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ABSTRACT Comparative genetic mapping provides insights into the evolution of the reproductive barriers that separate closely related
species. This approach has been used to document the accumulation of reproductive incompatibilities over time, but has only been
applied to a few taxa. House mice offer a powerful system to reconstruct the evolution of reproductive isolation between multiple
subspecies pairs. However, studies of the primary reproductive barrier in house mice—hybrid male sterility—have been restricted to
a single subspecies pair: Mus musculus musculus and Mus musculus domesticus. To provide a more complete characterization of
reproductive isolation in house mice, we conducted an F2 intercross between wild-derived inbred strains from Mus musculus castaneus
and M. m. domesticus. We identified autosomal and X-linked QTL associated with a range of hybrid male sterility phenotypes,
including testis weight, sperm density, and sperm morphology. The pseudoautosomal region (PAR) was strongly associated with
hybrid sterility phenotypes when heterozygous. We compared QTL found in this cross with QTL identified in a previous F2 intercross
between M. m. musculus and M. m. domesticus and found three shared autosomal QTL. Most QTL were not shared, demonstrating
that the genetic basis of hybrid male sterility largely differs between these closely related subspecies pairs. These results lay the
groundwork for identifying genes responsible for the early stages of speciation in house mice.

THE genetic dissection of reproductive barriers between
species is a powerful approach to understanding specia-

tion. In some cases, genetic mapping has revealed the iden-
tities and functions of the gene networks responsible for
reproductive isolation (Sawamura and Yamamoto 1997;
Ting et al. 1998; Barbash et al. 2003; Presgraves et al.
2003; Brideau et al. 2006; Bayes and Malik 2009; Ferree
and Barbash 2009; Mihola et al. 2009; Phadnis and Orr
2009; Tang and Presgraves 2009). By providing a list of
genomic locations that contribute to reproductive barriers,
mapping also allows investigation of the role of genomic
context, including local recombination rate (Noor et al.
2001; Rieseberg 2001; Butlin 2005; Nachman and Payseur
2012), in speciation. Phenotypes associated with reproduc-
tive isolation have been mapped in a variety of species, with

an emphasis on hybrid sterility and hybrid inviability (Hollocher
and Wu 1996; True et al. 1996; Tao et al. 2003; Sweigart
et al. 2006; Bomblies et al. 2007; Masly and Presgraves 2007;
Moyle 2007; Chen et al. 2008; Lee et al. 2008; Long et al.
2008; Kao et al. 2010; Martin and Willis 2010).

The comparison of reproductive isolation among species
pairs has revealed general patterns that characterize specia-
tion. For example, hybrid sterility tends to evolve before hybrid
inviability (Coyne and Orr 1989). A worthwhile extension of
this comparative framework focuses on the loci responsible for
reproductive barriers (Moyle and Payseur 2009). By compar-
ing loci mapped in different species pairs, genetic changes that
increase reproductive isolation can be assigned to specific phy-
logenetic lineages, revealing the evolutionary history of repro-
ductive barriers (Moyle and Nakazato 2008). This information
enables the evaluation of models that describe the accumu-
lation of reproductive isolating mutations (Orr 1995), the
distinction between classes of incompatibilities (e.g., “de-
rived-derived” and “ancestral-derived”; Orr 1995; Cattani
and Presgraves 2009), and the temporal ordering of genetic
changes that contribute to different reproductive barriers.

Recent applications of this comparative genetics ap-
proach have produced new insights into the evolution of
reproductive isolation. Overlapping quantitative trait loci
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(QTL) control hybrid pollen/seed sterility in two species
pairs of Solanum, suggesting common evolutionary origins
for the underlying mutations (Moyle and Graham 2005;
Moyle and Nakazato 2008). The number of incompatibilities
involved in hybrid dysfunction may increase faster than line-
arly with divergence time in Drosophila (Matute et al. 2010;
but see Barbash 2011) and in Solanum (Moyle and Nakazato
2010), as predicted by theory assuming the Dobzhansky–
Muller model (Orr 1995; Turelli and Orr 2000; Orr and Turelli
2001). Additional comparative genetic studies are needed,
especially for recently diverged species where genetic fac-
tors closely tied to speciation can be identified.

House mice provide a powerful system for understanding
the evolution of reproductive isolation during the early
stages of speciation. The clade is composed of three closely
related subspecies (Mus musculus musculus, Mus musculus
domesticus, and Mus musculus castaneus), which rapidly di-
verged from a common ancestor only 500,000 generations
ago (She et al. 1990; Boursot et al. 1996; Suzuki et al. 2004;
Salcedo et al. 2007; Geraldes et al. 2008). The geographic
ranges of these subspecies extend throughout the Mediter-
ranean and Western Europe (M. m. domesticus), Eastern
Europe and Northern Asia (M. m. musculus), and Southern
Asia (M. m. castaneus) (Boursot et al. 1993). The best-studied
region of geographical overlap is in central Europe,
where M. m. musculus and M. m. domesticus hybridize
in a zone of secondary contact (Boursot et al. 1993; Sage et al.
1993). Patterns of gene flow in this hybrid zone and repro-
ductive characteristics in hybrid mice indicate that M. m.
musculus and M. m. domesticus are partially reproductively
isolated. Diagnostic loci show steep allele frequency clines
across the hybrid zone (Vanlerberghe et al. 1986; Dod et al.
1993, 2005; Munclinger et al. 2002; Payseur et al. 2004;
Payseur and Nachman 2005; Raufaste et al. 2005; Macholán
et al. 2007, 2008; Teeter et al. 2008, 2010), suggesting
that multiple genomic regions confer reproductive barriers
(Payseur 2010). Hybrid males from this zone (Turner et al.
2012) and from the laboratory (Iványi et al. 1969; Forejt
and Iványi 1974; Storchová et al. 2004; Britton-Davidian
et al. 2005; Vyskočilová et al. 2005, 2009; Good et al.
2008a,b) exhibit reproductive phenotypes that indicate sub-
fertility or sterility. Hybrid male sterility has been linked to
loci on the X chromosome (Oka et al. 2004; Storchová et al.
2004; Britton-Davidian et al. 2005; Good et al. 2008a,b and
2010 Vyskočilová et al. 2009) and the autosomes (Forejt and
Iványi 1974; Forejt 1996; Oka et al. 2007; Gregorová et al.
2008; Mihola et al. 2009). The only known vertebrate hy-
brid sterility gene, Prdm9, was found in crosses between
these two subspecies (Forejt and Iványi 1974; Forejt 1996;
Mihola et al. 2009). Female hybrid sterility (Britton-Davidian
et al. 2005), reduced immunological function in hybrids
(Sage et al. 1986; Moulia et al. 1991), faster fertilization
rates of conspecific sperm (Dean and Nachman 2009), and
female mating preferences for conspecific males (Laukaitis
et al. 1997) provide additional reproductive barriers between
these subspecies.

Reproductive barriers between M. m. domesticus and
M. m. castaneus have not been directly evaluated, but some
evidence suggests that isolation may be less severe than that
between M. m. musculus and M. m. domesticus. In natural
populations, hybridization has occurred between the two
subspecies in human-mediated zones of secondary contact
(Orth et al. 1998). Hybridization may have also occurred in
Iran during subspecies range expansion (Duvaux et al.
2011). Patterns of genetic differentiation indicate higher
levels of introgression from M. m. domesticus into M. m.
castaneus than between M. m. musculus and M. m. domes-
ticus (Geraldes et al. 2008, 2011). Inbred strains of M. m.
castaneus have been repeatedly crossed to classical inbred
strains of house mice (mostly of M. m. domesticus origin) to
map phenotypes (e.g., Janaswami et al. 1997; Anunciado
et al. 2000; Ishikawa et al. 2000; Lyons et al. 2003, 2004;
Yi et al. 2006). Mapping populations usually have been
established using backcross and intercross designs, suggest-
ing that F1 hybrids between these two subspecies are effec-
tively fertile. However, the unusual history of the classical
strains, which includes hybridization between different sub-
species (Beck et al. 2000; Frazer et al. 2007; Yang et al.
2007; Keane et al. 2011), might have shaped these patterns.
Additionally, even if F1 hybrid sterility does not block re-
production between M. m. castaneus and M. m. domesticus,
barriers could appear in subsequent generations. Recessive-
recessive incompatibilities that isolate these subspecies
would not be visible in F1’s. Such incompatibilities contrib-
ute to hybrid dysfunction in other taxa (Presgraves 2003;
Oka et al. 2004; White et al. 2011) and are predicted to be
more common than other types of disrupted interactions
(Muller 1942). Support for the existence of recessive-reces-
sive incompatibilities in crosses involving M. m. castaneus
and M. m. domesticus comes from the identification of mul-
tiple genomic regions in M. m. castaneus that reduce fertility
only when homozygous. Several independent segments
of the M. m. castaneus (CAST/EiJ strain) genome caused
reduced fecundity when introgressed on to the genomic
background of a strain primarily descended from M. m.
domesticus (Davis et al. 2007).

Here, we provide the first detailed characterization of the
genetic architecture of hybrid male sterility between M. m.
castaneus and M. m. domesticus. We report QTL for a broad
range of male fertility traits in the F2 generation. We com-
pare these QTL to those discovered in an equivalent study of
hybrid male sterility between M. m. domesticus and M. m.
musculus (White et al. 2011) to understand the evolution of
reproductive isolation in house mice.

Materials and Methods

Animal husbandry and crossing design

Two wild-derived inbred strains purchased from Jackson
Laboratories (www.jax.org) were used to conduct the inter-
crosses: M. m. castaneus (CAST/EiJ) and M. m. domesticus
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(WSB/EiJ). Parents were crossed in reciprocal directions
to generate the F1 hybrids (M. m. castaneusCAST · M. m.
domesticusWSB and M. m. domesticusWSB · M. m. castaneusCAST).
The F2 intercross was generated by crossing F1 siblings
from both parental directions: (M. m. castaneusCAST ·
M. m. domesticusWSB) F1 · (M. m. castaneusCAST · M. m.
domesticusWSB) F1 and (M. m. domesticusWSB · M. m.
castaneusCAST) F1 · (M.m. domesticusWSB ·M.m. castaneusCAST)
F1. All crosses occurred within the University of Wisconsin
School of Medicine and Public Health mouse facility accord-
ing to animal care protocols approved by the University of
Wisconsin Animal Care and Use Committee. Mice were pro-
vided with food and water ad libitum. Pups were weaned
into same-sex sibling groups at 21 days and males were
separated into individual cages at �56 days. Males were
killed for phenotyping at 70 days of age (65 days) using
carbon dioxide.

Quantification of male fertility phenotypes

Five morphological characters were quantified to diagnose
subfertility and sterility in males: testis weight (Iványi et al.
1969; Forejt and Iványi 1974), sperm density (Searle and
Beechey 1974; Storchová et al. 2004; Vyskočilová et al.
2005), proportion of abnormal sperm (Kawai et al. 2006),
sperm head morphology (Oka et al. 2004; Storchová et al.
2004; Kawai et al. 2006), and stage VII seminiferous tubule
area. Variation in these phenotypes will stem from two sour-
ces: strain-specific differences in fertility characteristics and
hybrid incompatibilities that are not present in the parent
strains. Testes were weighed fresh immediately upon dissec-
tion, fixed overnight in Bouin’s, and washed in an ethanol
series. The right testis was embedded in paraffin, sectioned
at 6 mm, and stained with hematoxylin and eosin following
standard procedures. Testis weight was positively correlated
with body weight in F2 males (Pearson’s r = 0.255, P ,
0.001). To account for this correlation, testis weight was
divided by body weight prior to QTL analyses. We also map-
ped QTL for absolute right testis weight and for the residual
trait scores of testis weight regressed on body weight. Sperm
was extracted from the left and right cauda epididymides to
measure sperm density, sperm head morphology, and abnor-
mal sperm type as previously outlined (White et al. 2011).
Cross-sectional seminiferous tubule area was only quantified
in stage VII tubules to control for variance in area among the
different stages of spermatogenesis (Russell et al. 1990) as
previously described (White et al. 2011). The area of semi-
niferous tubules was positively correlated with testis weight
(Pearson’s r = 0.407, P , 0.001). To account for this cor-
relation, all QTL analyses were conducted using the residual
trait scores from a least squares regression of seminiferous
tubule area on testis weight.

To quantify X and Y chromosome synapsis, Dumont and
Payseur (2011) collected early meiotic cells for CAST/EiJ,
WSB/EiJ, and F1 hybrids. X and Y chromosome synapsis was
recorded as a binary indicator for each cell in late pachytene.
Synapsis was defined by the formation of a synaptonemal

complex between the pseudoautosomal regions of the two
chromosomes, as revealed by the merger of SYCP3 signals
across the pseudoautosomal region (PAR). Within each pa-
rental strain and F1, cells were pooled across multiple males
[CAST/EiJ: three males, 91 total cells; WSB/EiJ: five males,
99 total cells; (CAST/EiJ ·WSB/EiJ) F1: four males, 96 total
cells; and (WSB/EiJ · CAST/EiJ) F1: one male, 63 total
cells]. The proportion of X and Y chromosomes that were
not synapsed was calculated across the total pool of cells.

Genotyping and quality control procedures

Genomic DNA extraction, SNP design, genotyping, and
quality control procedures, were conducted as previously
described (White et al. 2011). After quality control, there
were 188 SNPs across the autosomes and X chromosome,
one Y-linked SNP, one mitochondrial SNP, and two SNPs
within the M. m. castaneus PAR. Pairwise genotypic similar-
ity of males fell between 13.8 and 85.8% with the exception
of two males who were identical at .98.9% of their
markers. These males likely reflected duplicate DNA sam-
ples and were removed from the analysis. After quality con-
trol, the final data set retained 313 males. Only 4.9% of
markers were missing from the entire data matrix. All gen-
otypes within the PAR were verified by amplifying �1 kb
across the SNPs with polymerase chain reaction (PCR) and
Sanger sequencing the PCR fragment.

QTL analyses

The genetic map was estimated from a total of 579 males
and females with the est.map function of R/qtl (Broman
et al. 2003; Broman and Sen 2009), using a Carter–Falconer
mapping function (Carter and Falconer 1951; Broman et al.
2002). Because the stringent filtering scheme for markers
ensured few genotyping errors (Dumont et al. 2011), the
map was estimated assuming a genotyping error rate of
zero. SNPs were spaced at an average distance of 8.06 cM.
Marker order matched that of the reference mouse genome
(Mouse Genome Sequencing Consortium 2002), suggesting
no large chromosomal rearrangements. Physical positions
were interpolated using the physical and genetic map posi-
tions of flanking markers. Crossing design, the number of
males, and the number of SNPs were nearly identical to
a previous study between M. m. musculus and M. m. domes-
ticus (White et al. 2011). This enabled a direct comparison
of the genetic architecture of hybrid male sterility.

Interval mapping was conducted using the scanone func-
tion in R/qtl (Lander and Botstein 1989; Broman and Sen
2009) as previously described (White et al. 2011). Genotype
probabilities were calculated between markers every 2 cM
using a genotyping error rate of 0.001. Phenotypes were
mapped using standard interval mapping except for the ab-
normal sperm types, which were mapped using the ex-
tended Haley–Knott method (Feenstra et al. 2006).

Joint analyses of multiple QTL were conducted with two-
dimensional, two-QTL scans and multiple QTL modeling as
previously described (White et al. 2011). All phenotypes
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were mapped using standard interval mapping, with the
exception of amorphous sperm heads, which was mapped
using Haley–Knott regression (Haley and Knott 1992). Mul-
tiple QTL models were fitted with the stepwiseqtl function of
R/qtl (Manichaikul et al. 2009; Arends et al. 2010). In mod-
els that included the mitochondrion or Y chromosome,
a covariate that accounted for the intercross direction was
added. This covariate was used to capture the phenotypic
effects from the mitochondrion or Y chromosome. A penal-
ized LOD score derived from the 10,000 scantwo permuta-
tions was used to compare models. Genotype probabilities
were calculated every 3 cM with a genotyping error rate of
0.001 and all phenotypes were mapped using Haley–Knott
regression (Haley and Knott 1992).

Results

Parental and F1 hybrid fertility

Most phenotypes indicated that M. m. castaneusCAST males
were less fertile than M. m. domesticusWSB males. There was
no significant difference between M. m. castaneusCAST and
M. m. domesticusWSB for proximal bent tail frequency or
distal bent tail frequency, but M. m. castaneusCAST displayed
significantly higher levels of infertility for all other pheno-
types (Table 1). Furthermore, M. m. castaneusCAST displayed
sperm heads with reduced apical hooks, consistent with sub-
fertility (Figure 1A). To begin to determine whether these
differences were strain-specific, we conducted a preliminary
examination of another strain of M. m. castaneus (CIM).
M. m. castaneusCIM showed relative right testis weights well
below those of M. m. castaneusCAST (M. m. castaneusCAST,
3.11; M. m. castaneusCIM, 1.94; t-test: P, 0.001), indicating
that the reduced fertility measures of M. m. castaneusCAST

were not unique to this strain. Although M. m. castaneusCAST

exhibited some degree of subfertility, males paired with
M. m. domesticusWSB females produced offspring.

F1 hybrid male sterility between M. m. castaneusCAST

and wild-derived strains from other subspecies of house
mice has not been evaluated. We quantified sterility pheno-
types in F1 hybrid males from reciprocal crosses between
M. m. castaneusCAST and M. m. domesticusWSB. For most
phenotypes examined, males from both directions of the
cross had fertility measures that matched or exceeded
those of M. m. domesticusWSB males (Table 1). Like the
M. m. domesticusWSB parent, F1’s from both cross directions
also showed sperm heads with pronounced apical hooks
(Figure 1A), a shape consistent with fertility (White et al.
2011), and low frequencies of abnormal sperm types
(Table 1). Although F1’s generally showed high levels of
fertility, several potential signs of hybrid subfertility
emerged. The (M. m. domesticusWSB · M. m. castaneusCAST)
F1 had significantly reduced relative right testis weights
compared to M. m. domesticusWSB and the reciprocal F1
(Table 1). In addition, F1’s from both cross directions had
significantly reduced seminiferous tubule areas (indistin-
guishable from the M. m. castaneusCAST parent; Table 1).
Both F1 directions also had a higher percentage of seminif-
erous tubules with apoptotic cells than either parent (Table
1). Hybrid defects in spermatogenesis were also apparent
in spermatocytes in the late phase of meiosis. We detected
significantly higher proportions of spermatocytes with un-
paired X and Y chromosomes as compared to either parent
strain (Table 1).

We set up intercrosses by pairing F1 males with F1
females from the same parental cross direction. Males
from both F1 directions sired offspring in every pairing
attempted [(M. m. domesticusWSB · M. m. castaneusCAST)
F1 direction: 4 pairings; (M. m. castaneusCAST · M. m.
domesticusWSB) F1 direction: 10 pairings], indicating that
males in both cross directions were fertile. Although we
detected a few F1 phenotypes that revealed defects during
spermatogenesis, they had no strong effect on the ability to
sire offspring.

Table 1 Mean fertility traits for parents and F1’s

Phenotype M. m. casta M. m. dom.a cast. X dom.a dom. X cast.a

Right testis weight (mg) 43.15b (5; 61.49) 66.36c (19; 611.51) 63.40c (22; 64.011) 78.70d (13; 66.47)
Relative right testis weight (mg/g) 3.11b (5; 60.19) 3.95c (19; 60.57) 3.86c (22; 60.29) 3.45d (13; 60.28)
Sperm density (millions/mL) 3.089e (25; 60.82) 12.37f (17; 64.08) 15.24f (22; 63.07) 14.68f (11; 64.70)
Seminiferous tubule area (mm2) 25,690.47b (5; 61725.04) 34,583.45c (6; 65328.86) 24,917.02b (6; 62269.43) 26,496.08b (6; 62460.66)
Proportion of apoptotic cellsg 0e (5; 60.000) 0.002e (6; 60.003) 0.048f (6; 60.016) 0.065f (6; 60.018)
Proximal bent tailh 0.069e (8; 60.030) 0.042e (10; 60.022) 0.0090f (10; 60.0074) 0.0060f (10; 0.0070)
Distal bent tailh 0.020e (8; 60.011) 0.011e,f (10; 60.012) 0.0020f (10; 60.0042) 0.0040f (10; 60.0052)
Headless/tailless spermh 0.18e (8; 60.060) 0.072f (10; 60.036) 0.092f (10; 60.041) 0.081f (10; 60.037)
Amorphous sperm headh 0.19e (8; 60.086) 0.013f (10; 60.013) 0.0090f (10; 60.012) 0.0050f (10; 60.0097)
Total sperm abnormalitiesh 0.46e (8; 60.071) 0.14f (10; 60.052) 0.11f (10; 60.044) 0.096f (10; 60.039)
Unpaired X/Y chromosomesi 0.066 j (91) 0.051j (99) 0.375k (96) 0.302k (63)
a Mean (N; SD). Unpaired X/Y chromosomes, proportion (total cells).
b,c,d Groups significantly different by t-test, P , 0.05.
e,f Groups significantly different by Mann-Whitney U Test, P , 0.05.
g Proportion of seminiferous tubules with any apoptotic cells.
h Proportion of abnormal sperm.
i Proportion of meiocytes with unpaired X and Y chromosomes at late pachytene.
j,k Groups significantly different by logistic regression, P , 0.001.
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F2 hybrid sterility

We examined hybrid male sterility in 313 F2 males (99 males
originated from the direction withM. m. domesticusWSB as the
female parent; 214 males originated from the direction with
M. m. castaneusCAST as the female parent). There was an
expansion of variance for all phenotypes examined in the F2
males (Figure 2), with a large proportion of the distributions
falling in a low fertility range. We used phenotypic means
from the sterile F1 hybrids between M. m. musculusPWD ·
M. m. domesticusWSB (White et al. 2011) to set thresholds
for infertility in the F2 males. For several phenotypes, a per-
centage of males fell within the sterile range (relative right
testis weight, 22%; sperm density, 9.3%; proximal bent tail,
9.9%; distal bent tail, 17.3%; and amorphous sperm head,
8.0%), highlighting the importance of recessive factors con-

tributing to hybrid male sterility. We also found high broad-
sense heritabilities for each of these phenotypes (relative
right testis weight, 0.837; sperm density, 0.768; seminiferous
tubule area, 0.590; proximal bent tail, 0.927; distal bent tail,
0.884; headless/tailless sperm, 0.866; amorphous sperm head,
0.951; and total spermabnormalities, 0.921), verifying that a large
proportion of the phenotypic variance was due to genetic differ-
ences. Broad-sense heritability was not calculated for the principal
component scores of sperm head morphology because the vari-
ance from the F2’s is not directly comparable to the variance
among the parents and F1’s.

The majority of variation in sperm head morphology among
the F2 males was captured by two principal component scores.
Principal component one (PC1) explained the curvature of the
apical hook on the sperm head (PC1; 52.11% of the phenotypic
variance; Figure 1B), whereas principal component two (PC2)
accounted for an overall change in sperm head width (PC2;
25.91% of the phenotypic variance; Figure 1B). Similar to what
was observed in sterile (M. m. musculusPWD · M. m. domesti-
cusWSB) F1 male hybrids (White et al. 2011), lower values of
PC1 were associated with large reductions of the apical sperm
head hook.

Most phenotypes were significantly correlated (Table 2),
suggesting the presence of common genetic factors. Two
phenotypes captured specific abnormalities in spermatogen-
esis that were largely independent of other hybrid sterility
traits. Sperm head morphology PC2 was only negatively
correlated with headless/tailless sperm (Table 2). In this
case, higher proportions of headless/tailless sperm were as-
sociated with thinner sperm heads. The residual trait score
of seminiferous tubule area was only negatively correlated
with amorphous sperm heads (Table 2).

Figure 1 Epididymal sperm head morphologies. M. m. domesticusWSB,
M. m. castaneusCAST, and the F1 hybrids (A). Epididymal sperm head
morphology was characterized by two main principal components in
the F2 males (B). The first principal component largely explained changes
in the apical hook, whereas the second principal component character-
ized a change in sperm head width.

Figure 2 F2 phenotype distributions
from M. m. castaneusCAST · M. m.
domesticusWSB intercross. Seminiferous
tubule area is the residual trait score of
tubule area regressed on testis weight.
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Single QTL interval mapping

Using standard interval mapping, (Lander and Botstein
1989; Broman and Sen 2009), we found QTL associated
with every phenotype except distal bent tail. For relative
right testis weight, the strongest QTL was in the PAR, a nar-
row stretch of sequence homology on the distal end of the X
and Y chromosomes (Figure 3; Tables 3 and 4; Supporting
Information, Figure S1). We also detected testis weight QTL
on chromosomes 2 and 4. The QTL in the PAR was consis-
tent across multiple testis weight phenotypes (absolute right
testis weight, relative right testis weight, and the residual
trait scores of testis weight regressed on body weight); how-
ever, the QTL on chromosomes 2 and 4 dropped below a 5%
significance threshold when mapped as absolute right testis
weight and the residual trait scores of testis weight
regressed on body weight (Table S1). For seminiferous tu-
bule area, we found QTL on chromosomes 2 and 8, the distal
end of the X chromosome, and within the PAR. The pheno-
typic distributions for other phenotypes exhibited strong
skews from normality (Figure 2). We used transformations
and alternative mapping methods for these phenotypes to as-
sess the robustness of the results. Results were consistent
across methodologies except for one phenotype (proximal bent
tail), where the QTL dropped below a 5% significance thresh-
old when mapped in a nonparametric framework (Table S2).

We detected several QTL associated with sperm density.
When the entire phenotypic distribution was used for
mapping, we detected a significant QTL on the distal endTa
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Figure 3 Single QTL scan for hybrid male sterility. The 1.5 LOD support
intervals for QTL that exceed a genome-wide 5% significance threshold
are shown (TW, relative right testis weight; SD, sperm density and sperm
density binary; PC1, sperm head morphology PC1; STA, seminiferous
tubule area; PBT, proximal bent tail; H/T, headless/tailless; ASH, amor-
phous sperm head; and TAS, total abnormal sperm). QTL mapping to
the mitochondrion or Y chromosome are not shown.
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of the X chromosome and within the PAR (Figure 2; Tables 3
and 4). Sperm density was converted to a binary character
to account for the large number of males with near-zero
sperm densities (Figure 2). We split the distribution into
two bins by setting a threshold (1.5 millions/mL) that
maximized the LOD score of the QTL on the X chromo-
some. When treated as a binary character, we detected
a significant QTL at the proximal end of the X chromo-
some. We also analyzed sperm density with a two-part
procedure, which uses two separate models to map the
trait (Broman 2003; Broman and Sen 2009): a binary trait
above and below a threshold (1.5 millions/mL) and a nor-
mal, quantitative character above the threshold. Consis-
tent with what was observed with the binary model, the
QTL on the proximal end of the X chromosome largely
controlled high vs. low sperm density, whereas the QTL
on the distal end of the X chromosome affected variation
within the normal range of the distribution. The QTL within
the PAR affected high vs. low sperm density and variation
within the normal range of the distribution (Figure 4).

All abnormal sperm types (proximal bent tail, head-
less/tailless sperm, amorphous sperm heads, and total
abnormal sperm) had QTL linked to the distal end of the X
chromosome and within the PAR (Figure 3; Tables 3 and
4). In addition, amorphous sperm head was associated
with two autosomal QTL on chromosomes 2 and 9. Prox-
imal bent tail and amorphous sperm head had spikes at
zero in their distributions, so we also applied a two-part
model to differentiate the binary and quantitative por-
tions of the traits (as described above). The effects of
the X-linked QTL varied among phenotypes (Figure 4).
For proximal bent tail, the QTL affected both the presence
and absence of the trait as well as variation within the
quantitative portion of the distribution. For amorphous
sperm head, the X-linked QTL only contributed to varia-
tion within the quantitative range. Autosomal QTL had
mixed effects, contributing to the presence of amorphous
heads and variation within the normal range. The PAR
QTL only contributed to variation within the normal
range of the distributions.

Sperm head morphology PC1 and PC2 were associated
with autosomal, X-linked, and PAR-linked QTL. Sperm
head morphology PC1 was linked to chromosome 2, the
distal end of chromosome X, and the PAR, whereas sperm
head morphology PC2 was linked to the proximal end of
chromosome X and the PAR (Figure 3; Tables 3 and 4). For
PC2, we also found a strongly supported QTL linked to the
mitochondrion or Y chromosome.

With the exception of the relative right testis weight
QTL on chromosome 2 and sperm head morphology PC2
on the mitochondrion or Y chromosome, sterility was
consistently associated with M. m. castaneusCAST alleles
(Table 3). On the autosomes, sterility connected to M. m.
castaneusCAST alleles spanned a range of dominance effects.
On chromosome 2, there was evidence for several distinct
effects. At the proximal end of chromosome 2, sterility wasTa
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associated with the M. m. domesticusWSB allele for relative
right testis weight and with the M. m. castaneusCAST allele
for seminiferous tubule area. At the distal end of chromosome
2, sterility was associated with the M. m. castaneusCAST allele
for sperm head morphology PC1.

Linkage to the pseudoautosomal region

The M. m. castaneusCAST PAR is larger than the PAR in M. m.
domesticusWSB (M. A. White and B. A. Payseur, unpublished
results). Markers within this extended region can be genotyped
from theM. m. castaneusCAST X chromosome and the PAR of the
Y chromosome, but only from the M. m. domesticusWSB X chro-
mosome. Therefore, markers within this region exhibit segrega-
tion patterns that are specific to the direction of the intercross
(Figure 5). To account for these different segregation patterns,
we treated cross-direction as an additive covariate and per-
formed single QTL interval mapping within the PAR. We found
a strong QTL for relative right testis weight associated with the
PAR in both directions of the intercross (Table 4). In the M. m.

domesticusWSB X chromosome · M. m. castaneusCAST Y chromo-
some direction, the greatest reduction in testis weight occurred
when the region was heterozygous (DCsterile genotype in Table
4; Figure 5). In the M. m. castaneusCAST X chromosome · M. m.
domesticusWSB Y chromosome direction, testis weight was only
reduced when the PAR region was paired with a M. m. domes-
ticus Y chromosome PAR (CCsterile genotype in Table 4; Figure 5).

The DCsterile and CCsterile genotypes (M. m. domesticusWSB

X chromosome · M. m. castaneusCAST Y chromosome direc-
tion and M. m. castaneusCAST X chromosome · M. m. domes-
ticusWSB Y chromosome direction, respectively) contain
a mixture of recombinant and nonrecombinant Y chromo-
somes (Figure 5). Although we could not distinguish the two
with available markers, we estimated the fraction of each
type of chromosome by comparing to the number of
recombinant Y chromosomes in the DD and DC genotypes
(M. m. domesticusWSB X chromosome · M. m. castaneusCAST

Y chromosome direction and M. m. castaneusCAST X chromo-
some · M. m. domesticusWSB Y chromosome direction,

Table 4 QTL linked to the pseudoautosomal region

Cross direction Phenotype LOD scorea DDb DCb CCb

Dom. · Cast. Rel. right testis weight 6.20 3.57 (60.26) 2.92 (60.12) 3.92 (60.13)
Cast. · Dom. Rel. right testis weight 7.33 3.73 (60.09) 3.62 (60.24) 2.93 (60.01)

Sperm density 6.44 15.69 (60.80) 17.02 (62.16) 9.94 (60.92)
Sperm head PC1c 4.12 0.01 (60.004) 0.02 (60.01) 20.02 (60.01)
Sperm head PC2c 3.14 0.002 (60.003) 0.01 (60.01) 0.02 (60.003)
Semin. tubule aread 10.64 1788.93 (6459.11) 4039.19 (61240.40) 22897.30 (6532.58)
Prox. bent taile 3.74 0.19 (60.01) 0.19 (60.03) 0.25 (60.01)
Headless/taillesse 5.26 0.34 (60.01) 0.33 (60.03) 0.42 (60.01)
Amorph. sperm heade 4.73 0.14 (60.01) 0.12 (60.03) 0.21 (60.01)
Total abnormal sperme 7.98 0.44 (60.02) 0.42 (60.05) 0.59 (60.02)

a Only QTL with a LOD score .3 are shown.
b Phenotype means of each genotype (6SE). D, M. m. domesticusWSB; M, M. m. castaneusCAST.
c Transformed to normal quantiles. Lower values of PC1 and PC2 are correlated with higher levels of sterility.
d Residual trait scores of seminiferous tubule area regressed on testis weight. Lower values are correlated with higher levels of sterility.
e Arcsine squareroot transformed.

Figure 4 Single QTL scans with two-
part models. The models evaluate sup-
port for QTL associations from the
presence/absence of the trait (blue line),
the normal portion of the distribution
(red line), and the combined distribution
(black line). Genome-wide significance
thresholds are indicated by the dashed
lines and were derived independently
for the autosomes and the X chromo-
some from 1000 permutations of the
combined distribution model (black line)
(a = 0.05).
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respectively) (Figure 5). We found 11 males with a DD ge-
notype and 15 males with a DC genotype. Because roughly
equal numbers of recombinant Y chromosomes should be
present in the DCsterile and CCsterile genotypes, we estimated
that 76.6% (36 of 47 males) of the DCsterile genotype was
composed of a nonrecombinant M. m. castaneus Y chromo-
some paired with a M. m. domesticus X chromosome and
83.1% (74 of 89) of the CCsterile genotype was composed
of a nonrecombinantM. m. domesticus Y chromosome paired
with aM. m. castaneus X chromosome. Both directions of the
cross indicated that sterility is a consequence of heterozy-
gosity, suggesting that mispairing of structurally different
PARs might be involved.

Although heterozygosity in the PAR caused sterility in both
directions of the cross, the phenotypic effects appeared to
differ between directions of the intercross. The remainder of
the phenotypes (sperm density, sperm head morphology PC1,
sperm head morphology PC2, seminiferous tubule area,
proximal bent tail, headless/tailless sperm, amorphous sperm
head, and total abnormal sperm; Table 4) were only linked to

the PAR in the M. m. castaneusCAST · M. m. domesticusWSB

cross direction. In every case, the phenotypic means of
genotypic classes matched the pattern observed for relative
right testis weight, with reduced fertility in heterozygotes
with the M. m. domesticusWSB Y chromosome PAR.

Multiple QTL mapping

To look for additional QTL and epistatic interactions, we fit
multiple QTL models. We first considered two-locus geno-
typic combinations. All mapping was conducted in a para-
metric framework. Using a genome-wide significance
threshold of 5%, we detected pairs of QTL for relative right
testis weight (2 and 4, 2 and PAR, 4 and PAR, M/Y and X,
M/Y and PAR), seminiferous tubule area (2 and 2, 2 and 8,
2 and 10, 2 and X, 2 and PAR, 8 and 10, 8 and X, 8 and PAR,
10 and X, M/Y and X, X and PAR), sperm head morphology
PC1 (2 and X, 2 and PAR, X and PAR), sperm head
morphology PC2 (4 and X, 5 and PAR, M/Y and X, M/Y and
PAR, X and X, X and PAR), and amorphous sperm head (2 and
9, 2 and X, 2 and PAR, 9 and X, 9 and PAR) (Table S3).

Figure 5 Pseudoautosomal region (PAR) SNP markers in
F1 and F2 animals. Two markers (denoted by horizontal
lines) are present within the Y chromosome PAR of
M. m. castaneusCAST but not within the Y chromosome
PAR of M. m. domesticusWSB. All genotypes from both
intercross directions are shown. M. m. domesticusWSB

alleles are shown in blue and M. m. castaneusCAST alleles
are shown in black. The red region of the Y chromosome
denotes sequence that is nonhomologous with the X chro-
mosome. Sterile genotypes in F2 males are shown in
dashed boxes. Recombinant Y chromosomes have aster-
isks. We detected some recombinants between the M. m.
castaneus X chromosome and the nonhomologous region
of the M. m. domesticus Y chromosome, as indicated by
the M. m. castaneus genotype present on the M. m.
domesticus Y chromosome (lower cross).
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Phenotypic effects for most QTL pairs followed an additive
mode; however, some phenotypes exhibited strong epistatic
interactions between QTL on the distal end of the X chro-
mosome and the mitochondrion or Y chromosome (Table
S3). In these cases, a reduction in fertility was observed
when the X chromosome was paired with the mitochondrion
or Y chromosome of the other subspecies. This pairwise
epistatic interaction mirrored the phenotypic patterns we
observed for genotypic classes in the PAR, but with a lower
LOD score. These results suggest that linkage to the distal
end of the X chromosome and linkage to the PAR were
driven by the same QTL.

We fit models that could incorporate more than two QTL
using a forward/backward stepwise search algorithm. The
percentage of phenotypic variance explained by these
models varied among phenotypes (relative right testis
weight, 30.84%; sperm density, 8.12%; sperm head mor-
phology PC1, 12.55%; sperm head morphology PC2,
46.72%; seminiferous tubule area, 28.64%; headless/
tailless, 19.19%; amorphous sperm head, 24.18%; and total
abnormal sperm, 13.90%). Most QTL identified from two-
locus QTL mapping were recovered by these analyses
(Table 5). Multiple QTL mapping detected autosomal QTL
that were missed by single QTL analyses, including loci at
which the M. m. domesticusWSB allele was associated with
sterility (relative right testis weight, chromosome 10; sperm
head morphology PC2, chromosomes 4 and 5; seminiferous
tubule area, chromosome X; and headless/tailless, chromo-
some 6) (Table 5).

Shared sterility QTL with M. m. musculusPWD · M. m.
domesticusWSB hybrids

Our previous identification of QTL for the same phenotypes
in a similarly sized intercross between M. m. musculusPWD

and M. m. domesticusWSB (White et al. 2011) allows a direct

comparison of the genetic architecture of hybrid male steril-
ity in two subspecies pairs. Statistical methods are available
that map QTL shared in multiple crosses (Lyons et al. 2004),
but they are not designed for epistatic QTL, including hybrid
incompatibilities. To begin to characterize similarity in the
genetic architecture of hybrid male sterility between subspe-
cies pairs, we counted QTL with overlapping 1.5 LOD inter-
vals. Three autosomal QTL intervals (chromosomes 2, 4, and
10) and several intervals on chromosome X overlapped be-
tween the two studies (Figure 6). The M. m. domesticusWSB

allele at chromosomes 2 and 10 reduced testis weight in
both crosses. All other shared QTL were associated with
the M. m. musculusPWD or M. m. castaneusCAST alleles. To
determine whether the number of overlapping autosomal
QTL was more than expected by chance, we permuted the
M. m. castaneusCAST ·M. m. domesticusWSB QTL and counted
QTL that overlapped with QTL found in the M. m. muscu-
lusPWD · M. m. domesticusWSB intercross. Three or more
shared QTL were observed in a large fraction of the
10,000 permutations (P = 0.698), suggesting that the ob-
served overlap was within expectations under chance alone.
Although this test ignores variation in marker density across
the genome, the results reinforce the notion that few QTL
are shared between the two crosses.

Discussion

The role of differences in fertility between M. m.
domesticusWSB and M. m. castaneusCAST

Loci on the autosomes, the X chromosome, and in the PAR
confer hybrid male sterility between M. m. domesticusWSB

and M. m. castaneusCAST. These QTL may fall into two broad
categories. First, they could reflect hybrid incompatibilities
that are not present in the parental strains. Second, QTL

Figure 6 Comparison of hybrid sterility QTL from two
intersubspecific crosses of house mice. The 1.5 LOD sup-
port intervals for QTL that exceed a genome-wide 5%
significance threshold are shown from single QTL interval
mapping and multiple QTL mapping (TW, relative right
testis weight; SD, sperm density and sperm density binary;
PC1, sperm head morphology PC1; STA, seminiferous tu-
bule area; PBT, proximal bent tail; DBT, distal bent tail; H/T,
headless/tailless; ASH, amorphous sperm head; and TAS,
total abnormal sperm). Blue QTL are from the intercross
between M. m. castaneusCAST and M. m. domesticusWSB

and red QTL are from the intercross between M. m. mus-
culusPWD and M. m. domesticusWSB (White et al. 2011).
QTL that mapped to the mitochondrion or Y chromosome
are not shown.
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could be responsible for phenotypic differences between
strains, but not hybrid dysfunction. QTL in the first category
are connected to the speciation process; those belonging to
the second category are not. The conflation of these QTL
classes is a challenge faced by all mapping studies that in-
volve crosses between reproductively isolated groups. In our
study, the subfertility of M. m. castaneusCAST raises the likely
possibility that some QTL cause differences in fertility be-
tween the parental strains, but are not responsible for re-
productive barriers between M. m. castaneus and M. m.
domesticus.

The designation of individual QTL as hybrid incompatibil-
ities or loci responsible for fertility differences among these
strains will require additional studies. The Dobzhansky–
Muller model predicts that heterosubspecific combina-
tions of alleles at multiple loci interact to reduce fertility.
The epistatic interactions between the distal end of the X
chromosome and the Y chromosome or mitochondrial ge-
nome fit this prediction, but most QTL showed little evi-
dence for epistasis. Statistical power to identify interacting
QTL is limited in crosses of this size because the number of
mice with the sterile multilocus genotype is small (epistasis
can still generate marginal effects, allowing these loci to be
detected as individual QTL). QTL mapping in larger crosses
would help determine whether the QTL we detected repre-
sent hybrid incompatibilities. To conserve power, such stud-
ies could involve targeted genomic scans for epistasis
involving the QTL reported here. Still, several pieces of ev-
idence indicate that reproductive variation among F2’s
reflects hybrid incompatibilities segregating in our inter-
cross. First, the proximal bent tail sterility phenotype, which
was prominent among F2’s, was largely absent from both
parental strains. The elevated frequency of this phenotype
in the F2 generation (but not the F1) requires epistasis in-
volving recessive alleles. Second, M. m. domesticusWSB

alleles were associated with sterility at QTL for multiple
phenotypes. Because M. m. domesticusWSB males exhibited
higher levels of fertility for every phenotype, these QTL re-
quire interactions with the M. m. castaneusCAST genome to
cause sterility in F2’s. Third, we detected significantly higher
frequencies of apoptotic cells in the seminiferous tubules of
F1 hybrids than in the parental strains and an increase of
unpaired X and Y chromosomes during meiosis, indicating
dominant interactions between the parental genomes. Fi-
nally, the QTL with the strongest and most widespread
effects on sterility (in the PAR) only reduced fertility when
heterozygous, limiting its effects to hybrid mice.

F1 hybrid male sterility

F1 hybrids produced large numbers of F2 progeny in both
cross directions. F1 fertility has been repeatedly observed in
crosses between classical inbred mouse strains (largely of
M. m. domesticus origin) and wild-caught (Anunciado et al.
2000; Ishikawa et al. 2000) or wild-derived inbred strains of
M. m. castaneus (e.g., Janaswami et al. 1997; Lyons et al.
2003, 2004; Yi et al. 2006), matching our observations. One

contributor to this fertility could be introgression of small
pieces of classical inbred strain genomes into the genome of
M. m. castaneusCAST (Yang et al. 2011). Nevertheless, we
recovered developmental signs of abnormal spermatogene-
sis in the F1 hybrids, including higher levels of apoptosis and
a large frequency of spermatocytes carrying unpaired X and
Y chromosomes at meiosis. One candidate for abnormal
spermatogenesis in the F1 hybrids between M. m. castaneus-
CAST and M. m. domesticusWSB is the PAR. Sterility was as-
sociated with a heterozygous PAR in the F2 population, and
the PAR was heterozygous in all F1 males. The PAR has been
previously linked to meiotic arrest and F1 sterility in crosses
between Mus spretus and C57BL/6J (Guénet et al. 1990;
Matsuda et al. 1991, 1992; Hale et al. 1993).

Although F1 hybrids between M. m. castaneusCAST and
M. m. domesticusWSB were largely fertile, this may not be
representative of the entire M. m. castaneus lineage. Fertility
in F1 hybrids has only been evaluated in a handful of inbred
and wild representatives of M. m. castaneus, and F1 hybrid
male sterility is known to be polymorphic among strains of
M. m. musculus and M. m. domesticus (Vyskočilová et al.
2005, 2009; Good et al. 2008b; Piálek et al. 2008). Further-
more, inbreeding depression in the parental strains might
mask reduced fertility in the F1’s.

The inbred strains used in this study exhibit similar testis
weights to wild populations of M. m. castaneus (Matsuda
et al. 1982) and M. m. domesticus (Turner et al. 2012),
arguing against severe effects of inbreeding depression.
However, the other fertility phenotypes will need to be ex-
amined in outbred parental controls to determine whether
F1 hybrids between these subspecies are subfertile.

F2 hybrid male sterility

A substantial fraction of F2 males exhibited phenotypes that
previously have been connected with sterility. High levels of
abnormal sperm (Kawai et al. 2006) and strong reductions
in the apical sperm hook (Immler et al. 2007; Firman and
Simmons 2009) are negatively correlated with fertilization
success in rodents; severely amorphous sperm heads are un-
able to fertilize ova (Krzanowska and Lorenc 1983; Oka
et al. 2007; Styrna 2008). Furthermore, abnormal sperm
head shapes often arise from aneuploidies during meiosis
(Prisant et al. 2007; Perrin et al. 2008). All sterility pheno-
types observed in F1 and F2 hybrids between M. m. muscu-
lusPWD and M. m. domesticusWSB except distal bent tail
(White et al. 2011) were also observed in F2 hybrids between
M. m. castaneusCAST and M. m. domesticusWSB, indicating that
these measures capture disruptions in spermatogenesis across
multiple subspecies of house mice.

Several QTL for hybrid male sterility overlapped with
genomic regions known to affect male reproductive traits in
house mice. The testis weight QTL found on chromosomes 4
and 10 colocalize with QTL mapped in crosses between two
classical inbred strains (Le Roy et al. 2001; Bolor et al. 2006)
and in crosses betweenM. m. musculusPWD andM. m. domes-
ticusWSB (White et al. 2011). The identification of this QTL in
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multiple intra- and intersubspecific crosses suggests that it
controls normal variation in testis weight in house mice.
Sperm density (treated as a binary trait) maps to the prox-
imal end of the X chromosome; this region reduces sperm
density when introgressed from M. m. musculus into M. m.
domesticus (Good et al. 2008a). The possibility that sperm
head morphology PC2 and relative right testis weight map
to the Y chromosome (they might instead be linked to
mtDNA) agrees with previous results from crosses between
classical inbred strains (Krzanowska 1969; Styrna et al.
1991a,b and 2002). Additionally, chromosome substitution
strains that carried the middle or distal regions of chromo-
some 2 or the middle region of chromosome 6 from M. m.
castaneusCAST on the genomic background of a classical in-
bred strain suffered severe drops in fecundity (Davis et al.
2007).

We did not detect linkage to the region on chromosome
17 that harbors Prdm9, the only gene known to cause hybrid
sterility in vertebrates (identified in crosses between M. m.
musculus and a classical inbred strain (Forejt and Iványi
1974; Forejt 1996; Mihola et al. 2009). Divergence in the
number of zinc fingers in the PRDM9 protein (Mihola et al.
2009) has been proposed as a mechanism for hybrid steril-
ity; this divergence may disrupt the protein’s ability to meth-
ylate histones (Oliver et al. 2009). However, heterozygosity
in this region is not sufficient to cause sterility and requires
additional interacting factors (Forejt 1996). BothM. m. mus-
culusPWD · M. m. domesticusWSB and M. m. castaneusCAST ·
M. m. domesticusWSB crosses produce mice that are hetero-
zygous for the number of zinc finger repeats (Parvanov et al.
2010), but only the M. m. musculusPWD · M. m. domesti-
cusWSB cross yielded QTL in the Prdm9 region (White et al.
2011). The role of Prdm9 in house mouse speciation might
be limited to hybrid male sterility between M. m. musculus
and M. m. domesticus. A more detailed examination of ab-
normal spermatogenesis in M. m. castaneus/M. m. domesti-
cus F2 males will reveal whether spermatogenesis arrests
during late pachytene, where Prdm9 has its primary effect
on hybrid sterility (Forejt and Iványi 1974; Yoshiki et al.
1993).

Comparing the genetic architecture of hybrid male
sterility in two subspecies pairs

Our genetic studies of hybrid male sterility in M. m. domes-
ticusWSB - M. m. musculusPWD (White et al. 2011) and M. m.
domesticusWSB - M. m. castaneusCAST revealed a subset of
QTL that overlap between the two subspecies pairs. Some
of these QTL may correspond with those identified in pre-
vious studies of hybrid male sterility in house mice. As in our
study, sperm density and abnormal sperm morphology have
been linked to the proximal end of the X chromosome in
crosses between M. m. molossinus and M. m. domesticus
(Oka et al. 2004) and in crosses between M. m. musculus
and M. m. domesticus (Storchová et al. 2004; Good et al.
2008a; White et al. 2011). These QTL may have a common
evolutionary origin. Fine-scale mapping will be necessary to

distinguish whether these QTL reflect the same underlying
mutation(s).

Combining results from single and multiple QTL analyses
(and counting loci that contribute to multiple phenotypes
once), we found eight autosomal QTL that contribute to
hybrid male sterility between M. m. castaneusCAST · M. m.
domesticusWSB. In comparison, we detected 16 autosomal
QTL in crosses between M. m. domesticusWSB and M. m.
musculusPWD (White et al. 2011). Because our two studies
used a common strain (M. m. domesticusWSB), measured the
same phenotypes, genotyped a shared set of SNP markers,
and featured similar sample sizes, these studies offered com-
parable power to detect QTL. As a result, we conclude that
the larger number of autosomal QTL in M. m. domesticusWSB

· M. m. musculusPWD reflects greater genetic complexity of
hybrid male sterility between M. m. musculus and M. m.
domesticus than between M. m. castaneus and M. m. domes-
ticus, despite similar divergence times.

Most of the autosomal QTL we identified in either study
(18 out of 21) were not shared among subspecies pairs. This
result agrees with the phylogenetic history of house mice.
High levels of phylogenetic discordance among gene trees
indicate that the ancestor of M. m. musculus and M. m. cas-
taneus diverged rapidly from the M. m. domesticus lineage
(Tucker et al. 1989; Prager et al. 1996, 1998; Lundrigan
et al. 2002; Goios et al. 2007; Geraldes et al. 2008; Liu
et al. 2008; White et al. 2009; Keane et al. 2011). The short
internal branch leading from the root to the most recent
common ancestor of M. m. musculus and M. m. castaneus
provided little time for derived-derived incompatibilities
(Orr 1995) to evolve. As a result, shared incompatibilities
are more likely to have arisen along the M. m. domesticus
lineage as ancestral-derived incompatibilities. Therefore,
most incompatibilities should be unshared between these
two subspecies pairs because unshared mutations could have
accumulated on both theM. m. musculus andM. m. castaneus
branches. Genetic mapping of hybrid male sterility between
the third subspecies pair,M. m. castaneus andM. m. musculus,
will assist with assigning incompatibilities to the phylogeny.

Hybrid male sterility and the PAR

Heterozygosity in the PAR was strongly associated with
most hybrid sterility measures. The PAR is a small region of
sequence homology between the X and Y chromosomes,
which is restricted to the distal 700 kb of the X chromosome
in house mice (Burgoyne 1982; Palmer et al. 1997; Perry
et al. 2001). During each male meiosis, an obligate crossover
in this small region helps ensure accurate pairing and seg-
regation of the sex chromosomes (Keitges et al. 1985;
Rouyer et al. 1986; Soriano et al. 1987). Disruptions in pair-
ing (Burgoyne et al. 1992; Mohandas et al. 1992) or reduced
recombination (Shi et al. 2001) can result in aneuploidies or
complete meiotic arrest. Consequently, subspecies diver-
gence within the PAR could directly reduce male fertility.

Our results highlight several novel patterns of PAR-linked
hybrid male sterility. This is the first example of PAR-linked
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hybrid sterility among very recently diverged lineages.
Hybrid male sterility between more divergent species, Mus
spretus and M. m. domesticus (C57BL/6J) (She et al. 1990;
Suzuki et al. 2004), has been mapped to the PAR (Guénet
et al. 1990). In this species pair, sterility was also limited to
heterozygotes (Matsuda et al. 1991; Hale et al. 1993), in
which high levels of dissociation among the X and Y chro-
mosomes triggered meiotic arrest (Matsuda et al. 1992; Oka
et al. 2010). We observed high frequencies of spermatocytes
carrying unpaired X and Y chromosomes at late pachytene in
F1 hybrids between M. m. castaneusCAST and M. m. domes-
ticusWSB, an effect likely caused by intersubspecific differ-
ences in the PAR region. The increased sterility in F2
hybrids may be attributed to epistatic interactions between
a heterozygous PAR and homozygous (recessive) loci else-
where in the genome.

Other crosses implicate the M. m. castaneusCAST X chro-
mosome as a source of incompatibilities. The M. m. casta-
neusCAST X chromosome was underrepresented in the
Collaborative Cross, a set of recombinant inbred lines result-
ing from crosses between eight strains (Collaborative Cross
Consortium 2012). Because the founder strains were biased
toward M. m. domesticus ancestry, selection against the
M. m. castaneusCAST X chromosome might have been driven
by the PAR-associated hybrid sterility we document here.

Genetic characterization of PAR-linked hybrid
male sterility

The high level of variation in hybrid male sterility we
observed among heterozygous genotypes indicates that
additional genetic factors contribute to PAR-linked hybrid
sterility. Although the detailed mechanisms underlying X
and Y pairing in the PAR remain unknown, evidence is
beginning to indicate that unique mechanisms regulate
recombination in this region. In house mice, the PAR
harbors an exceptionally high number of double-strand
break repair hotspots (Smagulova et al. 2011) and uses ma-
chinery to repair double-strand breaks that is distinct from
the rest of the genome (Kauppi et al. 2011). A more detailed
quantification of meiotic defects betweenM. m. castaneusCAST

and M. m. domesticusWSB will enable mapping of loci that
modify PAR-linked hybrid sterility between these subspecies,
leading to the discovery of genes specific to X and Y pairing,
recombination, and segregation during meiosis.

Several genetic tools exist in these subspecies to aid in
fine mapping of genes associated with these traits. Numer-
ous mutant mouse strains have been generated that harbor
abnormalities in male reproductive phenotypes (reviewed in
Matzuk and Lamb 2002, 2008). These resources provide an
extensive list of candidate genes underlying QTL. Further-
more, the eight founder strains of the collaborative cross
include M. m. domesticusWSB and M. m. castaneusCAST

(Churchill et al. 2004). This inbred panel of mice should
accelerate fine mapping of the hybrid sterility QTL identified
here and our results will aid the interpretation of sterility
patterns segregating in this larger cross.
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  Sperm	
  head	
  morphology	
  PC1	
  and	
  PC2	
  is	
  transformed	
  to	
  normal	
  quantiles.	
  	
  All	
  abnormal	
  sperm	
  
types	
  are	
  arcsine	
  square	
  root	
  transformed	
  proportions.	
  	
  The	
  mitochondrion	
  and	
  Y	
  chromosome	
  are	
  depicted	
  together	
  (M/Y),	
  as	
  
our	
  crossing	
  scheme	
  cannot	
  differentiate	
  between	
  the	
  two.	
  	
  The	
  pseudoautosomal	
  region	
  is	
  indicated	
  as	
  PA	
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Table	
  S1	
  	
  	
  	
  Differences	
  in	
  QTL	
  support	
  between	
  the	
  three	
  testis	
  weight	
  QTL.	
  The	
  significant	
  QTL	
  on	
  chromosomes	
  6	
  and	
  X	
  for	
  
absolute	
  testis	
  weight	
  are	
  likely	
  from	
  an	
  association	
  between	
  body	
  weight	
  and	
  this	
  phenotype	
  (there	
  are	
  significant	
  QTL	
  for	
  
body	
  weight	
  on	
  chromosomes	
  2,	
  6,	
  and	
  X;	
  data	
  not	
  shown).	
  	
  The	
  chromosome	
  2	
  QTL	
  persists	
  when	
  body	
  weight	
  is	
  accounted	
  
for	
  through	
  relative	
  right	
  testis	
  weight.	
  	
  This	
  suggests	
  the	
  QTL	
  has	
  an	
  effect	
  on	
  both	
  body	
  weight	
  and	
  testis	
  weight.	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

aLOD	
  score	
  is	
  significant	
  at	
  a	
  5%	
  significance	
  threshold.	
  
bResidual	
  trait	
  scores	
  of	
  testis	
  weight	
  regressed	
  on	
  body	
  wekght.	
  

Phenotype	
   Chr.	
   Position	
  (cM)	
   LOD	
  score	
  
Absolute	
  right	
  testis	
  weight	
   2	
   47.5	
   1.49	
  
	
   4	
   19.8	
   2.82	
  
	
   6	
   32	
   3.87a	
  
	
   X	
   62	
   2.90a	
  
	
   PAR	
   -­‐	
   6.11a	
  
Relative	
  right	
  testis	
  weight	
   2	
   47.5	
   4.11a	
  
	
   4	
   30	
   3.74a	
  
	
   6	
   32	
   2.25	
  
	
   X	
   69.1	
   1.05	
  
	
   PAR	
   -­‐	
   5.58a	
  
Residual	
  trait	
  scoresb	
   2	
   47.5	
   2.66	
  
	
   4	
   30	
   3.37	
  
	
   6	
   32	
   3.23	
  
	
   X	
   68	
   1.68	
  
	
   PAR	
   -­‐	
   6.09	
  a	
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Table	
  S2	
  	
  QTL	
  that	
  differed	
  in	
  significance	
  between	
  parametric	
  and	
  nonparametric	
  single-­‐QTL	
  mapping.	
  
	
  
	
  

	
  
	
  
	
  
	
  

	
  

aLOD	
  score	
  is	
  significant	
  at	
  a	
  5%	
  significance	
  threshold.	
  
	
  

Phenotype	
   Chr.	
   Position	
  
(cM)	
  

Para.	
  LOD	
  
score	
   Nonpara.	
  LOD	
  score	
  

Proximal	
  bent	
  tail	
   X	
   60	
   3.329	
  a	
   2.573	
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Table	
  S3	
  	
  Two-­‐dimensional,	
  two-­‐QTL	
  scan.	
  	
  

Phenotype	
   Chrs.	
   Pos.	
  1	
  
(cM)a	
  

Pos.	
  2	
  
(cM)a	
  

Pos.	
  1	
  
(Mb)a	
  

Pos.	
  2	
  
(Mb)a	
  

LOD	
  score	
  
(full)	
  

LOD	
  score	
  
(c.i.)b	
  

LOD	
  score	
  
(int.)	
  

LOD	
  score	
  
(add.)	
  

LOD	
  score	
  
(c.a)c	
  

Rel.	
  right	
  testis	
  weight	
   2	
  &	
  4	
   45	
   9	
   77.0	
   28.8	
   8.57	
   4.47	
   0.66	
   7.91d	
   3.81d	
  
	
   2	
  &	
  PAR	
   48	
   3	
   82.0	
   -­‐	
   11.85d	
   6.25	
   1.32	
   10.53d	
   4.93d	
  
	
   4	
  &	
  PAR	
   33	
   3	
   77.8	
   -­‐	
   10.79d	
   5.19	
   0.86	
   9.93d	
   4.33d	
  
	
   M/Y	
  &	
  X	
   0	
   69	
   -­‐	
   162.7	
   9.03d	
   7.98d	
   7.88d	
   1.15	
   0.10	
  
	
   M/Y	
  &	
  PAR	
   0	
   3	
   -­‐	
   -­‐	
   14.27	
  d	
   8.67d	
   3.08	
   11.19d	
   5.59d	
  
Semin.	
  tubule	
  areae	
   2	
  &	
  2	
   57	
   87	
   107.8	
   169.9	
   14.85	
  d	
   7.07	
  d	
   4.43	
   10.42	
  d	
   2.65	
  
	
   2	
  &	
  8	
   45	
   60	
   77.0	
   124.4	
   12.96	
  d	
   5.19	
   0.49	
   12.47	
  d	
   4.70	
  d	
  
	
   2	
  &	
  10	
   45	
   48	
   77.0	
   102.4	
   11.50	
  d	
   3.72	
   0.41	
   11.09	
  d	
   3.32	
  d	
  
	
   2	
  &	
  X	
   51	
   69	
   90.6	
   162.7	
   14.64	
  d	
   6.87	
   2.02	
   12.62	
  d	
   4.85	
  d	
  
	
   2	
  &	
  PAR	
   45	
   0	
   77.0	
   -­‐	
   19.40	
  d	
   10.51	
  d	
   2.26	
   17.14	
  d	
   8.25	
  d	
  
	
   8	
  &	
  10	
   60	
   45	
   124.4	
   98.7	
   10.78	
  d	
   6.31	
   3.17	
   7.61	
  d	
   3.14	
  d	
  
	
   8	
  &	
  X	
   60	
   69	
   124.4	
   162.7	
   8.87	
   4.17	
   0.62	
   8.25	
  d	
   3.56	
  d	
  
	
   8	
  &	
  PAR	
   60	
   0	
   124.4	
   -­‐	
   12.49	
  d	
   3.60	
   0.25	
   12.23	
  d	
   3.35	
  d	
  
	
   10	
  &	
  X	
   30	
   69	
   76.3	
   162.7	
   8.93	
  d	
   4.23	
   0.73	
   8.19	
  d	
   3.50	
  d	
  
	
   M/Y	
  &	
  X	
   0	
   69	
   -­‐	
   162.7	
   11.09	
  d	
   6.40	
   6.34	
  d	
   4.76	
   0.06	
  
	
   X	
  &	
  PAR	
   21	
   0	
   47.7	
   -­‐	
   12.36	
  d	
   3.48	
   0.12	
   12.24	
  d	
   3.35	
  d	
  
Sperm	
  head	
  PC1f	
   2	
  &	
  X	
   96	
   57	
   177.5	
   139.8	
   8.45	
   4.10	
   0.22	
   8.23	
  d	
   3.88	
  d	
  
	
   2	
  &	
  PAR	
   96	
   3	
   177.5	
   -­‐	
   9.42	
  d	
   5.07	
   1.05	
   8.37	
  d	
   4.02	
  d	
  
	
   X	
  &	
  PAR	
   15	
   3	
   39.3	
   -­‐	
   8.45	
   4.36	
   0.53	
   7.92	
  d	
   3.84	
  d	
  
Sperm	
  head	
  PC2f	
   4	
  &	
  X	
   18	
   27	
   45.0	
   60.4	
   14.64	
  d	
   3.78	
   0.14	
   14.50	
  d	
   3.65	
  d	
  
	
   5	
  &	
  PAR	
   15	
   0	
   36.6	
   -­‐	
   12.79	
  d	
   4.39	
   0.57	
   12.21	
  d	
   3.82	
  d	
  
	
   M/Y	
  &	
  X	
   0	
   27	
   -­‐	
   60.4	
   26.40	
  d	
   15.33	
  d	
   0.42	
   25.99	
  d	
   14.92	
  d	
  
	
   M/Y	
  &	
  PAR	
   0	
   0	
   -­‐	
   -­‐	
   15.45	
  d	
   4.38	
   0.39	
   15.06	
  d	
   3.99	
  d	
  
	
   X	
  &	
  X	
   15	
   42	
   39.3	
   97.3	
   15.25	
  d	
   4.40	
   1.13	
   14.13	
  d	
   3.27	
  d	
  
	
   X	
  &	
  PAR	
   15	
   0	
   39.3	
   -­‐	
   20.08	
  d	
   9.23	
  d	
   0.17	
   19.91	
  d	
   9.06	
  d	
  
Amorph.	
  sperm	
  headg	
   2	
  &	
  9	
   90	
   3	
   172.4	
   16.8	
   14.24	
  d	
   6.11	
   1.62	
   12.62	
  d	
   4.49	
  d	
  
	
   2	
  &	
  X	
   84	
   60	
   167.3	
   145.5	
   8.85	
   3.95	
   0.14	
   8.71	
  d	
   3.81	
  d	
  
	
   2	
  &	
  PAR	
   90	
   0	
   172.4	
   -­‐	
   11.55	
  d	
   6.66	
   2.48	
   9.08	
  d	
   4.18	
  d	
  
	
   9	
  &	
  X	
   3	
   51	
   16.8	
   123.5	
   13.11	
  d	
   4.98	
   0.59	
   12.52	
  d	
   4.38	
  d	
  
	
   9	
  &	
  PAR	
   3	
   3	
   16.8	
   -­‐	
   12.73	
  d	
   4.59	
   0.25	
   12.48	
  d	
   4.35	
  d	
  

	
  

aPositions	
  are	
  estimated	
  from	
  the	
  full	
  model.	
  
bLOD	
  score	
  supporting	
  a	
  conditional-­‐interactive	
  model	
  (the	
  support	
  for	
  a	
  two	
  locus	
  model	
  over	
  a	
  single	
  locus	
  model,	
  allowing	
  for	
  the	
  presence	
  of	
  an	
  interaction).	
  
cLOD	
  score	
  supporting	
  a	
  condional-­‐additive	
  model	
  (the	
  support	
  for	
  a	
  two-­‐locus	
  model	
  over	
  a	
  single	
  locus	
  model,	
  assuming	
  no	
  interaction).	
  
dSignificant	
  at	
  a	
  5%	
  threshold.	
  
eResidual	
  trait	
  scores	
  of	
  seminiferous	
  tubule	
  area	
  regressed	
  on	
  testis	
  weight.	
  
fTransformed	
  to	
  normal	
  quantiles.	
  
gArcsine	
  squareroot	
  transformed.	
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