosome (Payseur et al. 2004; Payseur et al. 2005).

Pola1 is clearly distal to the Sha 2 / Hstx1 interval.  However, mapping resolution on the

X chromosome has proven to be fairly limited in the hybrid zone and several adjacent

markers also show reduced gene flow (Payseur et al. 2004), resulting in a large region of

restricted gene flow (64.9-99.8 Mb) that partially overlaps with Sha 2 / Hstx1.  Second,

levels of gene flow across the entire X chromosome are significantly lower than levels

generally found on autosomes (Tucker et al. 1992; Dod et al. 1993; Payseur et al. 2004;

Macholán et al. 2007; Teeter et al. in press), consistent with multiple regions of the X

chromosome involved in reproductive isolation.

Candidate genes for hybrid male sterility: One interval in the central portion of

the X chromosome provided sufficient resolution to warrant discussion of specific genes

that may be involved in hybrid male sterility.  Our QTL analysis indicated that one or

more loci involved in reduced testis weight and abnormal sperm head morphology occur

within the 12.88 Mb interval between DXMit141 and DXMit119.  This interval also

represents the clearest region of overlap in mapped QTL between the current study and

previous studies (Oka et al. 2004; Storchová et al. 2004).  If we further restrict our

interval to regions implicated in all three studies, then the region of interest is reduced to

8.44 Mb (DXMit144 at 60.24 Mb to DXMit119 at 68.66).  Of the 1026 protein-coding

genes currently annotated on the mouse X chromosome, 41 are located within this region.

However, only nine of these loci (Table 6) were expressed during spermatogenesis in a

recent survey of X-linked expression in male germ cells (Namekawa et al. 2006).  Of
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these nine genes, three (Ctag2, 4933436I01Rik, 1700020N15Rik) show patterns of

expression that are exclusive or highly specific to testis (Su et al. 2004).  All three genes

are expressed primarily in postmeiotic round spermatids (Namekawa et al. 2006) and

have no known function.  1700020N15Rik is a paralog to ENSMUSG00000056815 and

both genes match the same probe on the Affymetrix 430 2.0 chip used by Namekawa et

al. (2006).  Thus, putative spermatogenesis expression of these two genes was

ambiguous.

Multiple genes involved in reproductive isolation in Drosophila have been shown

to be rapidly evolving (Ting et al. 1998; Barbash et al. 2003; Presgraves et al. 2003;

Barbash et al. 2004; Brideau et al. 2006) and positive selection is thought to be an

important process in the evolution D-M incompatibilities (Coyne and Orr 2004).  The two

testis-specific genes with unambiguous orthologs in rat (4933436I01Rik and Ctag2) show

elevated rates of protein evolution, as is common for testis- and other tissue-specific

genes in mice (Winter et al. 2004; Good and Nachman 2005; Dean et al. in press).  In

particular, 4933436I01Rik is among the most rapidly evolving genes on the X

chromosome (highest 3% dN:dS values based on pairwise comparison with one to one rat

orthologs) and was originally identified in a genome-wide cDNA screen of adult testis

(Bono et al. 2003).  Inspection of known SNPs (dbSNP version 26) in wild-derived

inbred strains of Mus revealed three nonsynonymous substitutions on the M. musculus

lineage (sequenced strain PWD/PhJ).  Further population genetic analyses will be needed

to evaluate whether 4933436I01Rik and other testis-expressed genes within this interval

have evolved due to positive directional selection.
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Finally, hybrid male sterility in mice may be influenced by locus specific or X

chromosome-wide transcription misregulation in hybrid testis.  Disrupted genomic

imprinting has been put forth as a general mechanism for asymmetric isolation in

mammals (Vrana 2007) and stands as a formal possibility for X-linked sterility in house

mice (Storchová et al. 2004; Homolka et al. in press).  Likewise, expression divergence

between M. musculus and M. domesticus of specific X-linked loci could also be involved

in the disruption of spermatogenesis in hybrids.  Abnormal patterns of male-biased gene

expression are common in Drosophila F1 hybrids and may contribute to male-limited

sterility (Michalak and Noor 2003; Ranz et al. 2004).  We are in the process of evaluating

these scenarios by examining patterns of expression divergence in M. musculus, M.

domesticus, reciprocal F1 hybrids, and select congenic models.
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Table 3.  Hybrid sterility QTL on the musculusPWK X chromosome

Identified using a MIM framework.

Trait and QTLa Position (CI)b Phenotypic
Contribution (%)c

Reduced Testis Weight
1 13.3 (5.7-14.1) 31.5
2 24.0 (15.1-25.5) 25.2
3 59.5 (50.5-63.2) 6.4
Total 63.1

Low Sperm Count
1 15.1 (5.7-15.5) 20.9
2 67.0 (50.5-UD) 3.2
Total 24.1

Abnormal Sperm Head
1 2.5 (0.1-UD) 9.7
2 10.3 (7.7-14.1) 23.6
3 19.0 (18.5-24.5) 26.9
4 25.5 (24.5-27.5) 22.6
5 42.7 (40.7-43.6) -9.7
6 49.0 (47.6-50.0) 21.1
7 73.3 (UD-75.3) 0.2
Total 94.4

aSignificant QTL in MIM analyses.

bPosition in cM estimated by MIM, CI = 2 LOD confidence interval

based on CIM analysis. UD = undefined interval based on complete

overlap with neighboring QTL or extending to the telomere/centromere

of the chromosome.

cPhenotypic contribution (R2) in the MIM model.
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Table 5.  Relative testis weights for backcross

males from Experiment 2.

Generation No.
Males

RTWa

mg/g (SD)
musculusPWK 12 5.4 (0.4)
domesticusLEWES 10 4.5 (0.3)
F1

b 18 4.7 (0.3)
N2 47 4.8 (0.6)
N4 61 5.0 (0.6)
N6 72 5.4 (0.4)
N7 47 5.2 (0.4)

aRelative testis weight in milligrams of testis per

gram of body weight.

b F1 males from a ♀ domesticusLEWES x ♂

musculusPWK cross.



174

Table 6.  Nine candidate genes for X-linked hybrid male sterility in mice.

Gene Symbol Position
(Mb)a

Spermat.
Expressionb

Testis
Specificc

dN:dS
d

3830417A13Rik 60.43 Postmeiotic No 0.43
Ctag2 61.31 Postmeiotic Yes 0.43
4933436I01Rik 64.18 Postmeiotic Yes 0.85
Fmr1nb 65.02 Pre & Post No 0.64
ENSMUSG00000056815 65.15 Postmeiotice n.a. n.a.
1700020N15Rik 66.21 Postmeiotice Yes n.a.
BC023829 66.72 Pre & Post No 0.00
Cd99l2 67.68 Premeiotic No 0.40
Hmgb3 67.82 Premeiotic No n.a.

aPhysical position based NCBI mouse build 36 (Ensembl 46, August 2007).

b Expression in spermatogenic germ cells( Namekawa et al. 2006).

c Relative expression in adult testis versus 60 other tissues (Su et al. 2004).

d Rate of protein evolution based on pairwise comparison between one to one orthologs in

rat (Dean et al. in press).

e ENSMUSG00000056815 and 1700020N15Rik are paralogs that were interrogated with

the same Affymetrix probes.
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FIGURE LEGENDS

Figure 1.  Experimental design for the reciprocal introgression of the X chromosome.  (a)

Three targeted X chromosome congenic genotypes (proximal, center, and distal) for

Experiment 1 and Experiment 2.  For each male genotype, the genetic composition of

three autosomes, the X chromosome, and the Y chromosome is given.  White

chromosomes represent domesticusLEWES and black chromosomes represent musculusPWK.

For both experiments the mitochondrial DNA derives from musculusPWK.  (b) Example of

congenic strain construction for introgression of the distal musculusPWK X chromosome

over ten generations of breeding.  Expected levels of heterozygosity for each generation

are given in parentheses; at the N10 generation the genomic background will be

approximately 99.8% homozygous for domesticusLEWES alleles.

Figure 2.  Negative correlation between length of musculusPWK X chromosome

introgression and relative testis weight (n = 202 N6-8 males, r2 = 0.45, P < 0.0001).  All

males are from the N6, N7, or N8 generations of Experiment 1.

Figure 3.  Reduction in relative testis weight and sperm count for four different

musculusPWK X chromosome introgressions.  All males are from the N6, N7, or N8

generations of Experiment 1.  Bars indicate average values for relative testis weight

(gray) and sperm count (white), error bars indicate + 1 SE.  The control genotype

represents males with a domesticusLEWES X chromosome (n = 70).  At least five males

were sampled for each of the introgressed genotypes.  The locations of screened marker
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are indicated with arrowheads along the bottom.  Gray shading for each genotype

indicates uncertainty in recombination breakpoints between surveyed markers.

Significance was based on Wilcoxon pairwise comparisons versus the control males.

Figure 4.  Contributions of progressively large introgressions of the musculusPWK X

chromosome to reduced relative testis weight and abnormal sperm head morphology.

The first genotypic class represents control males with a domesticusLEWES X chromosome.

Sample sizes are given on the left margin and the locations of screened markers are

indicated with arrowheads along the bottom.  Gray shading for each genotype indicates

uncertainty in recombination breakpoints between surveyed markers.  Error bars indicate

+ 1 SE.  Sperm head morphology is partitioned into four phenotypic classes proceeding

from normal to abnormal: (1) normal, (2) flattened head, shortened hook, (3) round head,

short or absent hook, and (4) severely abnormal.

Figure 5.  Results for QTL mapping of hybrid male sterility phenotypes in Experiment 1.

LOD scores are based on CIM analysis of testis weight, sperm count, and the proportion

of abnormal sperm in males from the N6, N7, and N8 generations.  The physical location,

identity, and genetic position (cM) of screened markers are given along the left margin.

The significance threshold (α = 0.05) for each trait is given in gray and is based on 1,000

permutations.  Arrows indicate the position of individual QTL that remained significant

in MIM models.
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Figure 6.  Results for QTL mapping of differences in testis weight between

domesticusLEWES and musculusPWK in Experiment 2.  LOD scores are based on CIM

analysis of testis weight in males from the N4, N6, and N8 generations.  The physical

location, identity, and genetic position (cM) of screened markers are given along the left

margin.  The significance threshold (α = 0.05; LOD = 2.25) is indicated with gray

shading and is based on 1,000 permutations.  Arrows indicate the position of individual

QTL that remained significant in MIM models.
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APPENDIX D: MOLECULAR POPULATION GENETICS OF RAPIDLY EVOLVING

X-LINKED GENES IN MOUSE MICE: INSIGHTS INTO POSITIVE SELECTION

AND SPECIATION.
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ABSTRACT

The X chromosome plays a special role both in adaptive evolution within lineages

and reproductive isolation between species.  Using a combination of phylogenetic and

population-level sampling in mice (Mus), we examined the molecular evolution of five

rapidly evolving male reproductive genes on the X chromosome.  Our primary goal was

to identify genes relevant to adaptive evolution and reproductive isolation in house mice.

Therefore, we focused on genes generally located in regions of the X chromosome

previously shown to be involved in reproductive isolation between two house mouse

species, Mus domesticus and M. musculus.  We found evidence for non-neutral evolution

at four of the five loci while one locus appeared to be a rapidly evolving pseudogene in

most species.  One locus, Tsga8, was characterized by extremely high levels of

nucleotide and insertion-deletion variation within species of house mice and thus may be

a target of some form of balancing selection.  Two genes, 4933436I01Rik and Tsga8,

showed divergent protein evolution between M. domesticus and M. musculus and are

coincident with specific regions of the X chromosome previously implicated in

reproductive isolation between these species.  These genes are candidates for

reproductive isolation between M. domesticus and M. musculus.
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INTRODUCTION

The sex chromosomes play a unique and often dynamic role in evolution.  In

particular, considerable focus has been placed on the evolutionary dynamics of the X

chromosome relative to the autosomes (for reviews see Hedrick and Parker 1997; Vicoso

and Charlesworth 2006).  Evolutionary theory predicts that natural selection will be more

efficient on the X chromosome if new mutations are on average recessive (Charlesworth

et al. 1987), because both adaptive and deleterious mutations will be immediately

exposed to selection in the hemizygous sex (i.e., males in mammals and Drosophila).

Likewise, the X chromosome should differentially accumulate genes with sexually

antagonistic fitness effects (Rice 1984).  The dynamics of this process will also depend

on the average dominance of underlying mutations.  Thus, under certain circumstances,

the X chromosome may be disproportionately involved in adaptive evolution.  Consistent

with this, considerable data support the notion that patterns of molecular evolution on the

X chromosome are unusual, including higher levels of X-linked protein divergence

(Torgerson and Singh 2003; Counterman et al. 2004; Baines and Harr 2007; Begun et al.

2007), a higher incidence of positive selection (Bustamante et al. 2005; Thornton and

Long 2005; Torgerson and Singh 2006; Begun et al. 2007), and a non-random collection

of X-linked gene functions (Reinke et al. 2000; Wang et al. 2001; Lercher et al. 2003;

Parisi et al. 2003; Khil et al. 2004; Dean et al. in press).  However, several studies in

Drosophila have shown that proteins on the X chromosome and the autosomes evolve at

similar rates (Betancourt et al. 2002; Thornton and Long 2002; Thornton et al. 2006;
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Connallon 2007), suggesting that faster evolution of X-linked genes may not be a

universal pattern.

The X chromosome also plays a central role in speciation with a large proportion

of the mutations that cause hybrid sterility or inviability residing on the X chromosome

(i.e., the large X-effect; Dobzhansky 1936; Orr 1987; Coyne and Orr 1989; Masly and

Presgraves 2007).  The large X-effect on reproductive isolation involves hybrid

incompatibilities in the hemizygous sex (Coyne and Orr 1989) and may primarily reflect

the differential exposure of recessive incompatibilities (Muller 1942; Turelli and Orr

1995; Turelli and Orr 2000).  However, in Drosophila the X chromosome also harbors a

higher density of recessive sterility factors (Tao et al. 2003; Masly and Presgraves 2007),

consistent with faster evolution of X-linked incompatibilities (Wu and Davis 1993; Wu et

al. 1996).  Further, several specific genes known to be directly involved in reproductive

isolation have been shown to be targets of positive natural selection since the onset of

species divergence (Ting et al. 1998; Barbash et al. 2003; Presgraves et al. 2003; Barbash

et al. 2004).  When considered together, these data raise the intriguing possibility of a

direct connection between the accumulation of adaptive mutations within species and the

evolution of hybrid incompatibilities between species (Coyne and Orr 2004).

Many genomic studies on protein evolution in mammals have involved analysis

of house mice, Mus domesticus, because of the availability of dense genetic (Dietrich et

al. 1996; Shifman et al. 2006) and physical (Mouse Genome Sequencing Consortium

2002) maps, considerable genomic resources on gene expression (Su et al. 2004), and a

draft genome sequence for the closely-related species Rattus norvegicus (Rat Genome
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Sequencing Project Consortium 2004).  Evolutionary comparisons involving mice have

revealed that genes on the X chromosome have higher rates of protein evolution (Baines

and Harr 2007), including increased rates of positive selection in male reproductive genes

(Torgerson and Singh 2003; Torgerson and Singh 2006).  In addition, the mouse X

chromosome shows an enrichment for certain classes of male (Wang et al. 2001; Khil et

al. 2004; Dean et al. in press) and female (Khil et al. 2004) reproductive genes,

qualitatively consistent with a non-random genomic distribution of sex-biased genes as

predicted by Rice’s model of sexually antagonistic evolution (Rice 1984).  These studies

have relied on comparisons between mouse and rat or mouse and human, both of which

are relatively divergent (~16 MYA and 70 MYA, respectively).  Few analyses have

directly considered patterns of protein evolution within and between closely related

species of Mus (Sutton and Wilkinson 1997; Jansa et al. 2003; Taguchi et al. 2005).

Thus, it is unclear the extent to which general evolutionary trends based on more

divergent comparisons reflect adaptive evolution in Mus.

X-linked genes involved in reproduction are also potentially relevant to mouse

speciation.  Several studies have mapped X-linked factors involved in reproductive

isolation between different mouse species (Guenet et al. 1990; Hemberger et al. 1999;

Elliott et al. 2001; Elliott et al. 2004), including multiple loci involved in hybrid male

sterility between the sister species Mus domesticus and M. musculus (Oka et al. 2004;

Storchová et al. 2004; Britton-Davidian et al. 2005; Oka et al. 2007; Good et al. in press).

The X chromosome also shows significantly lower levels of introgression relative to the

autosomes across a natural hybrid zone between M. domesticus and M. musculus (Tucker
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et al. 1992; Dod et al. 1993; Munclinger et al. 2002; Macholán et al. 2007; Teeter et al. in

press).  In particular, the center of the X chromosome has been shown to harbor one or

more male sterility factors (Oka et al. 2004; Storchová et al. 2004) and shows

exceptionally low levels of gene flow across the hybrid zone (Payseur et al. 2004).

Here, we examine the molecular evolution of five genes in the center of the

mouse X chromosome to determine if these loci have evolved due to positive natural

selection.  Our primary motivation was to consider genes potentially relevant to both

adaptive evolution and reproductive isolation between species of Mus.  Towards this end,

we focused on genes that were (1) rapidly evolving in comparisons with rat, (2) involved

in male reproduction, and (3) located within the central region of the X chromosome

thought to be involved in reproductive isolation between M. domesticus and M. musculus.

We found evidence for non-neutral evolution at four of the five loci, including several

instances of elevated rates of amino acid substitution along specific lineages of mice.

Two genes, 4933436I01Rik and Tsga8, showed divergent protein evolution between M.

domesticus and M. musculus and were coincident with specific regions of the X

chromosome previously implicated in reproductive isolation between these species.
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MATERIALS AND METHODS

Sampling Strategy: For each locus we attempted to amplify the entire coding

region for eight species of house mice: M. musculus, M. domesticus, M. castaneus, M.

spicilegus, M. spretus, M. caroli, M. cooki, and M. cervicolor.  DNA samples were

obtained through field collection, loan, or were purchased from the Jackson laboratory

(Bar Harbor, ME).  These species diverged from a common ancestor approximately 3

million years ago (Guenet and Bonhomme 2003).  In addition to these interspecific

comparisons, we studied population samples of M. musculus and M. domesticus.  For M.

domesticus, all samples were of standard karyotype and collected by M. Nachman from

multiple localities across western Europe.  For M. musculus, mice were sampled by B.

Gibson from multiple localities in the Slovak Republic, Poland, and Hungary.  For a few

loci, we examined additional M. musculus samples from the Czech Republic (provided by

J. Pialek), Austria, Denmark, and Serbia.  All samples were either inbred strains of mice

(M. castaneus, M. spretus, M. caroli) or males.  Thus haplotypes were recovered

unambiguously at X-linked loci.

Choice of loci: Five genes were chosen for resequencing (Table 1).  We chose

loci using three criteria.  First, we focused on genes that were rapidly evolving in

pairwise comparison with orthologous genes in rat.  Figure 1 gives the distribution of the

ratio of per site nonsynonymous to synonymous changes (dN:dS) for 479 X-linked genes

with one to one orthologs in rat (Dean et al. in press).  Four of our candidate loci

(4933436I01Rik, Testis specific X-linked [Tsx], melanoma antigen a9 [Magea9], and

Probasin [Pbsn]) occurred in the top 7% of this distribution.  One locus, Testis specific



191

gene a8 (Tsga8), did not have an identifiable ortholog in rat (or in any other sequenced

mammal) and may be a recently evolved gene novel to Mus.

Second, we focused on genes involved in male reproductive functions based on

available expression data (Cunningham et al. 1998; Uchida et al. 2000; Schultz et al.

2003; Su et al. 2004; Namekawa et al. 2006).  As with many genes involved in male

reproduction (Eddy 2002), the specific molecular functions of these five genes are poorly

known.  Tsga8, 4933436I01Rik, and Tsx are all expressed during specific stages of

spermatogenesis (Table 1) and Tsga8 has been hypothesized to play a role in chromatin

condensation during spermatogenesis (also called Halap-X; Uchida et al. 2000).  Pbsn is

an odorant binding protein primarily expressed in prostate while Magea9 is a member of

the Mage-A subfamily of genes that are primarily expressed in tumor cells and the male

germ line (Chomez et al. 2001).

Third, we only considered loci within the middle third of the X chromosome (60 –

100 Mb).  This general region has been implicated in reproductive isolation between M.

musculus and M. domesticus (Oka et al. 2004; Payseur et al. 2004; Storchová et al. 2004;

JMG, unpublished data, see Appendix C).  Tsga8 and Pbsn have been previously

identified as putative candidates for reproductive isolation based on their location in

regions of very low introgression in the hybrid zone (Payseur and Nachman 2005) and/or

overlap with mapped hybrid sterility QTL (Oka et al. 2004).

PCR, DNA sequencing, and data preparation: For each gene we amplified and

sequenced the entire protein-coding region based on Ensembl annotation of the NCBI

mouse build 36 (release 46, August, 2007; www.ensembl.org).  For three genes (Tsga8,
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Magea9, and 4933436I01Rik), a single amplicon containing the entire protein-coding

domain was PCR amplified and sequenced.  We used two and four amplicons for Tsx and

Pbsn, respectively.  All primers were designed from the mouse genome sequence (NCBI

build 36) using Primer3.0 (Rozen and Skaletsky 2000).  PCR conditions, amplification

and sequencing primers are available from the authors upon request.  PCR products were

prepared for sequencing with Qiagen QIAquick spin columns (Qiagen, Valencia, CA) or

using the University of Arizona Genomic Analysis and Technology Core (GATC)

cleaning service.  Cleaned PCR products were sequenced by GATC using an ABI 3731

automated sequencer and big-dye terminator chemistry.

Chromatograms were edited and initially aligned using Sequencher (v4.1.4, Gene

Codes Corp., Ann Arbor, MI).  Haplotype phase was unambiguous for all sequences

because we only consider samples from inbred or male mice.  For Tsga8, a multiple

sequence alignment of protein sequences was optimized with MUSCLE (Edgar 2004),

then nucleotide sequences were aligned in-frame on this protein alignment with RevTrans

(Wernersson and Pedersen 2003), and further optimized by eye using MacClade 4.0

(Maddison and Maddison 2003).

Molecular evolution: We used a maximum likelihood framework as

implemented in codeml (PAML 4.0; Yang 1997) to test for positively selected coding

sites.  For each locus, we fit three alternative models of molecular evolution (M7, M8,

and M8a; Yang et al. 2000; Swanson et al. 2003).  Both M7 and M8a allow classes of

sites to evolve neutrally or according to purifying selection (i.e., dN:dS between 0 and 1),

while M8 allows for an estimated proportion of sites to evolve due to positive selection
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(dN:dS > 1).  In addition, the dN:dS ratio for each branch within a given multiple species

alignment was estimated using a free ratio model.  Genealogies based on protein-coding

branch lengths estimated using codeml were visualized using FigTree (v1.0, written by

A. Rambault).

Population genetic analysis: We calculated levels of nucleotide variability

within M. domesticus and M. musculus using DnaSP 4.10 (Rozas et al. 2003).  Nucleotide

variability was measured as the average pairwise number of nucleotide differences, π

(Nei and Li 1979), and the proportion of segregating sites, θ (Watterson 1975).  We

tested for non-equilibrium departures in the frequency spectrum using the normalized

difference between π and θ (i.e., Tajima’s D; Tajima 1989).

Under neutral equilibrium conditions the ratio of polymorphism to divergence

will depend entirely on the underlying mutation rate and thus should be equivalent across

sites classes and/or loci.  We tested this expectation using two related frameworks.  First,

we used the McDonald-Kreitman test to detect significant departures in the ratio of

polymorphism to divergence for synonymous and nonsynonymous sites (MK test;

McDonald and Kreitman 1991).  Second, we used a multilocus Hudson-Kreitman-

Aguade test to contrast patterns of polymorphism to divergence across our five loci

(HKA test; Hudson et al. 1987).  To increase our power to detect a deviation from neutral

expectations we also included previously published non-coding data from four additional

X-linked loci (Maoa, Dmd, Msn, and Dach2; ~3,800–5,200 noncoding bp per locus;

Salcedo et al. in press).  Maoa, Dmd, Msn, and Dach2 were sampled using the same

general panel of M. domesticus samples (n = 60–64 males per locus) used in the current
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study and a slightly more geographically restricted set of M. musculus individuals

primarily from the Czech Republic (n = 18–22 males per locus).  For both the MK and

HKA frameworks we estimated divergence based on average pairwise comparisons with

M. spretus.
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RESULTS

Molecular evolution:  We sequenced the entire coding region for each of five X-

linked genes for several species of house mice.  For Tsx, we recovered the entire coding

region for all eight of the targeted species (M. musculus, M. domesticus, M. castaneus, M.

spicilegus, M. spretus, M. caroli, M. cooki, and M. cervicolor).  For 4933436I01Rik and

Magea9 we failed to sequence one portion of the coding domain for M. cervicolor and M.

caroli, respectively.  Both Pbsn and Tsga8 were characterized by PCR and/or sequencing

failure in multiple species.  Pbsn required four separate amplicons to cover the entire

coding region and we successfully sequenced at least a portion of the coding region for

all eight species, but had at least one amplicon fail consistently for M. castaneus, M.

caroli, M. cooki, and M. cervicolor.  Tsga8 was originally described in laboratory mice

and does not occur in rats.  We were unable to sequence this gene at evolutionary depths

deeper than M. spicilegus and M. spretus (~2 MYA; Guenet and Bonhomme 2003).

Unrooted phylogenies and rates of evolution for 4933436I01Rik, Pbsn, Magea9,

and Tsx are given in Figure 2.  4933436I01Rik, Magea9, and Tsx all showed high rates of

nonsynonymous evolution in Mus with one or more branches evolving at a dN:dS > 1.

Pbsn was characterized by a high rate of nonsynonymous change along the branch

leading to rat, but appeared highly constrained among sequenced species of Mus.

Evolution of Magea9 appeared to be driven primarily by relaxed functional constraint; of

the seven species of Mus we sequenced at Magea9, all except for M. domesticus were

characterized by premature stop codons suggesting that this locus may be a pseudogene

in some species.  For M. musculus, M. castaneus, M. spretus, and M. spicilegus the early
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stop codon was due to a single base pair deletion that shifted the open reading frame,

truncating the protein by nine amino acids.  For M. cervicolor and M. cooki we found one

or more single base pair deletions that disrupted the open reading frame and dramatically

truncated the putative protein sequence.

The inferred amino acid sequence of Tsga8 was characterized by extreme length

variation between species and within M. domesticus and M. musculus (Figure 3; Table 2).

Previous work on this gene in laboratory mice documented multiple alanine-rich repeat

motifs in the 3′ portion of Tsga8 (Uchida et al. 2000), and we observed considerable

insertion-deletion (indel) variation within this low complexity region.  Interestingly, all

species had amino acid sequences that were considerably longer (258-327 amino acids)

than found in the mouse genome (i.e., C57BL/6J, 238 aa).  The 238 aa version of Tsga8

was also found in C57BL/6J during the original cloning of this gene (Uchida et al. 2000)

and we sequenced a 238 aa copy in the inbred strain FVB/NJ that was identical to the

genome sequence.  Thus, the observed differences were not due to errors in the draft

genome sequence.

For all mice, we detected at least three distinct motifs of 15 aa (motif 1), 18 aa

(motif 2), and 5 amino acids (motif 3; Figure 3) at Tsga8.  Motifs 1 and 3 were reported

during the initial cloning of the gene (Uchida et al. 2000).  Motif 2 was found in a single

copy in C57BL/6 and therefore only became apparent with additional sampling.  Motif 1

was repeated sequentially between two (M. spretus) and eight times (M. musculus,

haplogroup 1; Table 2).  Motifs 1 and 2 were separated by a hyper-variable region

ranging between three and 15 amino acids in length.  Motif 3 was not contiguous and was
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interspersed with non-repetitive amino acid sequence.  Large differences in overall length

between species were primarily due to large insertion-deletion events that altered the

number of copies of the first two motifs (Table 2).  All sampled variants retained an

intact coding sequence; nevertheless, the relatively low complexity of this distal region

combined with a complex pattern of indel variation made multiple-species alignment

very difficult for repetitive regions.  Figure 3 shows two alternative phylogenies for

Tsga8, excluding variation at all indel positions across species.

We evaluated each of the five genes using a maximum likelihood framework to

test if patterns of protein evolution were consistent with positive selection at specific

protein coding sites (Table 3).  Three of the five genes (4933436I01Rik, Pbsn, and Tsx)

provided a significantly better fit to a model of molecular evolution that allowed for a

subset of codons to evolve due to positive selection.  Detecting positive selection by

comparison of dN:dS ratios among sites requires fairly high levels of divergence

(Anisimova et al. 2001) and much of our power when using this framework likely comes

from the relatively long branch leading to rat.  None of these genes provide significant

evidence for site-specific selection when considering only Mus species (all P > 0.05).

Population genetic analysis:  Patterns of nucleotide variation within M.

domesticus and M. musculus are presented in Table 4.  Patterns of nucleotide variation for

4933436I01Rik, Pbsn, Magea9, and Tsx were similar to previously documented X-linked

patterns (Salcedo et al. in press) for M. domesticus (average π = 0.08, range 0.03-0.15; θ

= 0.12, 0.07-0.18) and M. musculus (π = 0.04, 0-0.06; θ = 0.04, 0.01-0.06).  Two loci

showed significantly negative values of Tajima’s D (4933436I01Rik and Pbsn; Table 4).
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Tajima’s D is consistently negative across the genome of M. domesticus and is often

negative for M. musculus, consistent with a recent population expansion of house mice

(Salcedo et al. in press).  In stark contrast to all other loci, patterns of nucleotide variation

at Tsga8 were approximately six times higher (at silent sites) in M. domesticus and at

least three times higher in M. musculus than previous estimates.  If higher levels of

polymorphism were driven by a higher mutation rate at Tsga8, then we would expect a

proportionally higher level of divergence.  However, average levels of divergence

relative to M. spretus appear normal for this locus, although extreme differences in repeat

variation within portions of this gene (Table 2) reduced the number of alignable positions

available for outgroup comparison.

To test if Tsga8 harbored an excess of polymorphism, we used a multilocus HKA

test to compare patterns of polymorphism and divergence to M. spretus across our five

sequenced loci and published data from four additional X-linked loci (Maoa, Dmd, Msn,

and Dach2; ~3,800-5,200 kb per locus; Salcedo et al. in press).  This test was done

separately for M. domesticus and M. musculus.  The nine-locus HKA test was significant

for both M. domesticus (all sites, χ2 = 16.33, P < 0.025, 10,000 simulations) and M.

musculus (all sites, χ2 = 16.96, P < 0.024, 10,000 simulations).  In both cases, deviation

was driven by an excess of polymorphism relative to divergence at Tsga8 and we could

not reject the null model of no significant deviation among the remaining eight loci when

Tsga8 was removed (P > 0.45, both species).

One explanation for the high levels of nucleotide variability at Tsga8 is that

balancing selection is maintaining variation within species.  An alternative explanation



199

for an excess of polymorphism at Tsga8 is the segregation of slightly deleterious amino

acid substitutions within M. domesticus or M. musculus that do not contribute appreciably

to divergence between species (Nachman 1998).  Two lines of evidence argue against this

last interpretation.  First, at least for M. domesticus, the multilocus HKA remains

significant when only considering silent variation at our five protein coding loci (non-

coding and four-fold degenerate sites; χ2 = 20.34, P < 0.006, 10,000 simulations).

Second, we did not detect an appreciable excess of nonsynonymous polymorphism at

Tsga8 (or any of the other four loci) in either species using a MK framework (P > 0.10

both species versus M. spretus).
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DISCUSSION

We examined patterns of molecular evolution at five X-linked male reproductive

genes within and between species of mice.  We found evidence for positive selection at

four genes and relaxed functional constraint at one locus.  Below we discuss the broader

implications of these findings for the molecular evolution of X-linked male reproductive

genes in mice.  In addition, we focus on the potential relevance of two genes, Tsga8 and

4933436I01Rik, to adaptative evolution in house mice and and/or reproductive isolation

between M. domesticus and M. musculus.

Rapid evolution of X-linked male reproductive genes in mice:  Pairwise

comparisons of protein-coding genes between the genomes of mice and rats have

provided considerable insight into broad scale patterns of molecular evolution in rodents

(Rat Genome Sequencing Project Consortium 2004).  High dN:dS ratios are often

interpreted as signatures of adaptive evolution in genomic analyses; however, this is a

very conservative test (Yang and Bielawski 2000) that rarely yields unequivocal evidence

of positive selection (dN:dS > 1).  There are many factors that influence rates of protein

evolution (for a review see Pal et al. 2006) including protein dispensibility  (Cutter et al.

2003), tissue of expression (Winter et al. 2004), and level of expression (Lemos et al.

2005), and it remains unclear how frequently high pairwise dN:dS values reflect a history

of adaptive evolution.  In our study, three of the four genes chosen based on elevated

pairwise dN:dS values between mouse and rat were also consistent with a history of

adaptive evolution over shorter evolutionary timescales (Table 3).  Other studies in

primates (Clark and Swanson 2005) and Drosophila (Swanson et al. 2004; Wagstaff and
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Begun 2005; Kelleher et al. 2007) have also found a relatively high incidence of positive

selection over short timescales at genes with high rates of pairwise protein sequence

divergence over larger timescales (i.e., dN:dS > 0.5).  However, at least one of our loci,

Magea9, seems likely to be a pseudogene in most if not all species we sampled.

Pseudogenes are relatively common in the Mage gene family (Chomez et al. 2001), and

loss of function at Magea9 is not surprising.  During the course of this project the rat

ortholog of Magea9 was re-annotated as a pseudogene (but retains an ORF) and the

human ortholog may also be non-functional (Chomez et al. 2001).

We identified three genes (4933436I01Rik, Pbsn, and Tsx) that showed evidence

of positive directional selection since the divergence of mouse and rat (Table 3).  A

fourth gene, Tsga8, was characterized by extreme protein-coding variation and

divergence over relatively short timescales (< 2 MYA), including an excess of nucleotide

variation relative to other X-linked loci (see below).  Overall, these data are consistent

with a role for positive natural selection during the molecular evolution of these loci.

Nevertheless, both the agent of selection on these loci and the overall extent to which the

X chromosome is involved in the adaptive evolution of genes underlying male

reproduction remains uncertain.

While theory predicts an increase in the efficacy of selection on the X

chromosome in males (Charlesworth et al. 1987), the extent to which this extends to

mammalian male reproduction is unclear due to the transcriptional inactivation of the X

chromosome during prophase of meiosis midway through spermatogenesis.  Considerable

emphasis has been placed on the likely importance of sexual selection through sperm
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competition (Parker 1970), cryptic female choice (Eberhard 1996), and antagonistic

evolution (Rice 1996; Holland and Rice 1999) in driving the rapid evolution of male

reproductive genes.  Analysis of genome-wide expression patterns in mice has revealed

an excess of X-linked genes expressed during the premeiotic stage of spermatogenesis

(Wang et al. 2001; Khil et al. 2004) but a paucity of spermatogenic genes overall due to

transcriptional inactivation of the most of the X chromosome during meiosis (Khil et al.

2004).  Importantly, most male-specific aspects of sperm production occur during the

postmeiotic stage of spermatogenesis (Eddy 2002) and this stage is where the strongest

signatures of positive selection are found in mouse spermatogenesis (Good and Nachman

2005).  Prior to the current study, the only example based on several species of murid

rodents of adaptive evolution at an X-linked male reproductive gene was a rapidly

evolving homeobox gene, Rhox5 or Pem, expressed early in spermatogenesis (Sutton and

Wilkinson 1997).  Given the high levels of functional constraint at this developmental

stage, positively selected premeiotic genes are likely to be rare (Good and Nachman

2005).  Interestingly, a few X-linked genes escape X-inactivation and are expressed

during postmeiotic spermatogenesis (Namekawa et al. 2006), including 4933436I01Rik,

Tsx, and Tsga8.  That all three of these genes appear to be evolving due to non-neutral

processes is consistent with the hypothesis that this fairly exclusive group of postmeiotic

X-linked genes may be subject to intensive selective pressures.

Molecular evolution of Tsga8:  Tsga8 was characterized by very high levels of

nucleotide and insertion-deletion variation within mice.  Multilocus HKA tests clearly

demonstrate that levels of nucleotide diversity at Tsga8 were exceptional for X-linked
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loci in M. domesticus and M. musculus.  However, this statistical framework fails to

capture the most striking aspect of Tsga8 evolution: the extreme variation in protein

length observed within populations of M. domesticus and M. musculus and between

species of Mus (Figure 3; Table 2).  Both M. musculus and M. domesticus showed five

length variants (i.e., haplogroups, Table 2) differing by as much as 45 aa in total length

within species and 53 aa between species.  Remarkably, the smallest length variant in

either species was still 36 aa longer than the alleles in some standard laboratory mice

(C57BL/6J and FVB/NJ).  These variants are likely functional since we did not observe a

single indel that disrupted the open reading frame of Tsga8 (all indels occurred in

multiples of three nucleotides).  Moreover, the intense variation was not due to simple

mutational events during replication (i.e., Tsga8 is not a simple microsatellite).  Most

length variants involved large indel events (>30 bp) that are quite rare in rodent genomes

(Makova et al. 2004).

Others have argued for positive selection acting directly on indel variation in male

reproductive genes (Podlaha and Zhang 2003; Schully and Hellberg 2006), including

positive selection on the fixation of indels between species of Mus and Rattus at the

Catsper1 gene (Podlaha et al. 2005).  The number and size of indels that we observed

between species at Tsga8 were much more extreme than what has been described for

Catsper1 (Podlaha et al. 2005).  However, we cannot explicitly test the neutral

distribution of indel variation at Tsga8 for two reasons.  First, we do not have the

necessary data to form an appropriate null model for patterns of indel polymorphism in

natural populations of mice.  Second, the observed indel events at Tsga8 were complex
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and often partially overlapping even among the closely related species M. domesticus and

M. musculus (Figure 3).  Therefore, we were unable to unambiguously reconstruct the

mutational history of indels and thus we do not have a clear estimate of divergence.

While the function of Tsga8 is unknown, multiple lines of evidence suggest that it

plays a roll in the dramatic morphological reorganization of spermatids during

postmeiotic spermatogenesis.  Expression data across mouse spermatogenesis show that

Tsga8 is highly expressed in round spermatids (Uchida et al. 2000; Schultz et al. 2003)

and immunohistological assays have localized Tsga8 to the nucleoplasm just prior to

nuclear reorganization (Uchida et al. 2000).  During this developmental transition,

chromatin is restructured by replacement of histones with protamines through

intermediate transition proteins (Ward and Coffey 1991).  Tsga8 is highly basic on the N

terminus while the C terminus is highly acidic due to an alanine-rich sequence

composition.  It has been hypothesized that this structure may be involved in sperm

chromatin condensation through interaction with DNA on the N terminus and basic

nuclear proteins on the acidic C terminus (Uchida et al. 2000).  It is intriguing to consider

that the highly variable portion of Tsga8 could be involved in protein-protein

interactions.

 Interestingly, other proteins known to be involved in sperm chromatin

condensation have been shown to be under positive selection in mammals (Wyckoff et al.

2000; Good and Nachman 2005).  If involved in this dynamic developmental process,

mutations at Tsga8 have the potential to influence the morphological form and function

of sperm and could be the target of sexual selection related to sperm competition (Parker
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1970; Swanson and Vacquier 2002) which is common in mice (Dean et al. 2006).

Likewise, X-linkage and male-specific haploid expression of Tsga8 could facilitate other

antagonistic evolutionary dynamics (Joseph and Kirkpatrick 2004).  Any of these

processes could drive the dynamic patterns of evolution at Tsga8 in mice.

 Candidate genes for reproductive isolation in mice: All five of these loci were

chosen because they occur in regions of the X chromosome thought to be involved in

reproductive isolation between M. musculus and M. domesticus.  Both Tsga8 and Pbsn

are coincident with the portion of the X chromosome that shows the lowest introgression

across the European hybrid zone (Payseur and Nachman 2005).   Pbsn is an odorant

binding protein that shows no fixed amino acid differences between the species.

Assuming no divergence between M. musculus and M. domesticus in the regulation of

this highly expressed prostate-specific protein, Pbsn is unlikely to be involved in

behavioral isolation in this system.  As discussed above, Tsga8 is divergent between M.

domesticus and M. musculus in both coding length and amino acid composition and could

play a role in hybrid male sterility.  Chromatin condensation is an important determinant

of mature sperm head morphology (Toshimori and Ito 2003) and abnormal head

morphology is one of the central phenotypes involved in hybrid male sterility between M.

domesticus and M. musculus (Oka et al. 2004; Storchová et al. 2004; see also Appendix

C).  However, Tsga8 is not within the confidence intervals of any of the major QTL

identified in a recent mapping study of abnormal head morphology on the M. musculus X

chromosome (see Appendix C).  It is possible that Tsga8 influences a phenotype that has
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not been considered in laboratory mapping experiments but that is important to mediating

gene flow across the hybrid zone.

Based on available data, 4933436I01Rik remains one of the strongest candidate

genes for hybrid male sterility between M. domesticus and M. musculus (see Appendix

C).  This gene occurs in a relatively narrow interval on the M. musculus X chromosome

(8.44 Mb) that contains one or more QTL of major effect on abnormal sperm head

morphology and reduced testis size.  4933436I01Rik is a testis-specific, postmeiotic-

expressed gene that is rapidly evolving across lineages of Mus (Figure 2), including three

fixed nonsynonymous changes that map to the M. musculus lineage.  Furthermore,

4933436I01Rik is one of only nine genes expressed during spermatogenesis (Namekawa

et al. 2006) in this QTL interval (Appendix C).  Evolutionary divergence due to positive

selection is often thought to be a hallmark of genes involved in hybrid incompatibilities

(Coyne and Orr 2004) and there is strong evidence that 4933436I01Rik has been subject

to positive directional selection within murid rodents (Table 3).  Nevertheless, the current

data do not provide any direct evidence of recent positive selection on 4933436I01Rik in

M. musculus.  Further characterization of 4933436I01Rik and other genes within this

region combined with refined mapping information will be necessary to determine if any

of these loci are directly involved in speciation between M. domesticus and M. musculus.
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Table 1. Five sequenced X-linked genes.

MGI Symbol Ensembl ID Position (Mb)1 dN:dS
2 Tissue3

4933436I01Rik ENSMUSG00000025288 64.18 0.85 testis-specific (RS)4

Magea9 ENSMUSG00000046301 69.12 0.67 -
Pbsn ENSMUSG00000000003 74.09 0.79 prostate-specific
Tsga8 ENSMUSG00000035522 79.74 - testis-specific (RS)5

Tsx ENSMUSG00000031329 99.62 1.34 testis-specific6

1Physical position based NCBI mouse build 36 (Ensembl 46, August 2007).

2Rate of protein evolution based on pairwise comparison with rat one to one orthologs

(Dean et al. in press), no ortholog of Tsga8 has been identified in rat.

3Based on relative expression in adult testis versus 60 other tissues (Su et al. 2004).

4RS = postmeiotic expression in round spermatid germ cells (Namekawa et al. 2006).

5Postmeiotic expression in round spermatid germ cells (Uchida et al. 2000) (Schultz et al.

2003).

6Spermatogenic expression in spermatocytes (Schultz et al. 2003) and sertoli cells

(Cunningham et al. 1998).
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Table 2. Length and haplotype variation in Tsga8.

Species1 n AA
length2

haplotypes3 dN
4 Motif

15
Motif 26 Motif 37

M. domesticus
  Haplogroup 1 6 298 4 2 8 1 3
  Haplogroup 2 2 286 2 1 6 2 3
  Haplogroup 3 15 280 4 1 6 2 3
  Haplogroup 4 1 277 1 - 7 1 3
  Haplogroup 5 3 274 2 1 6 2 3
M. musculus9

  Haplogroup 1 1 327 1 - 8 3 3
  Haplogroup 2 21 312 3 1 7 3 3
  Haplogroup 3 1 300 1 - 5 4 3
  Haplogroup 4 3 297 1 - 6 3 3
  Haplogroup 5 1 282 1 - 5 3 3
M. castaneus 1 300 1 - 7 2 3
M. spicilegus 1 301 1 - 6 2 3
M. spretus 1 258 1 - 2 3 3
Mouse genome8 1 238 1 - 4 1 3

1Haplogroups represent different classes of length variants sampled within M. domesticus

and M. musculus.

2Length in base pairs of protein coding region, including the stop codon.  M. musculus

has an alternative stop codon, resulting in an additional 15 base pairs of coding sequence

versus all other species

3Total number of distinct haplotypes sampled within each haplogroup.

4Number of nonsynonymous changes segregating within each haplogroup.

5 Motif 1 = (A/V)AA(A/V)APEAAAS(P/L)ESS, 15 amino acids.

6 Motif 2 = AAPEAAAAPEVAA(A/T)PATP, 18 amino acids.

7 Motif 3 = AAPEA, 5 amino acids.

8Sequenced mouse genome (inbred strain C57BL/6J) is primarily of M. domesticus origin

(Yang et al. 2007).
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Table 3. Tests of positive selection based on rates of protein evolution for five X-

linked loci.

MGI Symbol Species
(haplotypes)1

Length
(bp)2

-2ΔL3 p-value4 codons dN:dS > 1
(%)5

4933436I01Rik 8 (14) 1221 10.73 0.001 4.90 (8.0%)
Magea9 6 (9) 687 1.87 0.171 -
Pbsn 5 (7) 516 8.89 0.003 22.52 (3.3%)
Tsga8 5 (13) 540 0.58 0.476 -
Tsx 9 (10) 435 9.27 0.001 7.10 (13.6%)

1Number of species and total number of haplotypes.

2Length of alignment, excluding all sites with insertion-deletion variation.

3Likelihood ratio test static comparing M8 and M8a.

4Based on chi-square test with df = 1.

5M8 estimate of dN:dS and proportion of codons in positively selected site class.
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Figure 1.  Distribution of X-linked dN:dS values for 479 one to one orthologs between

mouse and rat (Dean et al. in press).  4933436I01Rik , Tsx, Magea9, and Pbsn occur in

the top 7% of this distribution.  Tsga8 is not shown because it does not have an

identifiable ortholog in rat.

Figure 2.  Unrooted phylogenies for the coding regions of 4933436I01Rik, Tsx, Magea9,

and Pbsn based on the number of substitutions per codon as estimated with codeml.  dN:dS

values are indicated for branches with at least five substitutions.  M. cervicolor and M.

cooki were excluded from analysis of Magea9 because of premature stop codons.

Figure 3.  Alignment of the entire protein-coding region of Tsga8.  Haplogroups with

identical indel variation are given for M. domesticus and M. musculus.  Multiple

representative sequences are shown when one or more nonsynonymous mutations were

observed.  Repetitive motifs are indicated with boxes and shaded gray.  The entire length

of the alignment was 375 amino acids and the length of each variants is given at the end

of the sequence.  The mouse genome sequence derives from C57BL/6J and was verified

in FVB/NJ.

Figure 4.  Unrooted phylogenies for Tsga8.  A).  Phylogeny for 540 sites shared between

all samples of M. domesticus, M. musculus, M. castaneus, M. spicilegus, and M. spretus.

B).  Phylogeny for 720 coding positions, excluding M. spretus.  Silent and amino acid

changing mutations are indicated with white and black circles, respectively.
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