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Speciation and reduced hybrid female fertility in house mice

Taichi A. Suzuki® and Michael W. Nachman®
Department of Ecology and Evolutionary Biology, University of Arizona, Tucson, AZ 85721

Abstract

In mammals, intrinsic postzygotic isolation has been well studied in males but has been less
studied in females, despite the fact that female gametogenesis and pregnancy provide arenas for
hybrid sterility or inviability that are absent in males. Here, we asked whether inviability or
sterility is observed in female hybrids of Mus musculus domesticus and M. m. musculus, taxa
which hybridize in nature and for which male sterility has been well characterized. We looked for
parent-of-origin growth phenotypes by measuring adult body weights in F1 hybrids. We evaluated
hybrid female fertility by crossing F1 females to a tester male and comparing multiple
reproductive parameters between intra-subspecific controls and inter-subspecific hybrids. Hybrid
females showed no evidence of parent-of-origin overgrowth or undergrowth, providing no
evidence for reduced viability. However, hybrid females had smaller litter sizes, reduced embryo
survival, fewer ovulations, and fewer small follicles relative to controls. Significant variation in
reproductive parameters was seen among different hybrid genotypes, suggesting that hybrid
incompatibilities are polymorphic within subspecies. Differences in reproductive phenotypes in
reciprocal genotypes were observed and are consistent with cyto-nuclear incompatibilities or
incompatibilities involving genomic imprinting. These findings highlight the potential importance
of reduced hybrid female fertility in the early stages of speciation.

Keywords
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INTRODUCTION

A detailed understanding of the process of speciation requires an understanding of the
components of reproductive isolation and their relative importance. In the progeny of
crosses between taxa with heteromorphic sex chromosomes, if one sex shows a reduction in
fertility or viability, it is typically the heterogametic sex (Haldane 1922). The ubiquity of
this pattern in diverse taxa has led to a tremendous interest in documenting the details of
postzygotic reproductive isolation in males, the heterogametic sex in mammals and
Drosophila (which are among the best-studied groups for postzygotic isolation). Much less
attention has been paid to the nature of reproductive isolation in females. This is unfortunate
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because there are at least two major reasons why some components of postzygotic isolation
might be specific to females.

First, reproduction in males and females is fundamentally different. Thus, even if the genetic
basis of hybrid inviability may be similar for males and females (Orr 1993), the genetic
basis of hybrid sterility may be different (Coyne 1985). In all animals, spermatogenesis and
oogenesis are distinct developmental processes with genes uniquely expressed in each sex
(Su et al. 2002). In viviparous animals, female fertility further depends on the successful
provisioning of embryos until birth. The complicated anatomical and physiological
requirements of pregnancy are unique to females and provide an arena in which hybrid
incompatibilities may arise that is absent from males. Thus, there is no reason to expect that
those alleles causing problems in male reproduction will be the same as those alleles causing
problems in female reproduction.

Second, in viviparous animals the intimate association between mother and offspring creates
a context for genomic conflict over the on-going provisioning of embryos that is absent from
oviparous animals (Zeh and Zeh 2008). In particular, conflict may arise between mother and
developing embryo, between different embryos, and between maternal and paternal
genomes within an embryo (Haig 1993, 1997; Spencer et al. 1999). Such conflict may
underlie the evolution of genomic imprinting, in which the expression of an allele depends
on its parent of origin. In some cases of imprinting, paternal expression is associated with
growth genes, while maternal expression is associated with repressors of growth (Ferguson-
Smith 2011). If imprinting is disrupted in hybrids, hybrid inviability may result from
undergrowth or overgrowth. For example, in crosses between female oldfield mice
(Peromyscus polionotus) and male deer mice (Peromyscus maniculatus), imprinting is
disrupted in F1 embryos leading to an overgrowth phenotype and embryonic death (Vrana et
al. 1998, 2000). In this case, reproductive isolation is a consequence of F1 inviability, and it
is not sex-specific, but the arena for this effect is specific to females. In principle such
conflicts could also arise in later generations, although the effects are expected to be weaker
(Zeh and Zeh 2008). Parent-of-origin growth effects have been documented in a number of
mammalian groups (summarized in Table 1 of Brekke and Good 2014), though it is unclear
whether they are generally due to imprinting defects. Some authors have argued that
maternal-fetal interactions leading to hybrid inviability are likely to be the primary
postzygotic barrier and even more important than hybrid sterility (Zeh and Zeh 2008), an
idea that is consistent with the data from Peromyscus (Dawson 1965). For example, in the
Peromyscus crosses described above, F1 inviability is seen in both directions, yet when F1
offspring survive, both males and females are fertile (e.g. Dawson 1965).

It is important to recognize that the genetic architecture of postzygotic isolation may be
different in males and females. Many problems in hybrids are thought to arise from
disrupted epistatic interactions between genes (Bateson 1909; Dobzhansky 1936; Muller
1942), referred to as BDM incompatibilities. Since males have one X chromosome while
females have two, BDM incompatibilities involving recessive X-linked alleles will be
exposed in F1 hyrbid males yet masked in F1 hybrid females. In contrast, BDM
incompatibilities involving dominant alleles, either on the X chromosome or on the
autosomes, will be visible in hybrids of both sexes. The observation that most hybrid
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sterility alleles appear to act in a recessive fashion (e.g. Masly and Presgraves 2007) helps
explain the prevalence of sterility in the heterogametic sex (Turelli and Orr 1995). Thus,
there are more genetic paths to sterility in males compared to females (when males are
heterogametic). Nonetheless, dominant interactions underlying male sterility are also known
to occur (e.g. White et al. 2011) and thus dominant BDM interactions might also underlie
female sterility.

House mice (Mus musculus) provide a useful system for studying hybrid female fertility and
viability and for comparing these to patterns seen in hybrid males. This species consists of
three major lineages, M. m. domesticus, M. m. musculus, and M. m. castaneus, which
diverged from a common ancestor approximately 0.35 million years ago (Boursot et al.
1993; Geraldes et al. 2011). M. m. domesticus and M. m. musculus form a narrow hybrid
zone across Europe (Boursot et al. 1993, Sage et al. 1993, Baird and Macholan 2012). Males
from the hybrid zone have reduced fertility (Turner et al. 2012, Albrechtova 2012), and male
progeny of laboratory crosses between M. m. domesticus and M. m. musculus also show
reduced fertility (Forejt and Ivanyi 1974; Britton-Davidian et al. 2005, Good et al. 20083;
Mihola et al. 2009; White et al. 2011).

Only one study has examined fertility in F1 hybrid females between M. m. domesticus and
M. m. musculus (Britton-Davidian et al. 2005). They found reduced fertility in F1 hybrid
females from a cross between the wild-derived outbred strains, M. m. domesticusPP0 and M.
m. musculusMPH, However, M. m. domesticusPPO is fixed for three Robertsonian
translocations (2n = 34) while M. m. musculusMPH has a standard karyotype (2n = 40), so
reduced fertility of hybrid females in this cross may be due to problems of chromosomal
pairing and segregation during meiosis, rather than to BDM incompatibilities. A reanalysis
of these data by Macholan et al. (2008) suggested that there might also be a slight reduction
in embryonic viability in F1 females, although another recent study failed to find a reduction
in fetal or placental growth in crosses between different inbred strains of M. m. musculus
and M. m. domesticus (Kropackova et al. 2015). Using inbred strains with a standard
karyotype (M. m. domesticusVA and M. m. musculus”WK) Britton-Davidian et al. (2005)
found no evidence for reduced fertility in hybrid females. However, the fertility of their
intra-subspecific control crosses may be underestimated due to inbreeding since they only
used a single strain to represent each subspecies. Furthermore, Britton-Davidian et al. (2005)
measured only a few reproductive parameters (proportion of successful pregnancies, litter
size, sex ratio, and placental scars). Therefore, the extent and the importance of F1 hybrid
female inviability or sterility between M. m. domesticus and M. m. musculus remain largely
unknown.

Here we assess the extent to which females contribute to reproductive isolation in crosses
between M. m. domesticus and M. m. musculus. First we look for evidence of overgrowth or
undergrowth phenotypes that might reflect reduced viability in F1 females, as predicted by
viviparity-driven conflict. Next, we characterize F1 fertility in detail. The hybrid female
genotypes and the experimental design employed here parallel those used by Good et al.
(2008a) to characterize hybrid male sterility, permitting a direct comparison between male
and female components of reproduction. We found no evidence for hybrid inviability, but
we found significant reductions in female fertility.

Evolution. Author manuscript; available in PMC 2016 September 08.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suzuki and Nachman

Page 4

MATERIALS AND METHODS

Animals

Four wild-derived inbred strains were used in this study and were purchased from the
Jackson Laboratory (Bar Harbor, ME). M. m. domesticus-EWES/EJ and M. m.
domesticusWSB/ElJ were used to represent M. m. domesticus (hereafter M. m.
domesticus-EWES and M. m. domesticusVSB). M. m. musculus”WK/Ph and M. m.

muscul usCZECHIVE were used to represent M. m. musculus (hereafter M. m. musculus®WK
and M. m. musculusCZECH) Detailed information on strain history is available from the
Jackson Laboratory (www.jax.org).

Experimental design

Crosses were conducted in two steps. First, intra-subspecific (control) and inter-subspecific
(hybrid) F1 females were generated (Fig. 1). Since these strains are inbred, two strains of the
same subspecies were crossed to control for the effects of inbreeding depression. This
approach assumes that heterotic effects, if any, will be similar within and between
subspecies. For the M. m. musculus control, M. m, musculus”"WK females and M. m.
musculusCZECH males were crossed. For the M. m. domesticus control, M. m.
domesticus-EWES females and M. m. domesticusVSB males were crossed. For the F1 hybrid
genotypes, all eight possible pairwise combinations were performed using two strains per
subspecies as in Good et al. (2008a). A total of 21 females were used for controls and 85
females were used for inter-subspecific hybrids. The average sample size for each genotype
was 10.6; details are in Table S1.

Second, fertility of control and hybrid females was measured by crossing females to a tester
male (M. m. musculus"WK). A single F1 female was paired with a single tester male in a
fresh cage. Pairs were kept together for seven days and then separated. All F1 females were
paired at 63 days of age. Gestation lasts 21 days. Pups were weaned at 21 days after birth.
The mothers were then sacrificed (105-112 days old). Ovaries and the uterus from the
mother were collected and used for measuring reproductive parameters. Females with and
without litters were dissected during the same age window.

M. m. musculus”WK were chosen as the tester males because they are known to be good
breeders and to mate readily with con-subspecifics, hetero-subspecifics, and with hybrids
(Good et al. 2008a, 2008b). All tester males were crossed to a female at least once to
confirm fertility before being used in the experiment. Tester males varied in age from 56—
240 days (paternal age mean=SE = 158.2+4.9 days). While there are no changes in age-
related testis morphology in mice until around 360 days (Tanemura et al. 1993), we
randomized the age of the tester male across female genotypes to avoid potential paternal
age effects. There was no significant correlation between paternal age and female fertility
(r?=0.009, p = 0.34, see Fig. S1). All tester males were given a minimum four day refractory
period to restore sperm between matings.

Additional crosses were performed to test for delayed puberty in female hybrids. Two
hybrid genotypes were generated (M. m. musculus”WK/M. m. domesticus-EWES and M. m.
domesticus-EWES/M. m. musculus”WK) for a total of 22 mice for this test. To test their
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fertility, we repeated the experiments described above using 120 day-old mice instead of
using 63 day-old mice (Table S2).

Female viability and fertility parameters

To look for evidence of overgrowth or undergrowth phenotypes, body weight of control and
hybrid females was measured before mating at 63 days. Following mating, several fertility
parameters were measured. Number of pups (i.e. litter size) was measured at birth (< 2 days)
with minimum disruption. Individual pup weight and total litter weight were measured at 21
days. Relative ovary weight (i.e. ovary weight divided by body weight), number of placental
scars, and number of follicles were examined in 105-112 days old females. Animals
included in the study of delayed puberty were sacrificed and reproductive parameters were
measured at 162-169 days. The proportion of females that gave birth for each genotype was
calculated as the number of females that reproduced divided by the total number of females
that were paired. Embryo survival rate (i.e. the proportion of embryos that survived to birth)
was estimated as the litter size divided by number of placental scars. Embryo survival rate
was not calculated for females with no placental scars. Total litter weight was not calculated
for females without litters.

Ovary histology and detection of apoptosis

Eggs develop from follicles in the ovary. Following ovulation, the ruptured follicle develops
into a corpus luteum. Thus counting the number of follicles at different stages of
development provides an assessment of female fertility. The number of corpora lutea
provides an estimate of the number of eggs that were ovulated. To make these
measurements, both right and left ovaries were fixed in Bouin’s fixative solution (Ricca
Chemical Company, Arlington, TX) for four to six hours. After fixation, ovaries were
dehydrated, embedded in Paraplast (Fisher Scientific, Houston, TX), serially sectioned (5
um), mounted on glass slides, and stained by standard Hematoxylin — Eosin staining. Every
40™ section per ovary (approximately six to ten sections per ovary) was used to estimate the
total number of primordial, small primary, large primary, secondary, and antral follicles per
ovary. In addition, two additional categories were defined: “smaller follicles” includes both
primordial and small primary follicles, while “larger follicles” includes secondary and antral
follicles (see Table S3 for follicle classification). Only follicles containing an oocyte with a
clearly visible nucleus were scored to avoid double counting. All sections were scored
without knowledge of the genotype. To estimate the total number of follicles per ovary,
follicle number was multiplied by 40 because every 40t section was counted from each
ovary (e.g. Hirshfield et al. 1978). Although scoring every 40t section per ovary provides
only a rough estimate of the actual number of follicles per ovary, the relative numbers of
follicles among different genotypes are unaffected by this calculation because it was applied
uniformly to all genotypes in this study (e.g. Tilly 2003). In addition, the total number of
fresh corpora lutea was scored. Newly formed corpora lutea were distinguished from older
corpora lutea by larger overall size, smaller luteal cell size, and eosinophilic color (e.g.
Felicio et al. 1983, Durlinger et al. 1999).

To evaluate whether rates of cell death associated with oogenesis differ between hybrid and
control females, apoptotic cells were evaluated by TUNEL assay (In Situ Cell Death
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Detection kit, AP; Roche) following the manufacturer’s protocol. Larger follicles were
compared between controls (M. m. musculus”WK/M. m. musculusS2ECH) and the hybrid
genotype that had the smallest litter at 63 days (M. m. musculus”WK/M. m. domesticusVSB).
Five 21 day old females from each genotype were used for this assay.

Data analysis

RESULTS

We tested for differences between genotypes using Wilcoxon rank sum tests. Raw p-values
are reported as well as significance following a Bonferroni correction. A Fisher’s exact test
was used to compare the rates of successful pregnancies. Linear regression was performed to
test for age effects of tester male on female litter size and to test for correlations between
reduced litter size and other reproductive parameters (i.e. smaller follicles, corpora lutea,
and embryo survival). All analyses were performed with JMP 11 (SAS Institute Inc.).

Hybrid female viability

Viviparity-driven conflict predicts that disrupted interactions between mother and embryo
may lead to parent-of-origin undergrowth or overgrowth phenotypes both in utero and into
adulthood (Zeh and Zeh 2008), as seen in a number of mammals (Dawson 1965; Brekke and
Good 2014). To test this idea, we measured adult body weight of F1 females at 63 days in
control and inter-subspecific crosses. Across all crosses, the mean body weight of hybrids
was 13.1 g, a value that is intermediate between the body weights of the two subspecies, M.
m. musculus (12.6 g) and M. m. domesticus (13.8 g) (Table 1). When the mother was M. m.
domesticus, the mean body weight of F1 females was 13.6 g, and when the mother was M. m
musculus, the body weight of F1 females was 12.7 g. Both values fall between the controls
and thus provide no evidence for significant undergrowth or overgrowth. Moreover, these
slight differences are consistent with maternal effects, where the larger mother produces
slightly larger offspring.

Individual crosses show some slight variations from this overall pattern. Most noteworthy is
the cross between M. m. musculus” WK and M. m domesticusVSB (Table 1). When the
mother was musculus, F1 females were slightly smaller than controls, while in the reciprocal
cross, F1 females were significantly larger than the controls. This might reflect a mild,
strain-specific parent-of-origin growth phenotype, although we note that these differences
are smaller than previously reported for other taxa. Moreover, this parent-of-origin
difference is not seen in F1 males in this same cross; in fact, no parent-of-origin overgrowth
or undergrowth phenotypes are seen in the F1 males reported by Good et al. (2008a).

In some species, parent-of-origin overgrowth or undergrowth phenotypes are manifest
mainly in the placenta and influence the viability of embryos. To see if there were any
differences in survival of embryos, we compared litter sizes of females mated to con-
subspecific males and litter sizes of females mated to hetero-subspecific males. Litter sizes
in these two kinds of matings were nearly identical (Table 2), suggesting that there is no
difference in F1 viability during early development.
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Hybrid female fertility

Reproductive measures were lower in hybrid females compared to control females for
several different traits (Table 1, Fig. 2). Overall, hybrid females had significantly fewer
primordial follicles, fewer small primary follicles, fewer large primary follicles, fewer
corpora lutea, lower embryo survival, and smaller litter size compared to control females
based on raw p-values (Fig. S2). Although differences between hybrid and control
genotypes were not significant for some traits after Bonferroni correction, there was a
consistent trend towards reduced reproductive performance for nearly all traits (the main
exception was individual pup weight). Among the reproductive parameters that showed a
significant reduction in combined hybrids, litter size was significantly positively correlated
with embryo survival (r2 = 0.64, p < 0.0001) and with the number of corpora lutea (r2 =
0.49, p < 0.0001), suggesting that reduced ovulation and reduced embryo survival in utero
may both contribute to reduced litter size in hybrids.

Hybrid females also showed considerable heterogeneity in reproductive traits when
compared to controls (Table 1). For example, the litter size of M. m. musculus”WK/M. m,
domesticusVSB hybrids (mean = 4.2) was significantly reduced relative to combined
controls (mean = 6.5) whereas M. m. domesticus*VSB/M. m. musculusCZECH hybrids (mean =
6.4) had comparable litter size to controls.

Twelve out of 85 hybrid females (14.1%) did not produce litters while only one out of 21
control females (4.8%) failed to produce a litter, a difference that was not significant (Table
1, Fisher’s exact test, p = 0.5). Nonetheless, hybrid females without litters had significantly
lower values for reproductive traits compared to hybrids with litters, with smaller relative
ovary weights, fewer smaller follicles, fewer larger follicles, fewer corpora lutea, and fewer
placental scars suggesting that these differences contributed to reduced fertility (Table 3). In
contrast, reproductive values for the single control female that failed to produce a litter were
normal. The ovary histology of this single female appeared normal whereas the ovary
histology of the 12 hybrid females without litters appeared abnormal (Fig. 3).

One potential explanation for reduced fertility in hybrid females is a developmental delay in
the onset of reproductive maturity. To test for delayed puberty in hybrids, we compared
fertility in 63 day-old females to fertility in 120 day-old females for a subset of hybrid
genotypes. Both 120 day-old genotypes showed an increase in body weight, decrease in
smaller and larger follicles, and also a trend towards lower rates of successful pregnancies,
all of which are expected with aging (Table S4). Since there was no significant difference in
litter size between 63 day-old and 120 day-old mice, there is no evidence of delayed puberty
in the two hybrid genotypes suggesting that mice were fully mature at 63 days.

Hybrid female fertility differs among genotypes

Asymmetry of hybrid female reproduction—Heterogeneity among crosses in hybrid
female reproductive performance can be used to answer questions concerning the genetic
basis of reproductive incompatibilities. For example, if reproductive parameters are different
between reciprocal genotypes, the pattern might be explained by cyto-nuclear
incompatibility or parent-of-origin expression (i.e. imprinting). We observed variation in
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hybrid female fertility in some reciprocal genotypes (Table 1 and Table S5). For example,
hybrid females from M. m. musculus”WK x M. m. domesticusWSB and M. m. domesticusVSB
x M. m. musculus” WK differed significantly in body weight (p = 0.003), placental scars (p =
0.005), and total litter weight (p = 0.03, Table S5). Moreover, the litter size of M. m.
musculus"WK/M. m. domesticusVSB hybrids (mean+SE = 4.2+0.6) was significantly reduced
relative to controls (mean+SE = 6.5+0.4, p = 0.0007), while progeny from the reciprocal
cross had litter sizes comparable to controls (mean+SE = 5.7+0.8, p = 0.14). All other
reciprocal comparisons also yielded significant differences for at least two reproductive
traits (Table S5). For example, individual pup weight was significantly different in the
comparison between M. m. musculus”WKX/M. m. domesticus-EWES hybrids and M. m.
domesticus-EWES/M. m. musculus”"WK hybrids (p = 0.006), and also between M. m.

muscul us“ZECH/M. m. domesticusVSB hybrids and M. m. domesticusVSB/M. m.

muscul us“ZECH hybrids (p < 0.0001, Table S5).

Polymorphism of reproductive incompatibilities—Comparisons between progeny of
crosses in which one parental strain is the same but the other parental strain is different
within subspecies can provide insight into polymorphism for hybrid sterility alleles. For
example, litter size and embryo survival were reduced in M. m. musculus"WVK/M. m.
domesticusVSB hybrids compared to M. m. musculus”WK/M. m. domesticus-EWES hybrids
(Table 1 and Table S6). Differences in fertility of these hybrids indicate that M. m.
domesticus is polymorphic for alleles contributing to reduced litter size or embryo loss when
M. m. musculus”WK is the mother. Interestingly, in the reciprocal crosses (i.e. when M. m.
domesticus is the mother), there is no evidence of polymorphism within M. m. domesticus
for litter size nor embryo survival suggesting that the polymorphic alleles depends on the
parent of origin (Table S7). Similarly, we observed significant polymorphisms within M. m.
musculus for alleles contributing to body weight, relative ovary weight, smaller follicles,
larger follicles, placental scars, and individual pup weight but not for litter size (Table S6
and Table S7). It should be noted that some of this variation may simply reflect strain
specific reproductive differences rather than polymorphism for BDM incompatibilities.
However, some polymorphic alleles must be contributing to BDM incompatibilities because
most of the reproductive parameters are lower in hybrids compared to controls (Table 1).

DISCUSSION

Crosses between many different species of mammals reveal that hybrid male sterility is
much more common than hybrid female sterility; as a group, mammals clearly obey
Haldane’s rule (Gray 1972). Because of this widespread pattern, there have been fewer
studies of postzygotic reproductive isolation in female hybrids. Nonetheless, hybrid females
might be important in reproductive isolation, either due to reduced viability as a
consequence of disrupted maternal-fetal interactions or due to reduced fertility as a
consequence of disrupted epistasis involving genes specific to female reproduction. We
found no evidence for reduced viability in hybrid females, but the results presented here
demonstrate a small but significant reduction in hybrid female fertility. Below we discuss
the viviparity-conflict hypothesis in light of our results, the potential physiological and
genetic mechanisms that might lead to reproductive problems in hybrid females, differences
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between male and female hybrid sterility, and the contribution of hybrid females to
reproductive isolation in the early stages of speciation.

Hybrid female viability and viviparity-driven conflict

Parent-of-origin growth effects in hybrids are known from at least four orders of mammals
(summarized in Brekke and Good 2014) and thus might be fairly common. In some cases,
the observed effects are very large. For example, in crosses between female oldfield mice
and male deer mice, overgrowth phenotypes in embryos are so severe as to frequently result
in maternal death, while the reciprocal cross yields viable and fertile offspring that are 25%
smaller than the parents at six months of age (Dawson 1965). Based on observations such as
this, Zeh and Zeh (2008) have argued that hybrid inviability should contribute more to
postzygotic isolation than hybrid sterility in viviparous taxa. This effect is expected to be
particularly pronounced in polyandrous species, where conflict can arise among embryos
with different fathers, a situation that is common in house mice (Dean et al. 2006). Despite
these predictions, we found no evidence for consistent overgrowth or undergrowth
phenotypes in hybrids, suggesting that hybrid sterility in both sexes is more important than
hybrid inviability in causing reproductive isolation. Our results are consistent with another
recent study that showed no differences in fetal or placental growth between intra-
subspecific and inter-subspecific crosses using different strains of M. m. musculusand M. m.
domesticus (Kropackova et al. 2015). These findings are noteworthy because this same
species (Mus musculus) is involved in parent-of-origin growth effects in hybrids when
crossed to Mus spretus, a slightly more distantly related species with which Mus musculus is
broadly sympatric and sometimes hybridizes (Zechner et al. 1996). Similar effects are also
seen in crosses between Mus musculus and Mus specilegus or Mus macedonicus (Zechner et
al. 1996). In all of these crosses, the parent-of-origin growth effects are manifest in the
development of the placenta and result in lowered viability of embryos. Here, we only
measured the adult weight of F1 hybrids, so we could not evaluate whether subtle effects
might exist in the development of the placenta. However, if differences in placental
development exist, it is unlikely that they have a large effect on hybrid embryonic viability
since litter sizes for females mated to hetero-subspecific males were indistinguishable from
litter sizes of females mated to con-subspecific males (Table 2).

The physiology of reduced fertility in hybrid females

In contrast to the normal viability of F1 hybrid females, the fertility of F1 hybrid females
was slightly reduced. While 95% of control females successfully produced litters, only 86%
of hybrid females produced a litter. Moreover, the average litter size for hybrid females was
5.3 while the average litter size for the controls was 6.5, a reduction of 18%. The smaller
litter sizes observed in hybrid female mice could, in principal, be explained by several
physiological mechanisms, including reduced number of smaller follicles, lower rates of
ovulation, greater embryo loss in utero, and/or delays in the developmental onset of puberty.

Hybrids showed a significant reduction in the number of smaller follicles (Fig. 2, Fig. S2).
The greatest reduction was observed in hybrid females that failed to produce a litter (Table
2). However, the association between the number of smaller follicles and litter size among
females was weak (r2 = 0.06, p = 0.006). Since primordial follicles eventually give rise to
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larger follicles from which eggs are released during ovulation and since primordial follicles
also produce hormones critical to follicle development and fertility (Kevenaar et al. 2006),
one might expect a direct correlation between the number of early follicles and litter size.
However, the actual relationship may be more complicated. For example, the strength of the
correlation between the number of follicles and the reproductive output is strain-specific in
lab mice (Ratts et al. 1995, Rucker et al. 2000) and species-specific in viviparous lizards
(Mendez De La Cruz et al. 1993). Thus, the consequence of fewer small follicles for fitness
likely depends on many factors.

The number of corpora lutea provides a more direct assessment of fertility. Fewer ovulations
will reduce the number of potential oocytes to be fertilized and may result in reduced litter
size. Several observations suggest that lowered rates of ovulation contribute to reduced
fertility in hybrid females: there was a significant reduction of corpora lutea in hybrids
relative to controls (Table 1, Fig. 2), a significant reduction of corpora lutea in hybrid
females without litters relative to hybrid females with litters (Table 3, Fig. 3), and a
significant correlation between number of corpora lutea and litter size (r2 = 0.49, p <
0.0001). We hypothesized that increased cell death after the development of secondary
follicles in hybrids might explain reduced rates of ovulation. However, apoptotic cells, as
measured by TUNEL assays, were not significantly different between hybrids and controls
in 21 day-old mice (Fig. S3). We also found no evidence that delayed puberty contributes to
reduced ovulation in hybrid females (Table S4), although delayed puberty has been reported
in some hybrid males (Flachs et al. 2014). Further investigation is required to reveal the
physiological cause of reduced ovulation and the contribution to reduced litter size.

Reduced embryo survival in utero is another potential explanation for reduced litter size in
hybrids (Fig. 2). Since the number of placental scars formed after implantation was not
significantly different between hybrids and controls (Table 1), post-implantation embryo
mortality may contribute to reduced litter size. The death of early embryos could be due to
incompatibilities in the mother or in the embryos or due to incompatibilities between the
mother and the embryos (discussed below).

In summary, a subtle yet significant reduction in litter size was observed in F1 hybrid female
mice, and this may reduce the fitness of hybrids in natural populations. The underlying
physiological mechanisms causing reduced litter size are undoubtedly complex but are likely
to include a combination of reduced ovulation during each estrus cycle and increased
embryo loss in utero. A reduction in the number of smaller follicles may alter the production
of hormone synthesis (Kevenaar et al. 2006) and thus could also contribute to both ovulation
and implantation problems.

The genetics of reduced fertility in hybrid females

In Drosophila, recessive incompatibilities outnumber dominant ones (Presgraves 2003,
Masly and Presgraves 2007) and the same trend is apparent in house mice (White et al.
2011). Since the genomes of F1 hybrid females are completely heterozygous, neither
recessive X-linked nor recessive autosomal hybrid incompatibilities are expected to affect
the phenotypes measured here. Thus, alternative genetic models must be considered to
explain the reduced fertility seen in F1 hybrid females. These include incompatibilities with
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dominant-dominant interactions, cyto-nuclear incompatibilities, and incompatibilities
involving imprinted genes. Some phenotypes, such as the reduction in embryo survival in
the backcross offspring of F1 females could be due to incompatibilities underlying fertility
in the mother, incompatibilities underlying viability in the offspring due to recessive alleles
(which are not exposed in the F1°s), or maternal-fetal interactions that involve recessive
alleles in the offspring.

Under the dominance theory a minority of sterility factors is expected to be partially
dominant (Turelli and Orr 1995). If most of the reduction in female fertility is due to
interactions between nuclear dominant-dominant incompatibilities, reduced fertility should
be seen in reciprocal genotypes. This was mostly the case for the number of smaller follicles
and to a lesser extent for corpora lutea but not for the other traits (Table 1). The occurrence
of dominant-dominant incompatibilities for hybrid lethality seems to be rare in Drosophila
(Presgraves 2003 but see Barbash et al. 2000). The occurrence of dominant-dominant
incompatibilities for hybrid sterility, however, is not well characterized. Thus, disruptive
epistatic interactions between dominant-dominant loci may explain some (e.g. follicles,
corpora lutea, etc.) but not all of the observed patterns.

Cytoplasmic effects on hybrid female sterility have been proposed in several studies (Orr
1987, Orr and Coyne 1989, Davis et al. 1994, Slotman et al. 2005, Lee et al. 2008,
Meiklejohn et al. 2013). Since the nuclear genome of F1 hybrid females is fully
heterozygous, reciprocal genotypes differ only by their cytoplasm (i.e. mtDNA). Moreover,
mtDNA in mammals evolves quickly and encodes proteins that interact closely with many
nuclear-encoded proteins, a situation that may be conducive to BDM incompatibilities. Orr
(1987) suggested an effect of cytoplasm on female sterility in crosses between D.
pseudoobscura and D. persimilis by showing that crosses in one direction produce F1 hybrid
females with significantly reduced fertility, while F1 hybrids from the reciprocal cross are
fully fertile. Similar patterns were seen in this study; asymmetry in hybrid female fertility
was seen across reciprocal crosses (Table S5). This suggests that cyto-nuclear interactions
and/or imprinting (see below) may contribute to the reduction in hybrid female fertility.
Recently, a mitochondrial-nuclear incompatibility was shown to delay development time
and to reduce female fecundity by 50% in Drosophila (Meiklejohn et al. 2013). Moreover,
cyto-nuclear incompatibilities are known to cause hybrid problems in mammals (reviewed in
St. John et al. 2004), insects (reviewed in Rousset and Raymond 1991), copepods (Burton
1990, Edmands and Burton 1999, Rawson and Burton 2002), and plants (reviewed in
Saumitou-Laprade et al. 1994). The role of mitochondrial-nuclear interactions in mice could
be tested by measuring mitochondrial function in these hybrids, as has been done in
copepods (Ellison and Burton 2006).

While we found no evidence for overgrowth or undergrowth phenotypes in F1’s, consistent
with Kropackova et al. (2015), a role for imprinting in some of the phenotypes cannot be
completely ruled out. The fact that asymmetry is seen in some crosses suggests that either
cyto-nuclear interactions or imprinting may be involved. Widespread disruption of
imprinting seems highly unlikely since the growth of F1 females appears normal. There is
one other way by which imprinting may contribute to speciation: since imprinted genes
show expression of only one allele, they are effectively hemizygous and thus may expose
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recessive alleles that can participate in hybrid incompatibilities (much like the X
chromosome in males).

Finally, the smaller litter size of F1 females might partly reflect decreased viability of their
embryos due to genetic interactions that are not present in F1’s. All F1 females were crossed
to a tester M. m. musculus®™WK male, so the backcross progeny could have incompatibilities
between recessive M. m. musculus alleles and dominant M. m. domesticus alleles. Such
interactions could contribute to the observed post-implantation embryo mortality and
reduced litter size.

Polymorphism of incompatibilities in hybrid males and females

Intra-subspecific variation in hybrid female fertility in crosses involving both M. m.
musculus and M. m. domesticus was observed (Table S6 and S7), suggesting that hybrid
incompatibilities are polymorphic within both subspecies. Polymorphism in hybrid fertility
is consistent with early stages in the evolution of reproductive isolation and has been
observed previously in crosses between these taxa. For example, incompatibilities in hybrid
male sterility in house mice are known to be polymorphic within both subspecies, and allelic
variation has been shown in classic inbred strains, wild-derived M. m. musculus, and
multiple populations of M. m. musculus (Forejt and lvanyi 1974, Vyskocilova et al. 2009,
Good et al. 2008a). Using the same genotypes as in this study, Good et al. (2008a) found
polymorphism for hybrid male sterility within M. m. musculus but not within M. m.
domesticus. Interestingly, we found polymorphism in hybrid female fertility in both M. m.
musculus and M. m. domesticus. We also found that M. m. domesticusVSB seems to have
more reproductive incompatibilities with M. m. musculus compared to M. m.
domesticus-EWES (Table S8). Consistent with Haldane’s rule, male hybrids showed a greater
reduction in fertility compared to controls than is seen in females (i.e. 39% reduction in
relative testes weight vs 2% reduction in relative ovary weight, and 74% reduction in sperm
count vs 22% reduction in counts of corpora lutea, which approximate the number of eggs
ovulated) (Good et al 2008a) (Table S8). This indicates that some hybrid sterility factors
differ between males and females and is consistent with mapping experiments showing
hybrid male and female sterility involve different loci in Drosophila (Orr and Coyne 1989).
No sex bias was observed among these progeny (207 females and 204 males) providing no
evidence for sex-specific embryonic mortality.

The question of whether alleles involved in incompatibilities become fixed by genetic drift
or natural selection is important for understanding the evolution of reproductive isolation
(Coyne and Orr 2004). Although transient polymorphism will exist regardless of whether
mutations are fixed by drift or selection, it is expected to be very rare under strong selection.
In contrast, polymorphism is expected to be more common if incompatible alleles are fixed
by drift (Shuker et al. 2005). The observation of polymorphic hybrid sterility in both M. m.
musculus and M. m. domesticus (Tables S6 and S7) raises the possibility that sojourn times
for alleles underlying incompatibilities are longer than might be expected under simple
models of selection on unconditionally beneficial mutations.
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Evolution of reproductive isolation

Has reduced fertility of hybrid females played a role in the evolution of reproductive
isolation between M. m. musculus and M. m. domesticus? While F1 hybrids are extremely
rare or absent in the current hybrid zone (e.g. Wang et al. 2011), characterizing F1 hybrid
fertility in the laboratory helps to understand the dynamics that took place during the initial
period of secondary contact. It is well established that hybrid male sterility is a strong cause
of isolation between these two subspecies, and possibly stronger than other aspects of fitness
in hybrids such as higher parasite load in hybrids (Sage et al. 1986, but see Baird et al. 2012)
or behavioral barriers to gene flow (Laukaitis et al. 1997, Smadja and Ganem 2002, and
Smadja et al. 2004, Bimov4 et al. 2011). The reduction in hybrid female fertility observed
here is weaker than the hybrid male sterility observed by Good et al. (2008a), consistent
with Haldane’s rule (Table S8). However, even small reductions in hybrid female fertility
might be important in reproductive isolation. For example, during the initial stages of
secondary contact, gene flow between subspecies could be mediated by backcrosses of F1
females to either parent (since F1 males are often sterile). The results presented here indicate
that such backcrosses will result in 18% smaller litter size on average and thus may provide
an additional impediment to gene flow. Reductions in hybrid female fertility may also be
more pronounced in later generations when recessive incompatibilities are exposed. In fact,
this has been observed in crosses between the inbred strain C57BL/6 and M. m.
molossinusMOM: in this case F1 hybrids are fully fertile, but F2 hybrid females show low
fertility due to defects in developing blastocysts (Niwa-Kawakita 1994). Such hybrid
breakdown of female fertility is often seen in insects (e.g. Davis et al. 1994: D. simulans
clade). Since most mice in the hybrid zone today are the product of late generation
backcrosses or intercrosses, detailed studies of F2 or later generations in both males and
females would help us better understand the relative importance of female sterility in
reproductive isolation in nature.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A __ Cross design
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Figure 1. Experimental design and genetic composition of F1 females
(A) Schematic of intra-subspecific cross (Dashed arrows) and inter-subspecific cross (Solid

arrow). Arrows indicate direction of cross from female parent to male parent. Reciprocal
crosses indicated by double head arrows. (B) Schematic of intra-subspecific (control) F1
females crossed with tester male (M. m. musculus®WK). Chromosomes and mitochondria
(MtDNAs) are indicated in M. m. domesticus-EWES (black), M. m. domesticus’VSB (black
with white stripes), M. m. musculus”WK (white), and M. m. musculusC2ECH (white with
black stripes). (C) Schematic of inter-subspecific (hybrid) F1 females crossed with tester
male.
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Figure 2. Mean reproductive parametersin hybrids (shaded) relative to controls (open)
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Wilcoxon rank sum test was performed for number of (A) smaller follicles, (B) number of
corpora lutea, (C) embryo survival rate, (D) and litter size. Error bars indicate Standard

Error. * p<0.05, *** p < 0.0001.
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Figure 3. Photomicrographs of ovarian histology showing fewer fresh corporalutea (CL) in
hybridswithout litters

(A) Control female (i.e. M. m. domesticus-EWES and M. m. domesticusWSB) without a litter
(single control = 22, n = 1). (B) Hybrid female (i.e. M. m. domesticus-EWES and M. m.
musculus®WK) without a litter (hybrid mean+SE = 6.1+1.0, n = 12).
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