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ABSTRACT Hybrid sterility is a common form of reproductive isolation between nascent species. Although hybrid sterility is routinely
documented and genetically dissected in speciation studies, its developmental basis is rarely examined, especially in generations
beyond the F; generation. To identify phenotypic and genetic determinants of hybrid male sterility from a developmental perspective,
we characterized testis histology in 312 F, hybrids generated by intercrossing inbred strains of Mus musculus domesticus and M. m.
musculus, two subspecies of house mice. Hybrids display a range of histologic abnormalities that indicate defective spermatogenesis.
Among these abnormalities, we quantified decreased testis size, reductions in spermatocyte and spermatid number, increased apo-
ptosis of meiosis | spermatocytes, and more multinucleated syncytia. Collectively, our phenotypic data point to defects in meiosis | as a
primary barrier to reproduction. We identified seven quantitative trait loci (QTL) controlling five histologic traits. A region of chromo-
some 17 that contains Prdm9, a gene known to confer F; hybrid male sterility, affects multinucleated syncytia and round spermatids,
potentially extending the phenotypic outcomes of this incompatibility. The X chromosome also plays a key role, with loci affecting
multinucleated syncytia, apoptosis of round spermatids, and round spermatid numbers. We detected an epistatic interaction between
QTL on chromosomes 17 and X for multinucleated syncytia. Our results refine the developmental basis of a key reproductive barrier in a

classic model system for speciation genetics.
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HE reduced fertility of hybrids constitutes a major barrier

to reproduction between species (Coyne and Orr 2004).
When such “hybrid sterility” has a genetic component, this
barrier can become permanent and is expected to increase in
severity over time. Hybrid sterility tends to evolve faster than
hybrid inviability (Coyne and Orr 2004), and in species with
XY sex determination, males usually evolve sterility before
females (Coyne and Orr 1989), suggesting that hybrid male
sterility is often the first form of postzygotic isolation to ap-
pear. The genetics of hybrid male sterility between nascent
species therefore provides a window into the mechanisms of
a primary determinant of speciation in the early stages of the
process.
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The most direct way to evaluate hybrid male sterility is to
measure the relative ability of hybrid males to sire offspring
through mating experiments. Although this method focuses
on the functional trait of interest, reproductive performance,
it yields no insight into the phenotypic and developmental
causes of sterility. A second strategy examines phenotypes
known to be correlated with fertility. This approach has
the potential to pinpoint the mechanisms of hybrid dysfunc-
tion, but it is rarely extended beyond assessment of a few
outcomes of spermatogenesis (e.g., the count, shape, and/or
motility of sperm) or gross reproductive morphology (e.g.,
testis weight). Because a variety of changes in the testis
can produce similar phenotypic outcomes, measuring these
traits also leaves the primary drivers of hybrid sterility
unaddressed.

Ideally, the search for genetic determinants of hybrid male
sterility would recognize the dynamic nature of spermatogen-
esis. By reproductive maturity in some species, a single testis
contains mitotic stem cells (spermatogonia), two kinds
of meiotic cells (primary and secondary spermatocytes),
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morphologically differentiating postmeiotic cells (sperma-
tids), and maturing sperm, as well as Sertoli (“nurse”) cells
and interstitial (Leydig) cells. Because spermatogenesis is
continuous, these diverse cell populations can be surveyed
simultaneously in individual males by histologic examination
of the testis. The result is a developmental characterization of
hybrid male sterility that specifies what stages of spermato-
genesis are disrupted in hybrids (Oka et al. 2010). This in-
creased phenotypic resolution has the potential to accelerate
both the identification of the genes that determine this key
reproductive barrier and the discovery of their functions.

The house mouse, Mus musculus, is a powerful model spe-
cies for dissecting the genetics of hybrid male sterility. In the
house mouse, the temporal and spatial progression of sper-
matogenesis in the testis is well understood, making it
straightforward to identify specific histologic abnormalities
in hybrids. Subspecies of house mice diverged from a com-
mon ancestor at least 350,000 years ago (Boursot et al. 1993;
Duvaux et al. 2011; Geraldes et al. 2011) and display partial
reproductive isolation (Forejt and Ivanyi 1974; Alibert et al.
1997; Britton-Davidian et al. 2005; Good et al. 2008b; Turner
et al. 2012; White et al. 2012). Therefore, house mice provide
insights into hybrid male sterility as it evolves (Wang et al.
2015).
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Figure 1 Schematic of testis histology measurements.
(A) Entire testis. Testicular area was calculated using the
area of an oval following measurements of its width and
height. x40 magnification was also used to count the
number of tubules per testis. Bar, 500 pwm. (B) Apoptotic
meiosis | cells (A) showing hyper-eosinophilic cytoplasm
and dense chromatin. Primary spermatocytes entering
meiosis | (M). Bar, 20 pm. (C) Apoptosis of round sper-
matids (A) and round spermatocytes (R). Bar, 20 um. (D)
Multinucleated syncytia (MN; central and in adjacent
tubules). Vacuolated Sertoli cell (V). Bar, 20 pm. (E) A
healthy stage VIl tubule used to count Sertoli cells (S),
pachytene spermatocytes (P), and round spermatids (R).
Bar, 20 pm.

Reproductive isolation between two subspecies of mice,
Mus musculus domesticus (the Western European house
mouse) and M. m. musculus (the Eastern European house
mouse), has been intensively studied. These subspecies meet
and mate in a natural hybrid zone that stretches across
Europe. Allele frequency clines are narrow relative to sub-
species ranges, suggesting that reproductive isolation limits
gene flow (Tucker et al. 1992; Sage et al. 1993; Payseur et al.
2004; Teeter et al. 2010; Janousek et al. 2012). Although
there is evidence for assortative mating between M. m. mus-
culus and M. m. domesticus (Smadja et al. 2004; Smadja and
Ganem 2005) and fertility reductions in hybrid females
(Good et al. 2008b; Suzuki and Nachman 2015), the most
consistently documented reproductive barrier is F; hybrid
male sterility (sterility in this context refers to greatly re-
duced fertility). Crosses involving wild animals, wild-derived
inbred strains, and classical inbred strains produce males
with reduced fertility (Forejt and Ivanyi 1974; Chubb and
Nolan 1987; Yoshiki et al. 1993; Alibert et al. 1997; Britton-
Davidian et al. 2005; Vyskocilova et al. 2005; Good et al.
2008b; White et al. 2011). F; hybrid male sterility is poly-
morphic within M. m. domesticus and within M. m. musculus
(Britton-Davidian et al. 2005; Good et al. 2008b; Larson et al.
2018), an example of the intraspecific variation in intrinsic



Table 1 Testis histology phenotypes and their expected relationships to fertility

Histology phenotype

Expected pattern

Process/state measured in subfertile testis

Testis area

Stage VIl tubule area

Number of Sertoli cells in healthiest stage VII tubule

Number of pachytene spermatocytes in healthiest
stage VIl tubule

Number of round spermatids in healthiest stage VI
tubules

Multinucleated syncytia per testis

Number of tubules with =3 apoptotic primary
(meiosis |) spermatocytes

Overall fertility Lower
Overall fertility Lower
Support of meiosis Fewer/same
Induction of meiosis Fewer
Meiotic progression to meiosis Il Fewer
Spermatocyte degeneration; failure of More
spermatogenesis or spermiogenesis
Degeneration of developing spermatocytes More
Degeneration of developing spermatids More

Number of tubules with =3 apoptotic round
spermatids

postzygotic isolation observed in a variety of species pairs
[reviewed in Cutter (2012)]. In some crosses, a severe re-
duction in fertility is only found when the mother is M. m.
musculus (Good et al. 2008b).

Much is understood about the genetic basis of F; hybrid
male sterility between M. m. domesticus and M. m. musculus.
F, males from crosses between some strains of M. m. muscu-
[us and C57BL/10 (a classical inbred strain of predominantly
M. m. domesticus origin) are effectively sterile, whereas F;
males from similar crosses using classical strain C3H as the
M. m. domesticus representative are fertile (Forejt 1996).
Forejt and colleagues exploited this polymorphism to identify
the first known hybrid sterility gene in vertebrates (Forejt
and Ivanyi 1974; Forejt et al. 1991; Trachtulec et al. 2005;
Mihola et al. 2009). Prdm9 is a histone H3 methyltransferase
(Hayashi et al. 2005) that facilitates double-strand DNA
break generation by locally modifying chromatin structure
(Baudat et al. 2010; Parvanov et al. 2010; Paigen and Petkov
2018). In F; hybrids between some strains of M. m. musculus
and M. m. domesticus, Prdm9 alleles contribute to meiotic
arrest in primary spermatocytes (Mihola et al. 2009). The
arrest is caused by incompatibility between the Prdm9 het-
erozygous genotype, a M. m. musculus allele on the X chromo-
some (at the Hstx2 locus), and multiple additional autosomal
loci (Dzur-GejdoSova et al. 2012). The overall role of the X
chromosome in hybrid male sterility is complex, with contribu-
tions from multiple segments of the chromosome (Storchova
et al. 2004; Good et al. 2008a), incompatibility with the Y chro-
mosome in addition to the autosomes (Campbell and Nachman
2014), and large numbers of overexpressed genes in sterile F;
hybrids (Good et al. 2010; Bhattacharyya et al. 2013; Turner
et al. 2014; Larson et al. 2017). Asynapsis of hetero-subspecific
chromosomes modulated by Prdm9 and Hstx2 provides a po-
tential mechanism for this hybrid incompatibility (Mihola et al.
2009; Bhattacharyya et al. 2013, 2014).

Disrupted epistatic interactions between alleles at different
loci (such as Prdm9 and Hstx2), known as hybrid incompat-
ibilities, play a major role in hybrid male sterility across a
range of species pairs (Coyne and Orr 2004). These incom-

patibilities are expected to be enriched for recessive alleles
(Muller 1942; Masly and Presgraves 2007), which are invis-
ible in F, hybrids at autosomal loci. Natural hybrids between
M. m. domesticus and M. m. musculus are highly backcrossed
(Teeter et al. 2010), suggesting that examination of hybrid
male sterility in subsequent generations is crucial for under-
standing barriers to gene flow in the wild. Genome-wide
association mapping in the hybrid zone revealed complex
incompatibilities connected to reduced testis weight
(Turner and Harr 2014), one of several signs of subfertility
in natural hybrids (Turner et al. 2012). A suite of quantitative
trait loci (QTL) was identified that confer decreased testis
weight, reduced sperm count, or abnormal sperm head shape
in F, hybrids generated by controlled intercrosses (White
et al. 2011). Detailed histological explanations for decreased
testis weight and other phenotypes were not investigated in
these studies of sterility in later-generation hybrids.

Multiple mechanisms for functional sterility in hybrid
mice are possible, and we hypothesized that histological
abnormalities could help define the pathogenesis of de-
creased fertility. Developmental defects could lead to fewer
seminiferous tubules, resulting in smaller testes. Genetic
incompatibilities in later-generation hybrids could lead to
defective spermatogonial mitosis, meiosis I, meiosis II, or
spermiogenesis. It is also possible that hybrid testes lack
enough testosterone-secreting interstitial (Leydig) cells to
support proper spermatogenesis and spermiogenesis. Hybrid
incompatibilities could reduce the number or function of
Sertoli cells. Finally, mechanisms leading to hybrid sterility
could have minimal histological impact, affecting only
spermiogenesis.

In this article, we go beyond the usual examination of
endpoint phenotypes in mature sperm to evaluate these
potential developmental causes of hybrid male sterility. We
use detailed inspection of testis histopathology in a large
number of F, hybrids between M. m. domesticus and M. m.
musculus to identify and characterize disruptions in key steps
of spermatogenesis. We identify problems with completing
meiosis I as a major cause of F, hybrid male sterility. We
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proceed to identify QTL for novel indicators of hybrid male
sterility, significantly refining the developmental roles of hy-
brid incompatibilities in the process.

Materials and Methods
Strains and crosses

We used the wild-derived inbred strains WSB/EiJ and PWD/
PhJ as representatives of M. m. domesticus and M. m. muscu-
lus, respectively (subsequently denoted as domesticus"SE and
musculusPWP). All testis histology phenotypes reported here
were collected from mice generated by White et al. (2011)
and examined at 70 (+5) days of age. Briefly, domesticus"s?
and musculus?"P were crossed in both directions to produce F;
hybrids, and F; hybrids were sib-mated to generate F, hybrids.
Testis histology phenotypes were collected from 312 F, males.
Because F; males from musculus?"P X domesticus"SB crosses
(following the convention of listing the mother first) were
effectively sterile, 300 of the F, males came from the
domesticus™SB X musculus?"P cross direction. Detailed pheno-
types were also collected from six musculus?"P X domesticus"*8
F, hybrids, six domesticus"s8 X musculus™P F; hybrids, six
musculusP?"P, and six domesticus"SB.

Testis histology

Testes were dissected, weighed, fixed overnight in Bouin’s
fixative, and washed in an ethanol series of 25, 50, and
75%. After standard tissue processing, right testes were
bisected across the short axis, embedded in paraffin, sec-
tioned at 5 mm, and stained with hematoxylin and eosin.
Slides were scanned using an Aperio scanner (Leica Bio-
systems, Buffalo Grove, IL). Digital measurements of testis
width and height were taken, and testis area was estimated as
an ellipse (Figure 1A). When at least 10 stage VII tubules
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Figure 2 Examples of testis histology phenotypes in pa-
rental strains and F; hybrids (X200 magnification). (A)
Representative musculusPWP testis showing multiple tu-
bules containing a plush spermatogenic epithelium. Bar,
50 wm. (B) Representative domesticus testis showing
several Sertoli-only tubules (indicated by *), commensu-
rate with decreased fertility in this strain. The tubule
containing # is atrophic and exhibits a few meiotic cells.
Bar, 50 pum. (C) Representative domesticus"s8 X
musculusPWP F, testis showing mild to moderate degen-
eration with epithelial thinning and decreased numbers
of round spermatids (atrophy) within the spermatogenic
epithelium (center tubule) and marked apoptosis (A)
of meiosis | cells and round spermatids in an adja-
cent (lower) tubule. Bar, 50 uwm. (D) Representative
musculusPP x domesticus"*B F, testis showing marked
degeneration (multinucleated syncytia, apoptosis) and
atrophy of the spermatogenic epithelium in multiple tu-
bules. Bar, 50 pm.

were present (see below), similar measurements were cap-
tured for each of them (Figure 1A) (White et al. 2011).

Histology phenotypes

Testes were histologically examined for any phenotypic ab-
normalities. Once abnormalities were identified, they were
scored for distribution and severity. Whenever possible, all
testes were scored for a single trait on the same day or on
consecutive days. As a threshold screen for further evaluation,
we first asked whether each testis had at least 10 stage VII
tubules. This approach focused our study on the least-affected
testes, thereby decreasing the effects of nonspecific, late-stage
testicular degeneration (Figure 1, A and E). Stage VII tubules
were chosen for examination because they are readily iden-
tifiable, with pachytene spermatocytes and a full lining of
elongating spermatids, which are released in stage VIII. Tes-
tes with <10 stage VII tubules were not considered further.
The number of tubules with at least three apoptotic cells was
recorded (Figure 1, B and C). Furthermore, apoptotic cells
were identified and recorded as spermatogonia, meiotic cells
(Figure 1B), round spermatids (Figure 1C), and/or elongat-
ing spermatids. We also recorded the number of multinucle-
ated syncytia in each tubule section, a frequent abnormality
in hybrid testes when spermatogonia fail to complete meiosis
(Figure 1D). Sertoli cell vacuolation was identified (Figure
1D). Finally, the stage VII tubule in each testis with the thick-
est spermatogenic epithelium (considered the “healthiest”)
was identified (Figure 1E) for detailed examination. The ra-
tionale for focusing on healthy stage VII tubules was that
many of the lesions observed in less healthy tubules were
consistent with end-stage disease rather than an active pro-
cess. By focusing on early changes in the healthiest tubules,
we enriched our data set for phenotypes mechanistically con-
nected to hybrid male sterility rather than those common to



Table 2 Testis histology phenotypic means

domesticusWsB x

domesticus"sE musculusPWP musculusPVP F, musculusP"P x domesticusWs8 F,
Phenotype (n=6) (n=6) (n=6) (n=6) F2 (n =3129)
Testis area (mm32) 26.7 (5.1) 28.2 (3.1) 30.2 (4.0) 25.6 (5.9) 35.6 (8.1)
Stage VIl tubule area® 44.0 (6.8) 46.3 2.8} 36.4 (1.6)" 28.2 (1.6)fi 42.6 (7.5)
(um? X 103)
Stage VIl Sertoli cells 145 (2.9) 1.7 2.3) 13.5(2.9) 13.6 3.2) 15.1 3.1)
Stage VIl pachytene 56.8 (12.3) 57.5(11.3) 43.7 (9.4) 36.6 (4.7)% 53.7 (14.8)
spermatocytes®
Stage VIl round 170.7 (41.3)9 146.0 (20.8)" 85.7 (23.0)9-hJ 43.80 (24.0)"4 137.2 (36.0)
spermatids®
Multinucleated syncytia® 2.8 (2.7)9 0.3 (0.5) 0.0 (0.0)9/ 29.5 (8.3)fJ 3.5 (15.1)
Tubules with apoptosis9 0.3(0.5) 0.0 (0.0) 5.0 (2.6) N/A 0.5(1.3)
(meiotic)
Tubules with apoptosis® 0.0 (0.0) 0.0 (0.0) 0.2 (0.4) N/A 0.4 (1.0)

(round spermatids)

Values reported as mean (SD).

2300 domesticusWsB X musculusPVP cross direction, 12 musculus?VP X domesticusWs8 cross direction.

b Calculated from the 10 healthiest stage VIl tubules in each testis section.
€ Counts from healthiest tubule in each testis section.

9 Total count from each testis section.

€ Scored for tubules with three or more apoptotic cells of respective type.

' p < 0.05 (Mann-Whitney U) in pairwise comparison between groups. F»s were not included in these comparisons.

degenerative changes in the testis. For each of these stage VII
tubules, the number of Sertoli cells, spermatogonia, pachy-
tene spermatocytes, and round spermatids were recorded
(Figure 1E). These testis histology phenotypes were also
compared to other fertility traits measured in the same mice,
including testis weight, tubule area, epididymal sperm count,
and epididymal sperm head morphology (White et al. 2011).
Testis histology phenotypes and their expected relationships
to fertility are listed in Table 1.

QTL mapping

Genotypes at 198 informative single nucleotide polymorphisms
(SNPs) taken from White et al. (2011) were used for QTL map-
ping. This set of genotypes included SNPs from across the auto-
somes and the X chromosome. SNPs on the Y chromosome and
the mitochondrion were not considered because most F,, hybrids
came from one direction of the intercross. Genotypes were as-
sembled using stringent quality control filters described in
Dumont et al. (2011) and White et al. (2011). Genotypes from
a total of 553 F, hybrids (males and females) were used to con-
struct a genetic map with the est.map procedure and a Carter—
Falconer mapping function in R/qtl (Broman et al. 2003; White
et al. 2011). The average distance between SNPs on the genetic
map was 7 cM. Physical positions between SNPs were interpo-
lated using genetic and physical positions of flanking SNPs.

We conducted QTL analyses for the following phenotypes:
testis area, number of multinucleated syncytia per testis,
number of tubules with apoptotic spermatocytes, number of
tubules with apoptotic round spermatids, number of tubules
containing only Sertoli cells, and the numbers of Sertoli cells,
pachytene spermatocytes, and round spermatids (and asso-
ciated ratios) within the healthiest stage VII tubule. F, phe-
notypic distributions (Supplemental Material, Figure S1)
were inspected to determine how each trait should be treated

in QTL analyses. The following phenotypes showed non-
normal distributions skewed toward the zero-class: tubules with
apoptotic meiotic cells, tubules with apoptotic round sperma-
tids, and multinucleated syncytia. These traits were recoded
and analyzed as binary presence/absence traits. Numbers of
pachytene spermatocytes, round spermatids, and Sertoli cells,
as well as testis area, were approximately normally distributed
and were analyzed on the observed scale.

QTL were identified using standard interval mapping
(Lander and Botstein 1989) or binary interval mapping,
implemented using the scan.one function in R/qtl. Genome-
wide significance thresholds were calculated from 1000 per-
mutations for the autosomes and 15,868 permutations for
the X chromosome (Broman et al. 2006). Models incorporat-
ing multiple QTL were fit using a stepwise forward/backward
search algorithm (Manichaikul et al. 2009) implemented in
the stepwiseqtl function in R/qtl, with genome-wide signifi-
cance thresholds based on 1000 permutations. When multiple
QTL were detected for a trait, we performed tests for potential
epistatic interactions between detected QTL. Interaction terms
for each pair of QTL were added to the multiple-QTL model
one at a time, and a P-value for each interaction was calculated
based on the improved fit as measured by the F-statistic. All
QTL analyses assumed a genotyping error rate of 0.0001. The
differential treatment of traits as binary or continuous made it
difficult to jointly consider multiple phenotypes in QTL map-
ping. As a result, we analyzed each trait separately.

Data availability

Phenotypic and genotypic data are available at Data Dryad
(http://datadryad.org; DOI: 10.5061/dryad.vd6k4b2).
Supplemental material available at Figshare: https://
doi.org/10.25386/genetics.7161119.
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Results

Testis histology in parental strains and F; hybrids

musculus®WP testis sections all contain at least 10 stage VII
tubules lined by a plush seminiferous epithelium consisting of
Sertoli cells, meiotic spermatocytes, at least three layers of
secondary spermatocytes and round spermatids (as these
two cell types cannot be distinguished histologically, the term
“round spermatids” is used throughout to include both), and
elongating spermatids (Figure 2A). These animals appeared to
be fully fertile in our laboratory (White et al. 2011).

domesticus"SB testis sections often contain multiple tu-
bules exhibiting marked atrophy (Figure 2B, #) or complete
absence of the spermatogenic epithelium (Figure 2B, *). Tu-
bules that could not be staged because of their degeneration
are shrunken and contain heavily or partially vacuolated Ser-
toli cells (Figure 2B, *) and contain a few meiotic cells (Figure
2B, #), indicating that spermatogonia are still present. These
histologic changes likely contribute to this strain’s lower fer-
tility (Odet et al. 2015), despite its normal sperm density
(White et al. 2011).

domesticus"SB X musculus?"P F, testis sections exhibit an
intermediate phenotype, with mild atrophy (thinning) of the
stage VII spermatogenic epithelium typified by a reduced
number of developing round spermatids (generally fewer
than three layers; Figure 2C). Apoptosis, as identified by
shrunken cells with hyper-eosinophilic cytoplasm and
pyknotic nuclei, is increased in these testes (Figure 2C, A in
adjacent tubule; Table 2); this may be a mechanism of atrophy
in this direction of the cross. domesticus"s8 X musculus?"? F,
testis sections contain significantly fewer stage VII round sper-
matids than both parental strains (Table 2). Despite these
histopathologic abnormalities, domesticus"s8 X musculus®"P
F; hybrids bred well in our laboratory (White et al. 2011).
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Figure 3 Examples of testis histology phenotypes in
stage VI tubules in F, hybrids from the musculus™P x
domesticus"*EB cross direction (X400 magnification).
(A) In this F, tubule, there is a markedly attenuated/atro-
phic spermatogenic epithelium, consisting of only one or
two (rather than three or four) layers of round sperma-
tids. Bar, 20 wm. (B) In this F, tubule, there is luminal
displacement of primary (meiosis ) spermatocytes, many
of which are undergoing apoptosis. There are no matur-
ing round spermatids, and only meiosis | is identified.
The circle indicates a meiotic cell entering apoptosis.
Bar, 20 um. (C) In this F, tubule, there is marked disrup-
tion of spermatogenesis, with only a few meiotic sper-
matocytes, few round spermatids, formation of a
multinucleated syncytium, and spermatid retention
(SR), where elongated spermatids are still held by Sertoli
cells. Bar, 20 um. (D) In this (and adjacent) F, tubule,
there is complete loss of spermatogonia, meiotic sper-
matocytes, and round spermatids, leaving only Sertoli
cells. Bar, 20 pm.

Compared to testes from musculus?WP, domesticus"sB,
and domesticus"WSB X musculusPWP F, mice, testes from
musculus®"P X domesticus"SB F, mice show severe degener-
ation (Figure 2D and Table 2). The spermatogenic epithelium
is highly atrophied, Sertoli cell vacuolation is marked, and
multiple multinucleated syncytia are visible (Figure 2D and
Table 2). musculus?"P X domesticus"SB F, testes have signif-
icantly less stage VII tubule area, fewer stage VII pachytene
spermatocytes, and fewer stage VII round spermatids than
both parental strains (Table 2). F; hybrids from this direction
of the cross exhibited very poor fertility in the laboratory
setting (White et al. 2011).

Testis histology in F, hybrids

Testes from domesticus"SB X musculus?P F, mice present a
range of phenotypes that indicate defective spermatogenesis
(Figure 3 and Figure S1). The severity of each phenotype is
typically milder than seen in either F; cross or domesticus"S8
testes (Table 2). Many domesticus"WSB X musculus®"P F,
testes show substantial and progressive atrophy of the
spermatogenic epithelium, including loss of elongating
spermatids (Figure 3, B and C), round spermatids (Figure
3, A-C), meiotic spermatocytes (Figure 3, B and C), and/or
spermatogonia (leaving only Sertoli cells; Figure 3D) (Table
2). Normal tubules should contain at least three layers of
round spermatids (e.g., Figure 2A), but this is often not the
case (e.g., Figure 3A). This result suggests an initial defect in
meiosis I. Apoptosis is increased, both within pachytene sper-
matocytes (again suggesting a defect in meiosis I), and within
the more basal layers of round spermatids. Fewer round sper-
matids are present (Figure S1), suggesting that fewer
primary spermatocytes survive to meiosis II and spermio-
genesis; this is an expected outcome from an increase in
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Multinucleated Syncytia per Section ‘ e
0423 0293 0.199 -0.200 0069 0225 -0.189 0189 -0.144
Sperm Density -0.6
0112 -0012 0.169 -0.149 0.184 0.227 -0.132 -0.038 -0.192 0.163 N
Sperm Head Morphology PC1 -
0169 -0.222 -0.240 0.106 -0.237 -0.327 0.239 0.204 0.284 -0.181 -0.491
Total Abnormal Sperm
— 1.0

apoptosis within the meiotic I compartment. We observed
no increase in apoptosis among spermatogonia.

Some tubules contain abnormal meiotic cells at all levels of
the tubule and completely lack round spermatids (Figure 3, B
and C). These abnormal cells exhibit densely compacted and
clumped chromatin but lack obvious cytoplasmic eosino-
philia (Figure 3, B and C). Chromatin clumping is likely as-
sociated with early stages of apoptosis, and a few of these
abnormal meiotic cells appear to be entering apoptosis (Fig-
ure 3B, circle). Pachytene spermatocytes do not accumulate
in stage VII tubules, suggesting that meiotic arrest, if it oc-
curs, is brief and apoptosis is rapidly triggered. Additionally,
there is no change in the ratio of pachytene spermatocytes to
either Sertoli cells or round spermatids that would be indic-
ative of meiotic arrest. The observation that abnormal mei-
otic cells are found at all levels of the tubule (Figure 3, B and
C) when they should be anatomically restricted to the supra-
basilar compartment, completing meiosis II and attaining a
rounded phenotype, again points to a defect in meiosis I.

Another common sign of degeneration in F, testes is the
formation of multinucleated syncytial cells from round sper-
matids, indicating a failure to complete meiosis. Small num-
bers of multinucleated syncytial cells (0-1 per testis) are
expected in healthy testes. The average number of multinu-

cleated syncytia for F, testis sections from the domesticus™sB X
musculus®P cross is 3.5 (SD 15.1) (Table 2). Additionally,
a few tubules exhibit a phenomenon known as spermatid
retention (Figure 3C). Spermatid retention occurs when
elongating spermatids are not released to the lumen of the
tubule. It may be caused by the absence of the next wave of
developing spermatocytes and loss of their maturation stim-
uli. Sertoli cell vacuolation is also present, indicating dys-
function of Sertoli cells (Figure 3, B-D). F, distributions for
testis histology phenotypes used for QTL mapping are shown
in Figure S1.

Phenotypic correlations across F, hybrids

Our data set provided an unusual opportunity to characterize
relationships between different histologic defects associated
with hybrid male sterility during the processes of spermato-
genesis and spermiogenesis. Across F, hybrids, many pairs of
traits are significantly correlated (Figure 4). Most correla-
tions are weak in magnitude (Figure 4), suggesting that each
trait contains distinct information about hybrid male sterility
and motivating the independent treatment of phenotypes in
subsequent genetic analyses. A set of stronger correlations
highlight temporally and/or functionally connected processes.
These relationships include positive correlations between

Testis Histopathology of Hybrids 1459



Table 3 QTL from single QTL analyses

Phenotype Chromosome Position (cM) LOD Position (Mb) 1.5 LOD interval (Mb) DD? DM@ MM@
Testis area (cm?) 10 18.6 5.76 65.1 40.4-121.1 0.34 (0.01) 0.35(0.01) 0.40 (0.01)
X 0.0 2.92 10.2 10.2-166.3 0.38 (0.01) — 0.34 (0.01)
Multinucleated syncytia? 17 13.3 4.26 30.0 3.1-65.2 2.02 (1.80) 5.26(1.21) 1.14(1.98)
X 0.0 8.00 10.2 10.2-58.3 0.95 (1.33) — 5.78 (1.20)
With tubule area as covariate© 8 15.0 4.54 53.6 33.5-66.5 1.51(1.97) 3.17 (1.25) 6.22 (1.81)
Tubules with apoptosis X 0.0 4.81 10.2 10.2-45.1 0.17 (0.09) — 0.68 (0.08)
(round spermatids)?
Round spermatids per Sertoli cell 17 13.3 4.27 30.0 3.1-65.2 10.1(0.33) 8.7(0.22) 10.3(0.36)
X 15.0 3.91 58.3 10.2-71.5 10.2 (0.24) — 8.8 (0.22)
Round spermatids® 17 13.3 4.99 30.0 23.3-65.2 140.0 (4.1) 130.5(2.8) 150.9 (4.5)

With pachytene as covariate

D, M. m. domesticus"se: M, M. m. musculusPVP.,
? Phenotypic means for each genotype with SE in parenthesis.

b Mapped as binary trait, presence of more than one multinucleated syncytium in testis section.

€ QTL identified when tubule area in testis section is used as a covariate.

9 Mapped as binary trait, presence or absence of apoptotic cells among round spermatids in testis section.
€ QTL identified when number of stage VII pachytene spermatocytes are used as a covariate.

numbers of pachytene spermatocytes and round spermatids,
numbers of tubules with apoptotic meiotic cells and tubules
with apoptotic round spermatids, numbers of tubules with
apoptotic round spermatids and multinucleated syncytia, tu-
bule area and number of pachytene spermatocytes, and tu-
bule area and number of round spermatids (Figure 4).

QTL for testis histology defects

Single QTL mapping identified loci linked to five phenotypes
(Table 3). Four of these traits are connected to round sper-
matids: the number of round spermatids (with the number of
pachytene spermatocytes as covariate), the number of round
spermatids per Sertoli cell, the presence/absence of tubules
with apoptotic round spermatids, and the presence/absence
of multinucleated syncytia. QTL for testis area also were
found.

QTL on chromosome 17 affect the number of round sper-
matids and the presence of multinucleated syncytia. Hetero-
zygotes for these QTL show phenotypes consistent with
reduced fertility, matching the previously reported underdo-
minant effects (on other fertility traits) of this genomic region
(Dzur-Gejdosova et al. 2012; Flachs et al. 2012; Turner et al.
2014).

QTL on the X chromosome determine the number of round
spermatids per Sertoli cell, the presence of tubules with
apoptotic round spermatids, the presence of multinucleated
syncytia, and testis area. The estimated position of the QTL for
the number of round spermatids per Sertoli cell is 48 Mb distal
to the QTL for the other three traits, raising the possibility that
the X chromosome contains multiple QTL (although the 1.5
LOD intervals overlap). For each of the four phenotypes, the
musculus®"P X chromosome is associated with reduced fer-
tility, consistent with previous reports (Storchové et al. 2004;
White et al. 2011).

Some QTL were only identified once variation in other
traits was considered. QTL on chromosome 17 for round
spermatid number were only detected when this phenotype
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was divided by the number of Sertoli cells or when the number
of pachytene spermatocytes was treated as a covariate. The
X-linked QTL only appeared when the number of pachytene
spermatocytes was used as a covariate. These conditional
mapping results suggest that the relationship between round
spermatids and meiotic cells and/or Sertoli cells is an impor-
tant part of QTL activity on chromosomes 17 and X.

Multiple QTL mapping identified loci linked to the same
five phenotypes as single QTL mapping (Table 4). Multiple
QTL mapping revealed additional QTL that contribute to
the presence of multinucleated syncytia (chromosome 18)
and testis area (chromosome 3) (Table 4). For some QTL,
1.5 LOD intervals were narrowed compared to single QTL
mapping.

Tests for epistasis revealed a significant interaction be-
tween the QTL on chromosomes 17 and X for the pres-
ence of multinucleated syncytia (pointwise P < 0.005)
that explains an additional 3% of the variance. There was
no evidence for epistasis between any of the other detected
QTL.

We compared QTL positions with those found previously
in the same cross for additional traits connected to hybrid
male sterility (White et al. 2011). The chromosome 17 posi-
tions of QTL for the number of round spermatids and the
presence of multinucleated syncytia are the same or very
similar to QTL for epididymal sperm density. The position
of the X-linked QTL for the number of round spermatids is
close to QTL for some measures of sperm head morphology.
X-linked QTL for the presence of tubules with apoptotic
round spermatids and multinucleated syncytia, as well as
testis area, are located more proximally than X-linked QTL
for sperm head morphology, although there is some overlap
in 1.5 LOD intervals. QTL on chromosomes 8 and 18 for the
presence of multinucleated syncytia overlap with QTL for
seminiferous tubule area. Testis area QTL located on chro-
mosomes 3 and 10 overlap with QTL for relative right testis
weight.



Table 4 QTL from multiple QTL analyses

1.5 LOD Dominance
Phenotype Chromosome Position (cM) LOD Position (Mb) interval (Mb) % Variance? Additive effect® deviation®
Testis area (cm?2) 3 52.0 3.62 125.0 97.2-141.0 49 —0.62 (0.2) —0.88 (0.3)
10 19.0 5.35 66.4 49.5-82.7 7.3 0.87 (0.2) —0.80 (0.3)
X 0.0 3.47 10.2 10.2-56.4 4.7 —0.57 (0.1) —
Multinucleated syncytia® 17 12.0 4.46 26.9 8.9-44.0 5.7 —0.52 (3.5) 22 (4.8)
18 36.0 3.80 71.9 61.5-82.8 4.8 4.8 (3.5) 20 (4.9)
X 1.0 8.03 14.4 10.2-54.4 10.5 15 (2.4) —
Multinucleated syncytia® 8 15.0 3.84 53.6 35.5-66.5 54 14 (3.4) 1.8 (4.9)
With tubule area as 17 13.0 418 29.2 10.8-44.0 59 —0.91 (3.3) 20 (4.6
covariate
X 0.0 4.83 10.2 10.2-91.9 6.9 11 (2.3) —
Tubules with apoptosis X 0.0 4.67 10.2 10.2-44.2 7.2 12 (2.5) —
(round spermatids)®
Round spermatids per 17 12.0 4.20 26.9 6.9-60.1 6.1 —4.4 (24) —147 (33)
Sertoli cell
X 11.0 4.00 50.5 10.2-70.1 5.8 -73(17) —
Round spermatids’ 17 13.3 4.98 299 6.9-53.4 5.0 512 (244) —1487 (330)
With pachytene as
covariate

Values in effect columns scaled by 102.
? Percentage of phenotypic variance explained by QTL.

b Additive effects calculated as half the difference between phenotypic average of homozygotes, estimated effect with SE in parentheses.
“ Dominance deviation calculated as difference between phenotypic average of heterozygotes and the midpoint between phenotypic averages of homozygotes, estimated

deviation with SE in parenthesis.

9 Mapped as binary trait, presence of more than one multinucleated syncytium in testis section. Using tubule area as a covariate produces a best-fitting model with a differing

set of QTL.

¢ Mapped as binary trait, presence or absence of apoptotic cells among round spermatids in testis section.
" QTL identified when number of stage VIl pachytene spermatocytes is used as a covariate.

A schematic summarizing QTL activities in the temporal
context of spermatogenesis and spermiogenesis is provided in
Figure 5.

Discussion

The continuous and spatially structured nature of spermato-
genesis makes it possible to assign abnormalities to specific
stages and processes through detailed histological examina-
tion of testes. Our application of this strategy to a large sample
of hybrid mouse testes elucidated the phenotypic and genetic
causes of a primary reproductive barrier—hybrid male steril-
ity—between two subspecies of house mice.

Phenotypic determinants of F, hybrid male sterility

Although we found significant phenotypic heterogeneity
across F, mice, a few overall patterns point to the develop-
mental bases of F, hybrid male sterility. Testes generally de-
velop normally, as indicated by the presence of interstitial
(Leydig) cells, Sertoli cells, seminiferous tubules, and sper-
matogonia in expected numbers. Active division and entry
into meiosis of spermatogonia show that mitosis proceeds
normally.

Increases in apoptotic pachytene meiotic cells and de-
creases in round spermatids suggest that the failure to com-
plete meiosis I is a primary barrier. This failure leads to
increased apoptosis within round spermatids and an increase
in multinucleated syncytia (degenerating spermatids). Our

results are consistent with cell death by activation of the
pachytene checkpoint in meiosis I in hybrids. As secondary
spermatocytes and round spermatids cannot be histologically
distinguished, and an increase in apoptotic round spermatids
was noted, the possibility exists of an additional downstream
defect in meiosis II. Identification of multinucleated syncytia
also suggests potential postmeiotic defects in spermiogenesis,
although syncytia can result from aberrant meiosis as well.
Although F, hybrids harbor normal numbers of Sertoli
cells, Sertoli cell vacuolation in some tubules suggests dys-
function of these cells as well. The frequency of tubules with
vacuolation is associated with infertility in extinct lines from
the Collaborative Cross (Shorter et al. 2017), which are them-
selves hybrids of three subspecies of house mice (Threadgill
and Churchill 2012). Sertoli cells form the blood-testis bar-
rier, which prevents the immune system from attacking the
genetically novel cells generated by meiosis. We attribute
Sertoli cell vacuolation to a loss of trophic feedback from
developing spermatocytes held within the Sertoli cells; these
two cell types are cytoplasmically linked via gap junctions.
Our study is the first to comprehensively characterize testis
histology in hundreds of hybrid mice. Comparisons to other
studies of hybrids that reported testis histology in smaller
numbers of mice reveal potential generalities. Wild hybrids
from the European contact zone between M. m. domesticus
and M. m. musculus exhibit some of the same testicular ab-
normalities we identified, including significant apoptosis of
round spermatids, vacuolated Sertoli cells, multinucleated
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Cell type Process Phenotype QTL
O 1° Spermatocyte
Meiosis | Fewer. pachyter\e spermat.:ocytes
Small increase in apoptotic spermatocytes
O O 20 Spermatocytes
3. Fewer round spermatids C17,CX.2 Figure 5 Schematic illustrating
Meiosis Il : i g : . .
Large increase in apoptotic round spermatids CX.1 phenotypic effects of F, hybrid
male sterility QTL.
O O O O Spermatids Multinucleated spermatid syncytia C17,661;
C8, C18
l i l J/ Spermiogenesis
Decreased testis area C10, CX.1,C3
Decreased seminiferous tubule area C8, C18
Sperm Decreased relative testis weight
Reduced sperm count C10
Sperm abnormalities Cc17
CX.2

syncytia, and spermatid retention (Turner et al. 2012). The
apoptosis we detected in laboratory-reared F, hybrids was
earlier (in pachytene spermatocytes) than that observed in
natural hybrids (chiefly round spermatids) (Turner et al.
2012). Nevertheless, the overall histologic similarities sug-
gest that F, hybrid mice generated in the laboratory provide
strong models for reductions in hybrid fertility in the wild.

The defects we observed in F; hybrids were less severe
than those previously reported for sterile F; hybrids from
crosses between two M. m. musculus strains and C57BL/6
(an inbred strain mostly descended from M. m. domesticus).
Testes from NJL X C57BL/6 F; hybrids contain spermatogo-
nia and primary spermatocytes, but no secondary spermato-
cytes or spermatids (Kaku et al. 1995). Testes from these
hybrids undergo primary spermatocyte apoptosis and harbor
areduced number of pachytene cells relative to zygotene cells
(Oka et al. 2010). Testes from musculusP"P X C57BL/6 F;
hybrids completely lack postmeiotic cells, with apoptosis in
meiosis I leading to a deficiency in the number of midpachy-
tene cells and an absence of diplotene cells (Bhattacharyya
et al. 2013). Testes from musculus?"P X domesticus"SB F hy-
brids show similarly drastic signs of reduced fertility. Like other
traits associated with hybrid male sterility (Good et al. 2008b),
testis histology in F; hybrids between M. m. musculus and
M. m. domesticus differs among strains. Another factor that
complicates comparisons among studies is that tubule de-
generation results in Sertoli-only tubules lacking primary
and secondary spermatocytes. As a result, studies of older
mice could miss the primary degenerative process, instead
revealing the end-stage (infertile) testis consisting of chiefly
Sertoli-only tubules.

Genetic determinants of F, hybrid male sterility

We used substantial variation in testis histology phenotypes
among F, mice to identify QTL that contribute to a subset of
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these traits. Our study is the first to characterize the genetic
architecture of these five measures of testis abnormalities.

Our results indicate important roles for loci on multiple
chromosomes in the development of F, hybrid male sterility.
The effects of QTL on chromosomes 17 and X on testis his-
tology mirror those previously documented for other sterility
traits in F; hybrids and in consomics/congenics (Forejt and
Ivanyi 1974; Forejt et al. 1991; Storchova et al. 2004; Mihola
et al. 2009; Dzur-Gejdosova et al. 2012). In particular, mice
heterozygous for chromosome 17 QTL and/or carrying chro-
mosome X QTL alleles from musculus®P show histologic
traits associated with reduced fertility.

The underdominant action and genomic positions of the
QTL on chromosome 17 suggest the causative mutation(s)
lie(s) in Prdm9 (Mihola et al. 2009). If this turns out to be
the case, our results would extend the phenotypic effects
of Prdm9-based incompatibilities to include multinucleated
syncytia. Our findings would also confirm that these incom-
patibilities reduce the number of round spermatids in F5 hy-
brids. Furthermore, these patterns are consistent with the
hypothesis that Prdm9-based incompatibilities cause F; hy-
brid male sterility by triggering pachytene checkpoint activa-
tion in meiotic prophase I with reductions in synapsis and
double-strand-break repair (Bhattacharyya et al. 2013;
Gregorova et al. 2018). The estimated positions of QTL on
chromosome 17 reported here and in White et al. (2011)
(~26-30 Mb) are far enough away from the location of
Prdm9 (15.5 Mb) to raise the possibility that this gene is
not the causative locus (although the confidence intervals
include Prdm9). Reaching a definitive conclusion will require
finer genetic mapping in this genomic region.

Testis area, the presence of tubules with apoptotic round
spermatids, and the presence of multinucleated syncytia all
map to the proximal part of the X chromosome. These results
suggest that this X-linked region primarily affects apoptosis,



leading to both decreased testis area (due to loss of spermato-
cytes) and subsequent formation of multinucleated syncytia
(degenerate spermatocytes). Based on position, QTL in this
region appear to be distinct from previously reported F; hybrid
male sterility QTL Hstlx (which disrupts spermiogenesis)
(Storchova et al. 2004) and Hst2x (which arrests meiosis)
(Bhattacharyya et al. 2014). Introgression of the proximal
third of the X chromosome from the PWK strain of M. m.
musculus on to the genomic background of the LEWES strain
of M. m. domesticus also reduces sperm count and testis weight
(Good et al. 2008a). Our results suggest that a second QTL on
the X chromosome controls the number of round spermatids
(although confidence intervals on position overlap). Overall,
our findings support the idea that the X chromosome contrib-
utes to hybrid male sterility in multiple ways (Storchova et al.
2004; Good et al. 2008a, 2010; Bhattacharyya et al. 2014;
Turner et al. 2014; Larson et al. 2017).

QTL for multinucleated syncytia on chromosomes 8 and
18localize near QTL for seminiferous tubule area (White et al.
2011). Syncytia indicate failures in differentiation from
round spermatids to spermatozoa, as the preexisting junc-
tions between these cells fail to separate and the cells are
not released from Sertoli cells. Because multinucleated syn-
cytial cells represent spermatocyte degeneration, spermato-
cyte loss is also likely; this in turn could reduce tubule area.
The overlap of QTL for testis area with QTL for testis weight
(White et al. 2011) suggests that these loci control the overall
size of the testis in hybrids.

The absence of QTL for other histologic traits could indicate
that these phenotypes are not important contributors to
hybrid male sterility in this cross. In this vein, most F, hybrids
could be characterized as displaying normal aspects of testis
development (as revealed by the numbers of tubules and
Sertoli cells) and normal initiation of meiosis I (as revealed
by the number of pachytene spermatocytes). Alternatively,
genetic incompatibilities could exist for these traits, but with
effects too small to detect using our sample size. Finally, these
phenotypes could feature higher measurement error, al-
though we have no indication that this is the case.

Examination of testis abnormalities in intercrosses featur-
ing other strains could identify different QTL or distinct
phenotypic effects of the same QTL. Both M. m. domesticus
and M. m. musculus subspecies harbor polymorphism for F;
hybrid male sterility involving chromosomes X (Good et al.
2008b) and 17 (Forejt and Ivanyi 1974; Vyskodilova et al.
2009), and other autosomes (Larson et al. 2018). Detailed
examination of testis histology in crosses with other subspe-
cies of house mice, including M. m. castaneus, would help
resolve the evolutionary origins of the hybrid incompatibili-
ties we identified (Moyle and Payseur 2009; White et al.
2012; Wang et al. 2015).
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