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ABSTRACT 

Understanding the genetic basis of reproductive isolation is a fundamental question in 

evolution. In house mice, intrinsic postzygotic isolation via hybrid male sterility is emerging as a 

reoccurring pattern. Previous work has suggested that hybrid male sterility may be due to a 

disruption in meiotic sex chromosome inactivation (MSCI). MSCI is the process by which the 

sex chromosomes are transcriptionally silenced during the meiotic phase of spermatogenesis. It 

has been demonstrated that MSCI is necessary for successful spermatogenesis. Therefore, a 

disruption in the MSCI pathway may cause mismanagement of the sex chromosomes during 

spermatogenesis and thus may cause sterility. BRCA1, the tumor suppressor gene, has a vital 

role in the MSCI pathway and functions in a host of other cellular processes such as DNA 

double-stranded break (DSB) repair and X chromosome inactivation. We are taking a candidate 

gene approach in order to identify genes that may contribute to hybrid male sterility by 

evaluating patterns of molecular evolution in Mus musculus domesticus and Mus musculus 

musculus at genes implicated in MSCI. BRCA1 is a strong candidate for involvement in hybrid 

male sterility for this system because it is essential to the MSCI pathway and is highly divergent 

between M. m. musculus and M. m. domesticus. We sequenced exon 10 of BRCA1 in samples 

from wild populations of M. m.  musculus (n = 20) and M. m. domesticus (n = 21). The sequence 

data were then analyzed with a variety of neutrality tests in order to detect positive selection. 

Positive selection acting on Brca1 in either lineage may lead to functional changes in the protein 

that are not compatible with the MSCI machinery in a hybrid background. Our results indicate 

that exon 10 of Brca1 is undergoing weak purifying selection in M. m. domesticus rather than 

positive selection. Therefore, there is no evidence in these data to suggest that exon 10 of the 
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BRCA1 protein is involved in hybrid male sterility. However, further sequencing of Brca1 in 

each subspecies may reveal adaptive evolution in other functional domains of the gene.   

 

INTRODUCTION 

Elucidating the genetic basis for speciation is one of the fundamental challenges in 

evolutionary biology. For sexually reproducing organisms, delineates the point at which species 

can no longer exchange genes. Reproductive isolation can be achieved through three classes of 

barriers: pre-mating, prezygotic or postzygotic (Coyne et al. 2004). Premating isolation occurs 

prior to copulation and includes mechanisms such as temporal, behavioral and mechanical 

isolation. Prezygotic isolation transpires prior to zygote formation and may result from 

incompatible gametes. Conversely, postzygotic isolation occurs after zygote formation and can 

be subdivided into what is called intrinsic and extrinsic postzygotic isolation (Coyne et al. 2004). 

In animals, intrinsic postzygotic isolation is a common mode of reproductive isolation that 

manifests in hybrid offspring with impaired fertility or viability. Empirical evidence suggests 

that reproductive isolation follows patterns described by classical postzygotic isolation models 

-Muller (Coyne et al. 2005; Good et al. 2007). 

viability for hybrids of the 

heterogametic sex, or individuals with different sex chromosomes. One explanation for 

exposure of recessive X-linked genes and dominant autosomal interactions (Coyne et al. 2005; 

Haldane 1922). According to the Dobzhansky- Muller model, intrinsic postzygotic isolation 

often evolves due to incompatible mutations between two interacting genes (often called 

Dobzhansky-Muller incompatibilities) (Coyne et al. 2005; Dobzhansky 1936; Muller 1942). This 



3  

  

model postulates that alleles that have not been tested together in an organism may not function 

together properly. For example, after two populations that have evolved independently from the 

hypothetical genotype aabb become genetically distinct, new alleles such as A and B that have 

become fixed within each population may not be compatible when introduced through 

hybridization. This model of reproductive isolation is particularly pervasive in recently diverged 

species in which the heterogametic sex demonstrates reduced fertility or sterility. 

The house mouse provides an ideal model system to study the genetic basis of 

reproductive isolation. Abundant genomic resources are available for Mus, and mice are readily 

crossed in the laboratory. Most importantly, lineages of house mice show evidence of 

reproductive isolation, thus genetic variation between them may have direct relevance to the 

evolution of reproductive isolation. There are three closely related lineages of house mice: M. m. 

castaneus, M. m. domesticus, and M. m. musculus. Their recent divergence (0.5mya) provides a 

unique system in which we can study the beginning stages of speciation (Good et al. 2007). The 

two subspecies used in this study, M. m. musculus and M. m. domesticus, experience gene flow 

in nature across a narrow hybrid zone in central Europe. The hybrid zone is approximately 

2000km in length and forms where the two ranges of M. m. musculus (Eastern Europe and Asia) 

and M. m. domesticus (Western Europe, North Africa and Middle East) come into contact 

(Boursot et al. 1993). The X chromosome in individuals near the hybrid zone displays reduced 

introgression relative to the autosomal chromosomes across multiple transects (Tucker et al. 

1992 and Macholan et al. 2007). This indicates that the X chromosome undergoes lower levels of 

gene flow and is consistent with studies that show that the X is a significant contributor to 

reproductive isolation (Britton-Davidian et al. 2005; Good et al. 2008; Gregorová et al. 2011; 

Oka et al. 2006). In a study conducted by Sage et al. 1986, they demonstrated that hybrid males 
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from the hybrid zone have increased parasite activity and reduced testis size; however, the 

sterility phenotypes found in the hybrid zone have not been resolved. Laboratory crosses 

between M. m. musculus and M. m. domesticus have also yielded sterile hybrid males (Good et 

al. 2008, Britton-Davidian et al. 2005). Although the mouse system is well-characterized, 

understanding the genetic basis of the reproductive isolation has been arduous. The next section 

will serve to describe some of the studies that have provided clues to answering this question.  

In two studies by Good and colleagues, reciprocal crossing experiments between wild-

derived inbred lines of musculus and domesticus demonstrated that hybrid male sterility is 

asymmetric, polymorphic and heavily dependent on the origin of the X-chromosome (Good et al. 

2008, 2008). F1 hybrid male sterility was observed in crosses in which the maternal line was M. 

m. musculusPWK or the M. m. musculusPWK X chromosome was introgressed in the genetic 

background of M. m. domesticus. Hybrid males suffered from reduced testes size and sperm 

count in these crosses. In a QTL mapping experiment, a minimum of four X-linked factors 

involved in hybrid male sterility were discovered and a narrow 12.88Mb interval on the M. m. 

musculus X-chromosome associated with hybrid male sterility was identified (Good et al. 2008). 

This highlights the importance of the M. m. musculus X in F1 male hybrid sterility. The high 

degree of variation within sterility phenotypes across crosses between wild, laboratory strains, 

and wild-derived inbreed strains suggests that hybrid sterility factors are polymorphic. Good et 

al. 2008 found that there are one or more polymorphic incompatibilities within musculus. In 

other words, there are different alleles within populations of M. m. musculus that have 

differential effects on sterility phenotypes.  Several other studies have also found sterility factors 

to be polymorphic. For example, Forejt and colleagues were able to identify one set of dominant 

autosomal epistatic interactions involving the locus Hst1. Hst1, later narrowed to the gene Prdm9 
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(Mihola et al. 2009), is recognized as the first speciation gene in mammals (Presgraves 2010). In 

hybrid males derived from M. m. musculus and M. m. domesticus it was found that Prdm9 causes 

spermatogenic arrest and hybrid male sterility (Forejt and Iványi 1975; Forejt et al. 1991; Mihola 

et. al 2009; Vyskocilová et al. 2005; Presgraves 2010). The sterility locus is polymorphic in both 

species and is represented by allelic variation within classic-inbred strains and wild-derived 

musculus (Forejt et al. 1991 and Vyskocilová et al. 2005). This Prdm9 dominant autosomal 

incompatibility is likely independent from the incompatibilities observed in Good et al. 2008. 

Prdm9 incompatibilities trigger meiotic arrest at pachytene while hybrid males within the Good 

et al. 2008 study demonstrated postmeiotic complications.   

Recent evidence suggests that the transcriptional regulation of the X chromosome may be 

a critical factor in hybrid male sterility (Good et al. 2010). Good et al. 2010 reported that the X-

chromosome of F1 sterile hybrid males displayed extensive over-expression. Misexpression of 

the X was most pronounced after meiosis in later stages of spermatogenesis. This corroborates 

with the previous result that hybrid male sterility was primarily caused by post-meiotic 

disruptions in spermatogenesis (Good et al. 2008). This postmeiotic overexpression of the X 

chromosome observed seemed to be a chromosome-wide pattern that could not be explained 

merely by local genic control. This steered the search for D-M incompatibilities between M. m. 

musculus and M. m domesticus towards genes involved in meiotic sex chromosome inactivation 

(MSCI). Previous studies have already proposed that hybrid sterility and inviability may be due 

to a disruption in meiotic sex chromosome inactivation (MSCI) and dosage compensation 

(Levine et al. 2007; Rodriguez et al. 2007; Turner et al 2004; Mihola et al. 2009). 

MSCI is the process by which the sex chromosomes are transcriptionally silenced during 

the meiotic phase of spermatogenesis (Turner 2007). This process is initiated at pachytene of 
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meiosis upon complete synapsis of homologous chromosomes and formation of the XY body. 

The XY body only occurs in spermatocytes and is characterized by remodeling of the X and Y 

chromatin into heterochromatin. (Handel 2004). It has been demonstrated that MSCI is necessary 

for successful spermatogenesis and thus male fertility (Fernando-Capetillo et al. 2003; Turner 

2007; Xu et al. 2003). There are several genes associated with MSCI initiation and MSCI 

maintenance through diplotene. Some of the genes directly relevant to the present study are: 

Brca1, Atr, H2ax, Bard1 and Rad51; although many other relevant genes exist and may be 

feasible candidates for involvement in hybrid male sterility. Brca1 is a tumor suppressor gene 

that has been implicated in breast cancer. The BRCA1 protein is involved in a host of cellular 

processes such as DNA double-stranded break repair, cell cycle progression, centrosome 

duplication, DNA damage repair, cell growth, apoptosis, X chromosome inactivation and MSCI 

(Deng and Brodie 2000; Xu et al. 2003; Turner et. 2006). While all of these functions are 

important to cellular integrity, we focus on the role of BRCA1 in DSB repair and MSCI as they 

are all closely related and fundamental to the present study. BRCA1 has dual functions in 

meiosis. At the beginning stages of meiosis (Leptotene to Zygotene) BRCA1 localizes to the 

autosomal chromosomes with other members of the DNA-repair machinery such as RAD51, 

MLHI, BARD1 and the histone variant H2AX in order to repair DSBs formed during homologous 

recombination. It is not clear whether BRCA1 directly repairs DSBs or indirectly repairs DSBs 

through the recruitment of other proteins (Turner et al. 2007, Xu et al. 2003). Successful crossing 

over and cell cycle progression requires the appropriate processing of DSBs (Mahadevaiah et al. 

2008). Meiotic cells that fail to repair damaged DNA are arrested in pachytene and undergo 

apoptosis (Xu et al. 2003). This was observed in mice with a Brca1 exon 10 in-frame mutation in 

a study conducted by Xu et al. 2003.  
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During the zygotene-pachytene transition however, the same DNA-repair proteins are 

harvested to trigger MSCI. In MSCI, BRCA1 is responsible for recruiting the kinase ATR to the 

X and Y chromosomes (Turner et al. 2004, 2005). ATR then phosphorylates the histone variant 

H2AX, a known recruiter of DNA-repair machinery, to initiate MSCI. These three proteins all 

colocalize to the axial elements of unsynapsed regions of the X and Y (Mahadevaiah et al. 2001; 

Turner et al. 2004). A disruption in this BRCA1-dependent MSCI pathway may cause 

mismanagement of the sex chromosomes during spermatogenesis and thus could have 

implications on male fertility. This link was solidified in two independent studies in which all 

male mice homozygous for exon10 deletion experienced male-specific sterility (Turner et al. 

2005 and Xu at al. 2003). In addition, Turner et al. 2004 reported that Brca1 mutant mice show 

an upregulation of the X and Y chromosomal genes. This upregulation is consistent with the 

overexpression on the X-chromosome that Good et al. 2010 reported. Together, these studies 

illustrate the functional importance of exon 10 in BRCA1 and its role in MSCI pathway. In a 

related process, BRCA1 serves to maintain the silenced state of the inactive chromosome in 

female somatic cells (Chadwick and Lane 2005 and Ganesan 2002). Early in female 

development in mice, the paternal X- chromosome is silenced in order to equalize the expression 

levels of X-linked genes between males and females (Huynh and Lee 2003). Because 

heterogametic males only possess one copy of the X-chromosome, X-inactivation, in effect, 

compensates for their lack of expression in X-linked genes. X-inactivation is initiated by an 

RNA transcript called Xist that is encoded by a gene on the X chromosome. In two studies, it was 

shown that BRCA1 is required for continuous association of Xist and other chromatin-modifying 

proteins on the inactive X (Chadwick and Lane 2005 and Ganesan et al. 2002). From these 

studies it is apparent that BRCA1 has an intimate relationship with both epigenetic regulation of 
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expression and the X chromosome. In the context of previous research on hybrid male sterility in 

house mice, which also emphasizes the importance of the X chromosome and transcriptional 

regulation, Brca1 is a prime candidate for genes that may be contributing to hybrid male sterility 

in house mice.  

Brca1 has three characterized functional domains within the N-terminus, exon 10 and the 

C-terminus. At the N-terminus there is a zinc-finger domain within the first 50 residues that is 

highly conserved between humans and mice. This region reflects a classic motif observed with 

DNA binding proteins (Abel et al. 1995). The mouse protein consists of 1812 amino acids, 51 

residues short of human Brca1. Murid Brca1 and human Brca1 demonstrate a high level of 

homology with 58% identity and 73% similarity (Abel et al. 1995). BRCA1-associated RING 

domain 1, or BARD1, forms a heterodimer with BRCA1 via the zinc-finger domain (Meza et al. 

1999). The BRCA1-BARD1 heterodimer facilitates ubiquitylation reactions at DNA-damage sites 

in order to repair DSBs (Boulton 2006). Meza et al. 1999 did not find any evidence that the 

individual BRCA1 or BARD1 homodimer or the heterodimer formed between them exhibit any 

affinity for nucleic acids. Alternatively, Paull et al. 2001 reported that BRCA1 binds strongly and 

non-specifically to DNA. Residues 452-1079 of human BRCA1 bind DNA just as effectively as 

the whole protein. Exon 11, exon 10 homolog in humans, spans over residues 224 to 1328. The 

overlap within these regions suggests that exon 10 in house mice has the potential to bind nucleic 

acids. This functional domain interacts with members of DNA-damage repair machinery such as 

RAD50, RAD51 (Deng and Brodie 2000). BRCA1 has been shown to associate with the Mre11/ 

Rad50/ Nbs1 (M/R/N) complex. This complex is known to be involved in homologous 

recombination and is associated with DNA-damage sites (Deng and Brodie 2000). Paull et al. 

2001 determined that fragments in which DNA binding activity is displayed are the same 
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fragments that inhibited the M/R/N nuclease activity. This suggests a role for BRCA1 in the 

nuclease activity of the M/R/N complex (Paul et al. 2001). In a study by Scully et al.1997, they 

discovered that BRCA1 and RAD51 colocalize and interact on unsynapsed axial elements of 

human synaptonemal complexes. RAD51 mediates DNA strand- exchange functions that 

motivate normal recombination (Scully et al. 1997). The last functional domain resides at the C-

terminus of the protein. This region contains two BRCA1 C-terminal (BRCT) domains. The first 

of which interacts with molecules involved in activation and repression of transcription and the 

second BRCT domain associates with p53, a protein known to regulate the cell cycle (Deng and 

Brodie 2000). BRCA1 interacts with a vast number of proteins in different cellular pathways 

through the functional domains that have yet to be characterized. This extensive network of 

proteins within the DNA-damage and MSCI pathway provide ample sources in which divergent 

BRCA1 could form negative epistatic interactions in a hybrid background.  

We are taking a candidate gene approach by testing for positive selection in M. m. 

domesticus and M. m. musculus for genes important to MSCI. If positive selection is detected in 

our data, it suggests that there may be a divergence in protein function. This could lead to 

incompatibilities between BRCA1 and other members of the MSCI machinery in hybrid males. 

In two independent studies by Rodriguez et al. 2007 and Levine et al. 2007, they report that 

genes within the male-specific lethal complex in Drosophila melanogaster show evidence of 

positive selection. These genes are involved in dosage compensation in Drosophila and the 

protein constructs localize to the X to regulate the transcription of the X chromosome. Rodriguez 

et al. 2007 suggest that hybrid male inviability observed in hybrid males derived from D . 

melanogaster and D . simulans may result from a negative epistatic interaction that occurs 

between the melanogaster X and simulans MSL proteins. These studies provided motivation to 
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test for positive selection in mouse genes that are involved in similar processes.  In this study, 

exon 1-5, 9 and 10 of Brca1 were sequenced in samples from wild populations of M. m.  

musculus (n = 20) and M. m. domesticus (n = 21). Brca1 is essential to MSCI and related cellular 

processes and therefore is a compelling candidate for the involvement in hybrid male sterility 

found in the cross M. m. musculus M. m. domesticus  

 

 

MATERIAL AND METHODS 

The murid Brca1 gene, found on chromosome 11, is approximately 63kb in length and 

contains 23 exons. Brca1 was initially chosen as a candidate for sequencing due to the high level 

of polymorphism. There is a particularly high concentration of replacement polymorphisms in 

exon 10. This was determined by constructing a gene map of Brca1 and visualizing the 

distribution of polymorphism within M. m. musculusPWK, M. m. domesticusWSB and M. spretus 

(Fig.1). The sequence data used to create this map were obtained from the Sanger Institute. In 

this study, exons 1-5, 9 and 10 were sequenced for samples of wild populations of M. m. 

musculus (n = 20) and M. m. domesticus (n = 21) (Table 1). These exons were also sequenced in 

the outgroups M. caroli and M. spretus and the wild-derived inbred strains of the Nachman 

Laboratory: M. m. domesticusLEWES, M. m. domesticusWSB, M. m. musculusPWK, M. m. 

musculusCZECHII. The wild-derived inbred strains are maintained at University Central Animal 

Facility in accordance with IACUC guidelines. Wild population samples were collected by 

Michael W. Nachman and colleagues from various countries in Europe, including: Spain, Italy, 

Greece, Germany and Hungary (Fig. 2). The individuals were sampled from locations outside of 

the hybrid zone in order to survey individuals with lower traces of gene flow in each species. 
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DNA was extracted from these tissue samples with the Gentra Puregene tissue kit. All of the 

exons were amplified with polymerase chain reaction (PCR) utilizing Hot-Start Taq, Platinum 

Taq, and Platinum High Fidelity Taq. Primers were designed from the genome of the C57BL/6J 

laboratory strain available on Ensembl. Exons 1 and 2 were amplified together in a 3,140bp 

amplicon and exons 4 and 5 were amplified together in a 1,848bp amplicon. Exons 3, 9 and 10 

were amplified independently. The reaction conditions were optimized with the following 

annealing temperatures: exon1 and 2, 64ºC; exon 3, 62ºC; exon 4 and 5, 62ºC; exon 9, 63ºC; 

exon 10, 60ºC. PCR products were sent in 96-well plates to the University of Arizona Genetics 

Core for purification, quantification and sequencing. A table of SNPs (single nucleotide 

polymorphisms) for M. m. musculus, M. m. domesticus and the outgroups are provided for all six 

exons sequenced (Figure 3).   

 Upon retrieval of sequence data, preliminary assembly and editing was carried out with 

the program Sequencher. Alignments with all of the individual samples were generated with 

Seaview4. Because all of the individuals sampled were diploid, all of the data was phased with 

the program DnaSP5.10 before any analysis was executed. This feature of the program uses 

probability algorithms in order to segregate the bases that were found at heterozygous sites to 

each of their respective chromosomes. The program DnaSP5 was also utilized to calculate 

summary statistics such as  (Nei and Li 1979),  (Watterson 1975, and Dxy (Nei 1987). , or 

nucleotide diversity, represents the average number of nucleotide substitutions per site between 

two sequences.  is used to estimate the population parameter 4Neµ and Dxy measures the 

average pairwise divergence between species (Geraldes et al. 2008). Other analyses were 

performed in order to determine if the data depart from the neutral model of molecular evolution. 

Specifically, we asked if the BRCA1 gene exhibits signatures of positive selection in the 
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subspecies M. m. musculus and M. m. domesticus.  The statistical tests implemented to address 

this question were  (Tajima 1989), Hudson- Kreitman- Aguade (Hudson et al. 1987), 

and McDondald Kreitman (McDonald and Kreitman 1991). T

that is based on the frequency spectrum of polymorphisms (Tajima 1989). Negative values of D 

are associated with positive selection, purifying selection or a population expansion in that they 

reflect an excess of low-frequency polymorphisms. This pattern could emerge in the aftermath of 

a selective sweep or due to the presence of mildly deleterious mutations. Conversely, positive 

values of D indicate balancing selection or a decrease in population size in that they represent an 

excess of intermediate-frequency polymorphism (Nachman 2006). The Hudson- Kreitman- 

Aguade (HKA) test and the McDondald- Kreitman (MK) test both consider intraspecific 

polymorphism, or variation within species, and interspecific divergence, or variation between 

species. The HKA test compares the ratio observed versus expected SNPs (single-nucleotide 

polymorphisms) within and between species for two loci and the MK test compares the ratio of 

nonsynonymous to synonymous SNPs along continuous stretches of DNA. A significant 

rejection of the HKA or MK test implies a deviation from neutral evolution for both tests. 

However, a rejection of the HKA test can provide information about selection occurring from a 

distance while a rejection of the MK test actually detects selection acting on the genes surveyed 

(Nachman 2006). 

employed for the second locus in the HKA test were obtained from Geraldes et al. 2008. This 

included the four autosomal loci: Chrng, Med19, Prpf3, and Clcn6. Both the MK and HKA tests 

were computed via the program DnaSP. A sliding window approach was utilized in the 

 to concentrate on regions that contain increased variability. 

The windows were set to 500 sites with a step size of 100. Although the SNP table includes data 
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from all six exons, the analysis only includes sequence obtained from exon 10. All individuals 

with more than 10% missing data were excluded from analysis. Unfortunately, there were many 

individuals from both subspecies that had large regions of unusable sequence within the first five 

exons and these gaps were not tolerated in statistical analysis programs. Insertions and deletions 

were also excluded from analysis. A gene genealogy was created using the program Seaview4.  

 
RESULTS 

 
We sequenced exon 10 of BRCA1 for M. m. musculus (n = 20) and M. m. domesticus (n = 

21). After excluding individuals missing 10% or more of their data, n was reduced to 17 for M. 

m. musculus and 20 for M. m. domesticus. A table of polymorphism for these data is provided in 

in order to visualize the distribution and patterns of polymorphism within the two subspecies 

(Figure 3). It is important to note that only the SNP table showcases the insertion and deletions 

that are apparent within the sequence of the two subspecies and two outgroups. A significant 

indel present in the SNP table occurs from position 3011-3013 and is fixed between the two 

subspecies. By polarizing the indel with M. spretus, it was determined that M. m. musculus 

possesses an in-frame deletion for the three base pairs TGA. This results in a loss of the amino 

acids Phenylalanine and Glutamine and the addition of Leucine in M. m. musculus. This deletion 

could have functional consequences for the BRCA1 protein such as structural changes or altered 

binding affinity for interacting proteins. Although this has yet to undergo further analysis, it is 

possible that such a fixed difference could result in a D-M incompatibility between the two 

subspecies.  

 In addition, summary statistics for polymorphisms seen within exon 10 of Brca1 are 

provided in Tables 2 and 3. As reflected in the SNP table, the nucleotide diversity of M. m. 
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musculus er than that of M. m. domesticus is 

opposite to the trend that has been observed at other loci in these subspecies (Salcedo et al. 2007) 

suggesting patterns of nucleotide diversity are unusual at Brca1. The average pairwise 

divergence, as measured by Dxy, is consistent with the evolutionary history of these species. M. 

m. domesticus and M. m. musculus have an average pairwise divergence of 0.4% while M. caroli 

and these two subspecies have an average pairwise divergence over 3.5% (Table 4). 

 In Table 3, we a M. m. domesticus and a 

positive value in M. m. musculus. Although these values are not significant over the whole exon, 

a sliding window analysis revealed significant values of D. In M. m. domesticus, in the region 

between 2174 and 2776 nucleotides, there are two significant negative D values (D= -1.8797, P< 

0.05) (Table 4). This pattern can be explained by a few different scenarios: positive directional 

selection, purifying selection or population expansion. Alternatively, a sliding window of M. m. 

musculus yielded significant positive D values in two concentrated peaks. In the window 

between 501-1100 base pairs, there are three significant D values (D= 2.0791, 2.3201, 2.2628; 

P< 0.05). In the 1301-2000 base pair window, three significant D values (D= 2.5862, 2.7518) 

appear with P<0.01(Table 4). Positive D values can occur when there are an excess of 

intermediate-frequency polymorphisms. This excess is often associated with balancing selection 

or a reduction in population size. The results of the sliding window analysis can be viewed in 

Figure 4. 

 To try and disentangle the modes of selection and influence of population dynamics, an 

HKA test was carried out between exon 10 of Brca1 and four loci from Geraldes et al. 2008. 

When combining all four loci together, neither M. m. domesticus nor M. m. musculus yielded 

significant p values (Table 5). However, when each species was compared to the individual loci 
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from Geraldes et al. 2007, a significant p value (0.01<P<0.05) was obtained for musculus when 

paired with the locus Med19 (Table 6). This p value is weakly significant and appears to be an 

artifact of Med19 rather than a departure from neutrality in M. m. musculus in Brca1.  

We also tested for positive selection by applying the MK test to our data set. We found 

that exon 10 of Brca1 in M. m. domesticus produced a significant p value (0.01<P<0.05) (Table 

7). This significance appears to be driven by a deficiency in nonsynonymous divergent 

polymorphisms. Such a deficiency could reflect balancing selection or purifying selection acting 

within the domesticus lineage. This result in conjunction with the negative D values observed in 

the sliding window analysis, suggests that exon 10 in M. m. domesticus may be under purifying 

selection.  

Finally, a gene genealogy was generated in order to look at the phylogenetic relationship 

of exon 10 of Brca1 between individuals of domesticus and musculus (Figure 5). As expected, 

sequence from M. caroli acted as an outgroup to M. spretus, M. m. domesticus and M. m. 

musculus with a divergence of approximately 4.3mya (Suzuki et al. 2004). M. spretus was then 

the more recently diverged outgroup and acted as a sister group to the M. m. musculus and M. m. 

domesticus clade. One interesting observation is the paraphyletic nature of the M. m. musculus 

sequence. This maintenance of two haplotypes could potentially reflect balancing selection. This 

is consistent with one of the previous results that exon 10 of Brca1 in M. m. musculus produces 

positive D values in the sliding window analysis of . Taken together, these results 

may suggest that regions of exon10 in M. m. musculus are undergoing balancing selection, 

however; from the limited information provided it appears that Brca1 is adhering to the neutral 

model. Further testing in the future may resolve this issue.  
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It is also possible that population dynamics such as population expansion or contraction 

may be driving the rejection of these statistical tests rather than a departure from neutrality. We 

M. m. 

domesticus and M. m. musculus (Table 8). If deviations from neutrality in exon 10 of Brca1 were 

caused by population dynamics then all loci would be affected. We obtained a negative D value 

for M. m. domesticus and a positive value for M. m. musculus. Therefore, all loci in M. m. 

domesticus must display negative D values and all loci in M. m. musculus must display positive 

values in order to confirm changes in population size. Published D values for loci in both 

subspecies suggest that this is not the case (Geraldes et al. 2008 and Salcedo et al. 2007). 

Deviations from neutrality appear to be independent from population dynamics.  Overall, the 

results presented indicate that exon 10 of Brca1 in the M. m. domesticus lineage is experiencing 

weak purifying selection.  

 

DISCUSSION 

We tested for positive selection in Brca1 in order to narrow down candidate genes that 

may be influential in hybrid male sterility. This is critical starting point, because genes that 

demonstrate adaptive evolution can reflect a functional change at the protein level. Previous 

studies have demonstrated that a disruption in MSCI may result in the mismanagement of the sex 

chromosomes during meiosis and result in sterile hybrid males. BRCA1 functions in two essential 

meiotic processes: DSB repair at the autosomes and MSCI at the sex chromosomes. If mutations 

within the gene alter the functional domains of BRCA1 in one or both subspecies, it is possible 

that the protein may not function properly with its associated molecules in a foreign or hybrid 

background. Because BRCA1 interacts directly with the X-chromosome and other proteins 
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within the DSB repair and MSCI pathway, both X-autosomal and dominant autosomal DM-

incompatibilities are possible. We will explore possible scenarios that could lead to X-autosomal 

and dominant autosomal DM- incompatibilities.  

According to Paull et al. 2001, BRCA1 has the capacity to bind directly to nucleic acid 

and the domain responsible for binding overlaps with exon 11 in humans (homolog of exon 10 in 

mice). Due to similar homology within the human and mouse BRCA1 (Abel et al. 1995) this 

suggests a potential for the murid BRCA1 to also bind DNA. MSCI is the process by the sex 

chromosomes are transcriptionally silenced during spermatogenesis. BRCA1 is essential to the 

MSCI pathway and localizes to the axial elements of the unsynapsed sex chromosomes. Previous 

work has reported that the M. m. musculus X- chromosome is a significant contributor to hybrid 

male sterility that is observed between M. m. domesticus and M. m. musculus.  Therefore it is 

possible, that functional changes within BRCA1 may lead to negative epistatic interactions 

between BRCA1 and the X resulting in a mismanagement of the X during MSCI. Under this 

model, we would expect BRCA1 from the M. m. domesticus lineage to exhibit positive selection. 

However it is also possible that co-evolution between BRCA1 and the X chromosome could 

occur within the M. m. musculus lineage, and thus still result in D-M incompatibilities. Two 

studies provide some evidence for such a model. Gregorová et al. developed 28 consomic strains 

by introgressing a single chromosome from the PWD inbred strain of M. m. musculus on to the 

background of the laboratory inbred strain, C57.  They were forced to divide chromosome 11 

(where BRCA1 resides) into three separate introgressions due to poor reproduction. Oka et al. 

2007 also found significant autosomal QTL for abnormal sperm head morphology within the 

interval 94.3-114.3mb on chromosome 11. This interval overlaps with BRCA1 (~ 101.35-

101.41mb). Although we did not find evidence of positive selection in exon 10 within either 



18  

  

lineage of house mouse, it is possible that functional differences due exist between the two 

proteins 

 Dominant-autosomal incompatibilities could also account for hybrid male sterility in this 

system. Before BRCA1 and other relevant proteins are sequestered to the sex chromosomes in the 

zygotene- pachytene transition, they assist in the repair of DSBs within the autosomes. 

Mahadevaiah et al. 2008 suggests that the BRCA1 proteins that aid in MSCI come from the same 

pool that attend to DSBs at the autosomes earlier in meiosis. If an incompatibility arises between 

BRCA1 and another member of the DNA-damage repair, this could result in an inappropriate 

processing of DSBs. BRCA1 may then be tied up at the autosomes and unavailable for 

recruitment to the sex chromosomes. This would then have downstream effects on MSCI, 

possibly resulting in MSCI failure. Under this model we would expect to see increased apoptosis 

in hybrid males due to inappropriate processing of DSBs and an underexpression of genes on the 

autosomes. And in turn, Xu et al. 2001 found that mice homozygous for a Brca1 exon 10 

deletion did demonstrate increased apoptosis due to improper management of double stranded 

breaks. This is consistent with the reduction in sperm count that Good et al. 2008 reported for the 

sterile hybrid male phenotype. In another study by Good et al. 2010, they found evidence that 

some autosomal loci with known male sterility phenotypes were under-expressed. Because not 

all autosomal loci were under-expressed this would require a transient negative epistatic 

interaction between BRCA1 and an associated DNA-damage repair protein. A change in binding 

affinity to associate proteins could cause a transient incompatibility. All though these scenarios 

are purely speculative, they are feasible mechanisms in which BRCA1-related D-M 

incompatibilities could occur. 
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Exon 10 of Brca1 was sequenced in wild populations of M. m. domesticus and M. m. 

musculus in order to evaluate patterns of molecular evolution. Analyses adopted to detect 

departures from the neutral model of evolution suggest that positive selection is not acting on 

Brca1 in either subspecies of house mice. However, there is weak evidence that the domesticus 

lineage may be undergoing purifying selection. These data do not definitely rule out BRCA1 as a 

potential candidate for the involvement in hybrid male sterility. Resequencing of gaps in the data 

for exon 10 may reveal more information on the patterns of molecular evolution in M. m. 

domesticus and M. m. musculus. It is also possible that the fixed deletion within the M. m. 

musculus lineage may cause functional differences within the BRCA1 protein. The biochemical 

effects of this deletion will need to be investigated further in order to extract any biological 

relevance. Furthermore, exon 10 of Brca1 only accounts for one functional domain of the 

protein. Negative epistatic interactions could arise between the other functional domains and 

their respective protein associates. This will be addressed in future analyses after the complete 

cDNA of Brca1 has been sequenced for M. m. domesticus and M. m. musculus.  

Brca1 is a viable contributor to the negative epistatic interactions that underlie hybrid 

male sterility between M. m. domesticus and M. m. musculus. BRCA1 functions in a host of 

cellular processes that facilitate genomic integrity such as DNA DSB repair, MSCI and X 

inactivation. Many studies have demonstrated that individuals; whether they are of hybrid, 

consomic, or mutant origin, will harbor male-specific sterility when disruptions in these 

processes occur. Although the role of Brca1 in reproductive isolation of house mice has yet to be 

determined, this study has illustrated the cellular importance of BRCA1 and described patterns of 

its molecular evolution in house mice. Hybrid male sterility as mechanism for reproductive 

isolation is very complex and is far more reaching then a simple 2 locus epistatic incompatibility. 
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This complexity emphasizes the utility of studying a system that has recently diverged and which 

many resources exist. In future studies we hope to describe the genetic architecture responsible 

for hybrid male sterility observed in M. m. musculus and M. m domesticus and discover the 

specific genes involved. 
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Table 1. Geographic  origin  and  sex  of  the  samples  used  in  this  study. 

Subspecies   Sample  ID   Sex   Country   *Locality  
M.  m.  domesticus   MWN1024   F   Italy   Piemonte,  San  Giorgio  

M.  m.  domesticus   MWN1026   M   Italy   Piemonte,  San  Giorgio  

M.  m.  domesticus   MWN1028   M   Italy   Piemonte,  Gremiasco  

M.  m.  domesticus   MWN1030   F   Italy   Lombardia,  Menconico  

M.  m.  domesticus   MWN1048   M   Italy   Veneto,  Affi  

M.  m.  domesticus   MWN1087   M   Italy   Lazio,  Sette  Vene  

M.  m.  domesticus   MWN1104   F   Italy   Lazio,  Sette  Vene  

M.  m.  domesticus   MWN1106   F   Italy   Lazio,  Sette  Vene  

M.  m.  domesticus   MWN1115   F   Italy   Lazio,  Sette  Vene  

M.  m.  domesticus   MWN1193   F   Greece   Velo  

M.  m.  domesticus   MWN1194   M   Greece   Velo  

M.  m.  domesticus   MWN1195   M   Greece   Velo  

M.  m.  domesticus   MWN1198   M   Greece   Laganas  

M.  m.  domesticus   MWN1207   M   Italy   Sicily,  Carini  

M.  m.  domesticus   MWN1214   F   Italy   Sicily,  Olivarella  

M.  m.  domesticus   MWN1249   F   Italy   Sicily,  Leni  

M.  m.  domesticus   MWN1273   F   Spain   Mallorca,  Colonia  Saint  Jordi  

M.  m.  domesticus   MWN1279   M   Spain   Mallorca,  Arenal  

M.  m.  domesticus   MWN1286   m   Spain   Catalunya,  Sabadell  

M.  m.  domesticus   MWN1287   F   Spain   Catalunya,  Sabadell  

M.  m.  domesticus   MWN1292   F   Spain   Catalunya,  La  Roca  del  Valles  

M.  m.  musculus   BAG2   M   Slovak  Republic   Chmel'ov  

M.  m.  musculus   BAG7   M   Slovak  Republic   Breznica  

M.  m.  musculus   BAG18   F   Slovak  Republic   Slovenska  Kajna  

M.  m.  musculus   BAG22   F   Slovak  Republic   Nizny  Hrabovec  

M.  m.  musculus   BAG36   M   Slovak  Republic   Cejkov  

M.  m.  musculus   BAG46   M   Poland   Przewoz  Nurski  

M.  m.  musculus   BAG53   F   Poland   Zminne  

M.  m.  musculus   BAG60   F   Poland   Romanow  

M.  m.  musculus   BAG64   M   Poland   Olszowiec  

M.  m.  musculus   BAG68   M   Poland   Wolka  Duza  

M.  m.  musculus   BAG71   F   Poland   Majdan  Sieniawski  

M.  m.  musculus   BAG74   M   Poland   Krasne  

M.  m.  musculus   BAG78   M   Poland   Falejowka  

M.  m.  musculus   BAG86   M   Hungary   Hajdunanas  

M.  m.  musculus   BAG90   F   Hungary   Szepes  Debrechen  

M.  m.  musculus   BAG94   F   Hungary   Szepes  Debrechen  

M.  m.  musculus   BAG99   M   Hungary   Szomolyom  

M.  m.  musculus   BAG102   F   Hungary   Gabortelep  

M.  m.  musculus   BAG104   M   Hungary   Gabortelep  

M.  m.  musculus   BAG106   F   Hungary   Gabortelep  

 
*The locality indicates the location in which the samples were collected. 
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Table 2. Summary statistics for M. m. domesticus and M. m. musculus. 

Subspecies   *N   L  (bp)   S         D  
M.  m.domesticus   40   2922   17   0.076   0.137   -‐1.45444  
M.  m.  musculus   34   3092   27   0.304   0.214   1.48663  

 
* Number of chromosomes; Number of sites surveyed Number of segregating sites. 
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Table 3. Average pairwise divergence between M. m. domesticus and M. m. musculus and 
outgroups. 
 

Comparison   Dxy  
M.  m.  domesticus  

v.   M.  m.  musculus   0.00450  

        M.  spretus  v.   M.  m.  domesticus   0.01324  

  
M.  m.  musculus   0.01375  

        M.  caroli  v.   M.  m.  domesticus   0.03581  

  
M.  m.  musculus   0.03892  
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Table 4 M. m. domesticus and M. m. musculus 

Species   Window   Tajima's  D  
M.  m.  domesticus     1974-‐2473   -‐1.7162*  

  
2074-‐2573   -‐1.7162*  

  
2174-‐2676   -‐1.8797**  

  
2274-‐2776   -‐1.8797**  

  
2374-‐2876   -‐1.7162*  

  
2574-‐3076   -‐1.6388*  

M.  m.  musculus   1-‐500   1.7918*  

  
401-‐900   1.9685*  

  
501-‐1000   2.0791**  

  
601-‐1100   2.3201**  

  
701-‐1100   2.2628**  

  
1201-‐1700   1.9193*  

  
1301-‐1800   2.5862***  

  
1401-‐1900   2.7518***  

  
1501-‐2000   2.7518***  

  
1601-‐2100   1.7395*  

     2404-‐2906   -‐1.6497*  
 
P<0.10*, P<0.05**, P<0.01*** 
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Table 5. HKA test for Brca1 in M. m. domesticus and M. m. musculus using combined data. 

          Within  Species   Between  Species            
Subspecies   Loci   Obs.   Exp.   Obs.   Exp.   2   P  value  

M.  m.  domesticus   Bcra1  v.   17   19.58   104.64   102.05   0.208   0.6482  

  
Combined   93   90.42   301.89   304.47  

     M.  m.  musculus   Brca1  v.   27   25.46   120.34   121.88   0.051   0.8218  

  
Combined   101   102.54   306.46   304.92  

      
Loci from Geraldes et. al. 2008: Chrng, Med19, Prpf3 and Clcn6 were combined 
in this analysis. All loci were compared to M. caroli. 
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Table 6. HKA test for Brca1 in M. m. domesticus and M. m. musculus using individual loci. 

          Within  Species   Between  Species            
Subspecies   Loci   Obs.   Exp.   Obs.   Exp.   2   P  value  

M.  m.  domesticus   Bcra1  v.   17   23.55   104.64   98.09   2.076   0.1497  

  
Chrng   30   23.45   75.01   81.56  

     
  

Brca1  v.   17   14.71   104.64   106.93   0.429   0.5125  

  
Med19   13   15.29   93.26   90.97  

     
  

Brca1  v.   17   21.5   104.64   100.13   1.388   0.2387  

  
Prpf3   21   16.5   57.67   62.17  

     
  

Brca1  v.   17   22.83   104.64   98.81   1.702   0.1920  

  
Clcn6   29   23.17   75.95   81.78  

     M.  m.  musculus   Brca1  v.   27   25.46   120.34   121.88   0.12   0.7292  

  
Chrng   19   20.54   78.07   76.52  

     
  

Brca1  v.   27   18.84   120.34   128.50   4.619   0.0316**  

  
Med19   7   15.16   92.72   84.55  

     
  

Brca1  v.   27   32.59   120.34   114.75   1.337   0.2476  

  
Prpf3   29   23.41   58.56   64.15  

     
  

Brca1  v.   27   36.49   120.34   110.85   2.461   0.1167  
     Clcn6   46   36.51   77.12   86.61            
 
Data for Loci 2 were obtained from Geraldes et al. 2008. All loci were compared to 
M. caroli. **0.01<P<0.05 
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Table 7. MK test for Brca1 in M. m. domesticus and M. m. musculus 

Comparison   Rp   Sp   Rd   Sd   P  value  
M.  m.  domesticus  v.   M.  m.  musculus   25   13   0   3   0.052533  

                    M.  spretus  v.   M.  m.  domesticus   13   4   16   21   0.038611**  

  
M.  m.  musculus   18   9   17   17   0.206892  

                    M.  caroli  v.   M.  m.  domesticus   13   4   50   50   0.063981  

  
M.  m.  musculus   18   9   60   50   0.285178  

  
         

 Replacement polymorphism;  Silent polymorphism;  Replacement divergence;  Silent 
Divergence **0.01<P<0.05, P value was calculated with Fisher's exact test. 
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Subspecies     Loci   Tajima's  D  
M.  m.  domesticus   Brca1   -‐1.45444  

  
Chrng   0.211  

  
Med19   -‐1.808**  

  
Prpf3   -‐1.641**  

  
Clcn6   -‐0.645  

  
Maoa   -‐1.002  

  
Dmd   -‐1.463**  

  
Msn   -‐1.126  

  
Dach2   -‐1.750**  

  
Amelx   -‐0.857  

M.  m.  musculus   Brca1   1.48663  

  
Chrng   -‐2.050***  

  
Med19   1.433  

  
Prpf3   -‐2.194  

  
Clcn6   0.791  

  
Maoa   0.579  

  
Dmd   -‐0.817  

  
Msn   -‐1.511  

  
Dach2   0.036  

  
Amelx   -‐0.037  

  
    

Data for autosomal loci: Chrng, Med19, Prpf3, and Clcn6 were obtained from Geraldes et al. 
2008. Data for X-linked loci: Maoa, Dmd, Msn, Dach2, and Amelx were obtained from Salcedo 
et al. 2007. ** P< 0.5, ***P< 0.1 
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Figure 1. Gene map, chi-squared table and phylogenetic tree of Brca1. 
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Figure 2. Map of sample localities. 
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Figure 3. Table of polymorphisms within M. m. musculus, M. m. domesticus and outgroups. 
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Figure 3 continued.  Table of polymorphisms within M. m. musculus, M. m. domesticus and outgroups. 
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Figure 3 continued. Table of polymorphisms within M. m. musculus, M. m. domesticus and outgroups. 
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M. m. domesticus and M. m. musculus. 
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Figure 5. Brca1 gene genealogy for M. m. musculus and M. m. domesticus. 
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FIGURE LEGENDS 

Figure 1. Gene map, chi-squared table and phylogenetic tree of Brca1.The entire Brca1 gene is 

63.1 kb and the transcript is 6.5kb. In the gene map, boxes represent exon boundaries and solid 

lines represent intron boundaries. Open boxes indicate non-coding exons and filled boxes 

indicate coding exons. Double hash marks indicate that the intron boundary is not to scale. In 

these regions, only information on the first and last 500 base pairs is provided. Single nucleotide 

polymorphisms (SNPs) within M. m. musculusPWK, M. m. domesticusWSB and M. spretus are 

represented as bars. Blue bars code for noncoding SNPs. Red bars code for nonsynonymous 

SNPs and green bars code for synonymous SNPs. The colored hash marks symbolize mutations 

in respect to the laboratory strain C57. Red hash marks code for nonsynonymous mutations and 

green hash marks code for synonymous mutations. 

Figure 2. Map of sample localities. Samples were trapped and collected in Western Europe. The 

yellow dots mark the locations in which M. m. domesticus were collected (N=21) and the blue 

dots mark the locations in which M. m. musculus were collected (N=20).  

Figure 3. Table of polymorphisms within M. m. musculus, M. m. domesticus and outgroups. Blue 

boxes represent noncoding polymorphisms. Red boxes represent nonsynonymous 

polymorphisms and green boxes represent synonymous polymorphisms. Yellow boxes indicate 

the presence of insertion deletions. Gray boxes correspond to missing data and dots indicate 

that the site does not deviate from the consensus sequence.  

Figure 4. M. m. domesticus and M. m. musculus. This graph depicts 

values of D along windows of exon 10 in Brca1.Green asterisks mark regions that are associated 
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with significant  P values (P< 0.5). Red asterisks note regions that are associated with significant 

P values with P< 0.1. 

Figure 5. Brca1 gene genealogy for M. m. musculus and M. m. domesticus. Sequence data from 

exon 10 across all individuals was used to create a gene genealogy. The denotations 1 and 2 

separate distinct haplotypes.  
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