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Abstract

Hybrid sterility is a common postzygotic reproduc-
tive isolation mechanism that appears in the early
stages of speciation of various organisms. Mus mus-
culus musculus and Mus musculus domesticus rep-
resent two recently separated mouse subspecies
particularly suitable for genetic studies of hybrid
sterility. Here we show that the introgression of Chr
X of M. m. musculus origin (PWD/Ph inbred strain,
henceforth PWD) into the genetic background of the
C57BL/6] (henceforth B6) inbred strain (predomi-
nantly of M. m. domesticus origin) causes male ste-
rility. The X-linked hybrid sterility is associated with
reduced testes weight, lower sperm count, and mor-
phological abnormalities of sperm heads. The analy-
sis of recombinant Chr Xs in sterile and fertile males
as well as quantitative trait locus (QTL) analysis of
several fertility parameters revealed an oligogenic
nature of the X-linked hybrid sterility. The Hstx1
locus responsible for male sterility was mapped near
DXMit119 in the central part of Chr X. To ensure full
sterility, the PWD allele of Hstx1 has to be supported
with the PWD allelic form of loci in at least one
proximal and/or one distal region of Chr X. Mapping
and cloning of Hstx1 and other genes responsible for
sterility of B6-X"WPY®6 males could help to elucidate
the special role of Chr X in hybrid sterility and con-
sequently in speciation.

Hybrid sterility is defined as a situation when two
related taxa, each of which is fertile inter se, give rise
to a hybrid that is sterile. The sterility typically af-
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fects the heterogametic (heterozygous) sex, thus
obeying Haldane’s rule (Haldane 1922). Although
genetic analysis of hybrid sterility has been pursued,
mostly in the Drosophila species, for over 70 years
its genetic architecture, molecular mechanism, and
preferential occurrence in heterogametic sex are
poorly understood. Several lines of experimental
evidence point to a special role of the X chromosome
(Chr X) in these phenomena. A disproportionate
effect of Chr X genes on hybrid sterility was observed
in Drosophila interspecies backcrosses, a phenome-
non designated ‘large X-effect’” by evolutionary
biologists (Coyne and Orr 1989). To explain Hal-
dane’s rule, Muller’s dominance theory pointed out
that recessive X-linked mutations can disrupt ga-
metogenesis in heterogametic (XY) but not in
homogametic (XX) sex (Muller 1940; Turelli and Orr
1995).

The role of Chr X in postzygotic reproductive
isolation was also documented in mice, in experi-
mental crosses between inbred strains originated
from various mouse (sub) species. One of the few
segregating hybrid sterility loci in (B6 x M. spretus) x
B6 backcross was mapped on Chr X by Guenet and
colleagues (1990). A more detailed study of X-linked
hybrid sterility was performed by genetic analysis of
a congenic strain B6.SPRET- Hprt?, where a 17-cM
segment of M. spretus Chr X was dissected in a series
of subcongenics (Elliott et al. 2001).

When choosing a model system to analyze the
genetic control of hybrid sterility, it is important to
select a pair of species as closely related as possible,
otherwise the identified genetic variants could rep-
resent a consequence rather than the cause of spe-
ciation. In the house mouse, M. m. domesticus and
M. m. musculus represent two closely related sub-
species, which separated from their last common
ancestor between 350,000 (She et al. 1990) and
1,000,000 (Silver 1995) years ago, but which still
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display an incomplete reproductive barrier in their
hybrid zone (Boursot et al. 1996; Munclinger et al.
2003; Sage et al. 1993). Hybrid sterility between
M. m. musculus and M. m. domesticus was first
described in the laboratory crosses between trapped
wild mice of the M. m. musculus subspecies and
the laboratory inbred strain C57BL/10, predomi-
nantly of M. m. domesticus origin (Forejt and Ivanyi
1974). The first gene engaged in hybrid sterility of
the M. m. musculus x C57BL/10 strain (hybrid
sterility 1, Hst1) was mapped on Chr 17 in a region
of 0.5 ¢cM or 350 kb (Forejt and Ivanyi 1974; Forejt
et al. 1991; Gregorova et al. 1996; Trachtulec et al.
1997).

In this study we report on the genetic analysis of
the hybrid sterility phenomenon caused by the int-
rogression of Chr X of M. m. musculus origin (PWD
inbred strain) into the B6 background (~80% of do-
mesticus  origin). The resulting consomic
B6-XPWPXBS females are viable and fully fertile, but
B6-X"WPY®S males are almost completely sterile, in
accordance with Haldane’s rule.

Materials and methods

Mice. The PWD strain derived from wild mice
M. m. musculus (Gregorova and Forejt 2000) has
been established and maintained at the Institute of
Molecular Genetics (IMG, Academy of Science,
Czech Republic). The B6 strain was purchased from
Jackson Laboratories (Bar Harbor, ME, USA) and the
BALB/c strain was purchased from Velaz s.r.0. (Lys-
olaje, Czech Republic). To construct the B6-X""P
consomic strain, (B6 x PWDJF; females were re-
peatedly backcrossed to B6 males. In each backcross
generation, females with nonrecombinant Chr X of
PWD origin were selected by genotyping with SSLP
markers distributed along Chr X.

The principles of laboratory animal care (NIH
Publication No. 85-23, revised 1985) as well as spe-
cific Czech Law No. 246/1992 Sb were observed.

Genotyping. The following SSLP markers (Die-
trich et al. 1994) with indicated absolute positions
on the Chr X were used for genotyping: DXMit55
(4 Mbp), DXMit89 (8 Mbp|, DXMit81 (23 Mbp),
DXMit49 (24 Mbp), DXMit166 (38 Mbp), DXMit140
(44 Mbp), DXMit92 (45 Mbp), DXMit144 (48 Mbp),
DXMit87 (51 Mbp), DXMit143 (53 Mbp), DXMit142
(54 Mbp), DXMit25 (56 Mbp), DXMit119 (57 Mbp),
DXMit60 (63 Mbp), DXMit93 (72 Mbp), DXMit128
(78 Mbp), DXMit114 (83 Mbp), DXMit16 (84 Mbp),
DXMit170 (88 Mbp), DXMit173 (112 Mbp),
DXMit234 (124 Mbp), DXMit31 (144 Mbp). The
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marker positions were determined according to the
Ensembl Mouse Genome Server (http://www.en-
sembl.org/Mus_musculus/] based on the NCBI
Mouse Genome build 30. Genomic DNA for geno-
typing was obtained from the mouse tail as follows:
2 mm of a tail were added to 600 pul of 50 mM
NaOH, heated to 95°C for 90 min, vortexed, and
neutralized with 50 pul of 1 M Tris (pH 8). Amplifi-
cation of microsatellite markers was performed in a
PTC 225 thermal cycler (M] Research) under the
following conditions: 95°C for 2 min (94°C for 30
sec, 55°C for 40 sec, 72°C for 40 sec) for 36 cycles,
then 72°C for 5 min. PCR in a 15-ul volume con-
tained: 1x PCR buffer comprising 10 mM Tris-HCI
(pH 8.8), 50 mM KCI, 0.08% Nonidet P40, and
1.5 mM MgCl, (Fermentas); 0.2 mM of each dNTP
(Fermentas); 0.33 pM of each primer (Invitrogen), 0.3
U Taq polymerase, and 0.5 ul DNA prepared as de-
scribed above. For amplification of SSLP markers
that did not amplify under these conditions, we used
PCR buffer with (NH4),SO4 (Fermentas) and an-
nealing temperature 51°C. PCR products were sep-
arated on a 4% agarose gel and visualized with
ethidium bromide.

Analysis of male fertility. To analyze male fer-
tility, adult males (2-6 months old) were mated for
2-3 months with three BALB/C females. The num-
ber of offspring was counted as the average number
of sired offspring per mating unit, OMU (1
OMU = one male caged with one female for 30 days).
After mating, the males were sacrificed, testes
weighed, and the number of spermatozoa in cauda
epididymides was counted.

Morphological analysis of spermatozoa. Sper-
matozoa obtained from the cauda epididymides were
washed twice with phosphate-buffered saline (PBS),
pH 7.2, followed by centrifugation for 10 min at
600 g, and then fixed with methanol:acetic acid (3:1)
and loaded on glass slides. Preparations of sperma-
tozoa were observed under a light microscope.

Acrosomal status tested by monoclonal anti-
body. Monoclonal antibody against boar acrosin
(ACR.2), which cross-reacts with mouse epididymal
spermatozoa, was used for determination of the ac-
rosome state of mouse spermatozoa by the immu-
nohistochemical method as described (Peknicova
et al. 2002; Peknicova and Moos 1990).

Histology of testis. Testes were fixed in Bouin
solution, embedded in paraffin, sectioned to 5-um
slices, and stained with hematoxylin-eosin accord-
ing to standard procedures.
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Table 1. SSLP (MIT) markers used to distinguish B6 and PWD allelic forms. Current position based on analysis of 346

backcross animals

Marker MGI position (cM) Current position (cM) Ensembl position (Mbp)
DXMit55 1.4 (1.4) 3.5
DXMit81 9.3 11.8 22.6
DXMit49 13 13.8 23.8
DXMit166 15.5 23.9 38.2
DXMit140 19 29.1 43.7
DXMit119 29.5 34.1 56.6
DXMit16 37 40.4 84.2
DXMit170 41.5 44.5 87.9
DXMit173 50.5 51.4 112.2
DXMit234 60 64.1 123.8
DXMit31 72 71.9 143.9

QTL analysis. Interval mapping generating
likelihood ratio statistics (LRSs) was done with the
aid of computer software MapManager QTX, version
b19, freely available at http://www.mapmanager.org/
(Manly et al. 2001). The permutation test available in
MapManager QTX was used to calculate LRS
thresholds for suggestive, significant, and highly
significant linkage. In the permutation test, 1000
permutations in 1-cM steps were generated and the
additive regression model was fitted for the permuted
data. Confidence intervals for particular QTLs were
estimated by bootstrap analysis (Walling et al. 1998)
available in the MapManager QTX. The same soft-
ware was also used to search for interaction effects
between pairs of QTL loci.

Results

Introgression of the M. m. musculus Chr X from the
PWD strain into the B6 genetic background. To
construct the B6-X*"P consomic strain (also desig-
nated as a chromosome substitution strain), Chr X
from the PWD inbred strain was introgressed by re-
peated backcrossing into the B6 genetic background,
predominantly of M. m. domesticus descent. Eleven
SSLP markers (Dietrich et al. 1994) distributed
across the X chromosome were used to select the
backcross animals carrying the nonrecombinant
XPWD' chromosome (Table 1). The most proximal
and the most distal markers were situated at posi-
tions 3.5 Mbp (DXMit55) and 143.9 Mbp (DXMit31),
respectively (Hubbard et al. 2002) (http://www.
ensembl.org/Mus_musculus/ ENSEMBL v19.30.1).
Because of the lack of suitable markers, we could not
monitor the allelic forms of the terminal 6.1-Mbp
segment, including the pseudoautosomal region.
Fertility of males changed in the course of re-
peated backcrosses. The (PWD x B6JF; hybrid males
were completely sterile with small testes, early
meiotic arrest, and no sperm in the ductus epidyd-
imis, as described (Gregorova and Forejt 2000). At

the early BC generations, some males with the
nonrecombinant X*"P chromosome became fertile.
From the BCs; generation further on, all nonre-
combinant B6-X"WPY®® males were fully sterile. In
contrast to F, hybrids, the sterile B6-X"VPY®® males
displayed a complete meiotic cycle with the sperm
present in ductus epididymides (see below). All
B6-XPWPXES females were viable and fertile.

Uneven distribution of recombination events
along Chr X. The SSLP (MIT) markers were selected
according to the consensus genetic map (MGI 2.96,
http://www.informatics.jax.org) (Blake et al. 2003)
with a 12-cM maximum distance between neigh-
boring loci (Table 1). However, the actual recombi-
nation frequencies as measured in our backcrosses
were significantly different from the consensus map,
with a 4.05-fold enhancement in the DXMit49-
DXMit166 interval and a 0.47-fold depression (p <
0.01) in the DXMit140- DXMitl19 region. This
variation could be explained by a PWD-specific cold
spot and hot spot of recombination or by small
structural rearrangement(s), such as inversion(s),
causing recombination suppression and adjacent
compensatory enhancement. A closer inspection of
the MGI database showed that most if not all genetic
mapping data came from interspecies crosses in-
volving M. spretus. Thus, the interpretation of the
observed cold and hot spots of recombination could
be biased by possible structural variations between
Chr Xs of M. m. musculus, M. m. domesticus, and
M. spretus. Therefore, we projected the genetic map
in centimorgans directly onto the physical map of
the chromosome. The total genetic length of
70.6 cM in MGI and 70.5 cM in our present map
corresponds to 140.4 Mbp on the physical map, the
resulting average value of 0.5 cM/Mbp is in good
agreement with the expected frequency of 0.6 cM/
Mbp for the whole mouse genome (Waterston et al.
2002). Five out of ten measured intervals showed
significantly enhanced or suppressed recombination
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Fig. 1. Relation between genetic and physical distances in
ten intervals of Chr X of the backcross (B6-X"WP XB¢ x Bg)
(n = 346). The physical distances between SSLP markers
on the X axis are in scale. Five out often measured inter-
vals show significantly enhanced or suppressed recombi-
nation (p < 0.05 with Bonferroni correction, marked by
horizontal bars). The MGI consensus map is presented for
comparison.

p < 0.05 with Bonferroni correction, see Fig. 1). The
most prominent cold spot was seen in the
DXMit119- DXMitl6 interval, which carries the
main QTL locus for the X-linked hybrid sterility, as
is shown below. Note that the variation in recom-
bination frequency, measured as cM/Mbp, is entirely
different from the results based on comparisons of
the two genetic maps.

Fertility assessment of the (B6-X""" X®° x B¢)
backcross males. Starting from BCs, all tested
B6-X"WPY®¢ males with the nonrecombinant X*WP
chromosome were completely sterile, and the X*WP
chromosome had to be transmitted solely through
the fertile B6~X"WPY®® females. The males with
recombinant Chr X displayed a range of variation in
fertility impairment. To assess the fertility quanti-
tatively, the following traits were scored: (i) number
of offspring sired by one male with one female in one
month (OMU), (ii) wet weight of paired testes, (iii)
number of spermatozoa in cauda epidydimides, and
(iv) percentage of morphologically abnormal sper-
matozoa. Besides these traits, we checked the in-

Table 2. Fertility parameters of B6-X*"PY®® consomic males
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tegrity of acrosome in sperm heads and examined the
seminal vesicle weight. The sterile B6-XFWPY®B¢
males had a significantly lower testes weight and
sperm count in comparison to their fertile litter-
mates with nonrecombinant B6-derived Chr X (re-
ferred to here as B6-X®®Y®®) (p < 0.0001; Table 2).
The seminal vesicle weight, reflecting the sensitiv-
ity to and the level of serum testosterone, did not
differ between sterile and fertile males.

The majority of sperm heads of B6-
males were morphologically abnormal (Fig. 2). We
observed sperm heads with slightly shortened hooks,
sperm heads with shortened hooks and/or reduced
distal parts, and, as an extreme, spermatozoa with
fan-shaped or rhomb-shaped heads. Some of these
spermatozoa also had an abnormal midpiece
attachment site and some other displayed rare
anomalies (Table 3). The stained acrosome did not
differ between sterile and fertile males. The cauda
epidydimis of sterile males contained some round
spermatids not observed in fertile controls.

Histological sections from testes of sterile B6—
XPWPYB6 males showed disrupted integrity of the
germ cell layer and premature release of germ cells
into the lumen of seminiferous tubules (Fig. 3).
These abnormalities were observed in 43% of the
cross sections of seminiferous tubules in sterile
males.

XPWDYB6

Towards mapping of the X-linked hybrid ste-
rility genes. The fertility parameters were recorded
in 163 BC5-BCg male offspring from the backcrosses
(B6-XPWPXBSBC, , x B6). The number of offspring
per mating unit (OMU) is an ultimate measure of
infertility, yet most distant from the causative gene
product. Based on the distribution pattern of OMU
among the recombinant males, we arbitrarily se-
lected OMU < 2 as the full sterility borderline. For a
more detailed mapping, an additional 11 SSLPs with
distinct PWD and B6 alleles were used.

Mapping the Full Sterility Phenotype. Scatter
plots of two classes of the Chr X single recombi-
nants, PWD/B6 and B6/PWD, show dependency of
the OMU and percentage of normal spermatozoa on
the location of a PWD congenic segment in rec-

Genotype Testes weight (mg) Sperm count x 107° Seminal vesicle (mg)
B6-X"WPyBe 149 = 20 12.0 = 3.0 231 + 79
(n=21) (n=9) (n=12)
B6-XBoYBe 221 = 13 21.8 2.5 275 =27
(n = 8) (n =5) (n =5)

The differences between sterile B6~XTWPY® and fertile B6~X®® Y®° males in testes weight and sperm count are highly significant (p < 0.0001).
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Fig. 2. Examples of morphologically abnormal sperm heads.
(A, B) Sperm heads of control parental strains C57BL/6]J (A)
and PWD (B). Sperm heads of sterile B6-X""VPY®® males
show various abnormalities: a slightly shortened hook (C), a
shortened hook and/or a reduced distal part (D-F), fan-
shaped (G) or rhomb-shaped (H) heads. Spermatozoa (I, J) and
a round spermatid (K) with the acrosome labeled by antiac-
rosin antibody ACR.2.

ombinant Chr X (Fig. 4). The PWD/B6 recombinants
with the PWD segment encompassing the centro-
mere— DXMit144 locus were fertile. However, when
the recombination point moved 8 Mbp distally,
behind DXMit119, the males became sterile, with
two exceptions.

The reciprocal single recombinants, B6/PWD,
were sterile when the PWD part of the chromosome
included the telomeric end up to DXMit119 or more
proximally. When the recombination point was di-
stal to DXMit119, the males became fertile (Fig. 4).
Thus, the PWD allele of a locus designated hereafter
hybrid sterility-X1, HstxI, and located within the
DXMit119 region, seems to be an indispensable
component of hybrid sterility genetic control. How-
ever, the analysis of double recombinants clearly
showed that the PWD allele of HstxI is a necessary
but not sufficient condition for sterility. At least one
region proximal and or one region distal to the region
encompassing the Hstx1 gene must carry the PWD
allelic form to keep the males sterile (data not
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shown). Mapping the recombination breakpoints in
double recombinants was not always consistent
with fertility parameters. To map additional loci
more precisely, it will be necessary to analyze the
phenotype of each recombinant Chr X in more than
one male.

QTL Analysis of Fertility Impairment. The
MapManager QTX software (version b19) (Manly et
al. 2001) was used to treat the fertility parameters as
quantitative traits to localize the respective QTLs on
the Chr X map. For the OMU parameter, 86 Mbp
encompassing the DXMit119 and Hstx1 showed the
LRS > 14.9, which was the threshold for highly sig-
nificant linkage. The highest LRS peak mapping the
Hstx1 QTL reached the value 112.7 (n =117; Fig. 5a)
with a 99% confidence interval, estimated by boot-
strap analysis as well as by 2-LOD support interval
between DXMit119 and DXMit60 markers (57-63
Mbp).

The highest LRS for abnormal sperm head
morphology (n = 160, LRS = 69.7; Fig. 5b) was also
close to the DXMit119 marker, but, in this case,
unexpectedly all Chr X markers displayed a highly
significant QTL linkage with LRS > 14.5. The testis
weight and sperm count showed a major peak
(n =163, maximum LRS=73.6; Fig.5¢c and
n =121, maximum LRS = 30; Fig. 5d) in the same
region as the Hstxl locus; however, a second major
peak of a highly significant linkage was near the
telomeric end between DXMit173 and DXMit234
markers.

The analysis of QTL-QTL epistatic effects re-
vealed significant interactions between central
(DXMit87-DXMit119) and proximal (DXMit55-
DXMit49) parts in the case of abnormal sperm head
morphology (interaction LRS = 35.2). For the testes
weight, the interactions between central and distal
(DXMit170-DXMit31) parts (interaction LRS = 10.3)
were observed.

Discussion

The genome of a classical laboratory mouse strain
such as B6 is a mosaic, which originated mainly

Table 3. Percentages of sperm-head abnormalities in B6-X*"PY®® consomic males and their parental controls
Shorter hook Fan-shaped or Round spermatids in Other
and/or reduced rhomb-shaped epidydimis abnormalities
Normal distal part heads

B6-X"WPYP 13.7 58.7 24.1 1.4 2.1
B6-XPoY®Be 75.4 15.4 5.5 0 3.7
B6 90.8 5.0 2.0 0 2.2
PWD 89.5 5.5 2.2 0 2.8

At least two animals of each genotype were analyzed. A minimum of 300 sperm were evaluated per animal.
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Fig. 3. Testicula

male. Seminiferous tubules of the sterile B6-X"WPYB¢

from the M. m. domesticus subspecies and about
20% from the M. m. musculus subspecies compo-
nent (Wade et al. 2002; Yonekawa et al. 1980). The
PWD inbred strain is 100% of M. m. musculus origin
(Gregorova and Forejt 2000). Male but not female
(PWD x B6)F; hybrids are sterile, obeying the clas-
sical Haldane rule of hybrid sterility. Thus, in spite
of their artificial nature, B6 and PWD inbred strains
and their hybrids can be utilized to assemble a lab-
oratory model of hybrid sterility to get insight of the
early event of speciation (Forejt 1996; Orr and Pres-
graves 2000; Wu and Ting 2004). In this study we
investigated the role of Chr X in hybrid sterility,
using the B6-X"WPY®¢ consomic male as a model.
The male-limited hybrid sterility was caused by in-
compatibilities between Chr X of PWD (M. m.
musculus) origin and the gene(s) in the genetic
background of the B6 inbred strain, representing the
M. m. domesticus subspecies. Our unpublished data
show that the gene or genes incompatible with PWD
Chr X do not lie on Chr Y. This result is not sur-
prising since Chr Y of the B6 strain is apparently of
Asian M. m. musculus origin (Tucker et al. 1992b).

r cross-sections stained with hematoxylin-eosin. (A)
male show disrupted integrity of the germ cell layer and premature
release of germ cells into the lumen of seminiferous tubules.
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Fertile B6-X®® Y® male. (B) Sterile B6-X""VPY®®

The consomic males had virtually no offspring, dis-
played significantly lower testes weight and sperm
count, and their spermatozoa showed various
degrees of morphological abnormalities. Disrupted
integrity of the germ cell layer and premature release
of germ cells into the lumen of seminiferous tubules
indicated impaired interactions between Sertoli cells
and germ cells.

Mapping of sterility genes on Chr X revealed,
rather unexpectedly, the complex oligogenic nature
of infertility. With 163 backcross males, all sharing
the B6 genetic background, the expected resolution
of the cross was 0.61 cM per backcross animal.
However, such precision was not achieved because
of the apparent multigenic nature of sterility and
because of the occurence of ““exceptions.” Seven
males out of 163 tested appeared to be the excep-
tions, with their phenotype not matching their
genotype in a sensible way. Such irregularity was
not seen in the previous mapping of the Hst1 gene
(Gregorova et al. 1996), where none of the 183
genotyped backcross males behaved as an “excep-
tion.”
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Fig. 4. Scatter plots of the two classes of the X chromosome single recombinants, PWD/B6 (A) and B6/PWD (B). The
fertility decline in males with recombination breakpoint near the marker DXMit119 (57 Mbp) indicates that this region
encompasses gene/genes involved in the X-linked hybrid sterility.
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gestive, significant, and highly significant linkage corresponding to the o values 0.63, 0.05, and 0.001, respectively.
Histograms calculated by the bootstrap test show the confidence intervals for the particular QTLs on the chromosome.

Inspection of the Chr X recombination patterns,  locus is necessary but not sufficient for the X-linked
as well as QTL analysis, identified a new locus,  sterility.
designated Hstx1, as a major QTL for the OMU pa- In an attempt to construct a consomic strain
rameter. The data clearly showed that the Hstxl  carrying Chr X of M. m. molossinus and M. m.
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castaneus on the genetic background of a mixed
laboratory strain, the laboratory of Toshihiko Shi-
roishi (Takagi et al. 1994) reported male-limited in-
fertility of their consomics. Preliminary mapping of
a gene responsible for abnormal sperm heads was
8 ¢cM proximal to Tabby in the case of M. m. mol-
ossinus Chr X. Although tentative, this map posi-
tion fits well with our location of the Hstx1 gene.

M. spretus is a mouse species which separated
from a common ancestor of the M. musculus group
about 3 millions years ago, much earlier than M. m.
musculus and M. m. domesticus subspecies (Silver
1995). Elliott and colleagues (2001) prepared a hybrid
congenic strain AT24 carrying 17 ¢cM of Chr X from
M. spretus on a B6 background. The males were
subfertile and their testis weight was reduced to one
half compared with the B6 parental strain. The
Ihtw1 locus controling testis weight was located
proximal to DXMit140 [MGI consensus map posi-
tion 18.0 cM (Blake et al. 2003)]. The present data
situated the Hstx1 locus approximately 12 ¢cM distal
from DXMit140, closer to DXMit119 on the MGI
consensus map. Although the allelism of both loci
seems unlikely, the ultimate assessment must await
direct testing. The Hstx1 locus is very closely linked
to another M. spretus—M. musculus incompatibility
locus, interspecific hybrid placental dysplasia (Thpd)
(Zechner et al. 1996), at position 32 ¢cM. This locus is
responsible for hyperplasia of placentae in hybrids
where the female parent is of M. spretus, M. mace-
donicus, or M. spicilegus species and the male parent
is M. musculus. Another formal similarity is that
Thpd and Hstx1 loci appear to be members of fami-
lies of multiple loci scattered on Chr X and acting
synergistically to produce the abnormal phenotype
(Hemberger et al. 1999; Montagutelli et al. 1996).
QTL analysis revealed linkage of a large part of Chr
X with placental dysplasia similar to how a major
portion of Chr X showed linkage with OMU and
abnormal sperm in the present study.

An alternative hypothesis explaining the in-
volvement of an unusually large part of Chr X in the
hybrid sterility of B6-X"WPY®® males is that rather
than multiple hybrid sterility loci on Chr X, some
epigenetic changes, such as abnormal chromatin
structure of Chr X, could be responsible for sterility.
A large body of mostly indirect evidence suggests
that Chr X is transcriptionally silenced in primary
spermatocytes (Forejt 1982; Lifschytz and Lindsley
1972; Turner et al. 2002). If the silencing and sub-
sequent activation of Chr X chromatin depends on
interaction with autosomal gene(s), then the size of
the PWD portion of a recombinant Chr X could de-
termine the extent of genetic misregulation. This
model could explain some peculiarities of both X-
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linked hybrid sterility and placental dysplasia (im-
printed X silencing in spongiotrophoblast). However,
many untested premises should be verified prior to
further elaboration of such an epigenetic model.
Moreover, X silencing could not explain a similar
autosomal phenomenon—correlation between the
length of a M. m. molossinus-derived congenic seg-
ment of Chr 19 and the frequency of testicular germ
cell tumors in the 129.MOLF/Chr19 consomic strain
(Youngren et al. 2003).

In Drosophila interspecies crosses, the hybrid
sterility loci sometime map to fixed inverted regions
(Noor et al. 2001). There are two cold spots and three
hot spots of recombination on Chr X when the pre-
sent data are compared with the ENSEMBL physical
map. The stongest cold spot maps to the interval
harbored by the Hstx1 locus and could indicate the
presence of an inversion or another structural chro-
mosomal abnormality.

A specific approach used by evolutionary biolo-
gists to identify the parts of the genome that play a
role in reproductive isolation of closely related spe-
cies is to study the degree of introgession of species-
specific alleles and/or genomic markers across the
hybrid zone. The regions with reduced introgression
are likely to carry genes governing the reproductive
isolation. Such studies on the hybrid zone of M. m.
domesticus and M. m. musculus species with a
limited number of Chr X markers indeed indicated
reproductive isolation gene(s) in the proximal part of
Chr X (Dod et al. 1993; Tucker et al. 1992a). Recently,
Nachman and colleagues (manuscript submitted)
evaluated the patterns of introgression across the
hybrid zone of M. m. domesticus and M. m. muscu-
lus species using a panel of 13 diagnostic X-linked
markers. They identified a locus corresponding to
34 c¢cM on the MGI consensus map within the inter-
val of the possible location of the Hstx1 gene de-
scribed here. If both loci prove to be identical, then
the present laboratory model of hybrid sterility will
enable mapping and cloning of a gene that acts in
natural populations, preventing the gene flow be-
tween M. m. musculus and M. m. domesticus sub-
species. Thus, the HstxI gene could become a clue to
elucidation of the old questions about the X chro-
mosomal effects in hybrid sterility and in speciation.

Acknowledgments

We thank Michael W. Nachman for permission to
cite the unpublished data and Zdenek Trachtulec
and Sarka Takacova for valuable comments on the
manuscript. The work was supported by EU grant
QLRI-2000-00233 and the Grant Agency of the



R. STORCHOVA ET AL.: X-LINKED HYBRID STERILITY IN MICE

Czech Republic, Grant 204/02/1373. Jiri Forejt is
supported as an International Scholar of the Howard
Hughes Medical Institute.

References

1.

10.

11.

12.

13.

14.

15.

Blake JA, Richardson JE, Bult CJ, Kadin JA, Eppig JT
(2003) MGD: the Mouse Genome Database Nucleic
Acids Res 31, 193-195

Boursot P, Din W, Anand R, Darviche D, Dod B, et al.
(1996) Origin and radiation of the house mouse: Mit-
ochondrial DNA phylogeny J Evol Biol 9, 391-415

. Coyne JA, Orr HA (1989) Two rules of speciation. In

Speciation and Its Consequences, Otte D, and Endler
], eds. Sunderland, MA, Sinauer, pp 180-207
Dietrich W, Miller J, Steen R, Merchant M, Damron D,
et al. (1994) A genetic map of the mouse with 4,006
simple sequence length polymorphisms Nat Genet 7,
220-245

Dod B, Jermiin L, Boursot P, Chapman V, Tonnes—
Nielsen J, et al. (1993) Counterselection on sex chro-
mosomes in the Mus musculus European hybrid zone |
Evol Biol 6, 529-546

Elliott R, Miller D, Pearsall R, Hohman C, Zhang Y,
et al. (2001) Genetic analysis of testis weight and fer-
tility in an interspecies hybrid congenic strain for
Chromosome X Mamm Genome 12, 45-51

Forejt J (1982) X-Y involvement in male sterility
caused by autosome translocations—a hypothesis. In:
Genetic Control of Gamete Production and Function,
Fraccaro M, Rubin B, eds. New York, Academic Press,
pp 135-151

Forejt J (1996) Hybrid sterility in the mouse Trends
Genet 12, 412-417[erratum: Trends Genet 1997 Jan;
13(1):42]

Forejt J, Ivanyi P (1974) Genetic studies on male ste-
rility of hybrids between laboratory and wild mice
(Mus musculus L.) Genet Res 24, 189-206

Forejt J, Vincek V, Klein J, Lehrach H, Loudova-
Mickova M (1991) Genetic mapping of the t-complex
region on mouse chromosome 17 including the Hybrid
sterility-1 gene Mamm Genome 1, 84-91

Gregorova S, Forejt J (2000) PWD/Ph and PWK/Ph in-
bred mouse strains of Mus m. musculus subspecies—a
valuable resource of phenotypic variations and ge-
nomic polymorphisms Folia Biol (Praha) 46, 31-41
Gregorova S, Mnukova-Fajdelova M, Trachtulec Z,
Capkova J, Loudova M, et al. (1996) Sub-milliMorgan
map of the proximal part of mouse Chromosome 17
including the hybrid sterility 1 gene Mamm Genome
7,107-113

Guenet JL, Nagamine C, Simon-Chazottes D, Mon-
tagutelli X, Bonhomme F (1990) Hst-3: an X-linked
hybrid sterility gene Genet Res 56, 163-165

Haldane IBS (1922) Sex ratio and unisexual sterility in
animal hybrids ] Genet 12, 101-109

Hemberger M, Pearsall R, Zechner U, Orth A, Otto S,
et al. (1999) Genetic dissection of X-linked interspe-

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

523

cific hybrid placental dysplasia in congenic mouse
strains Genetics 153, 383-390

Hubbard T, Barker D, Birney E, Cameron G, Chen Y,
et al. (2002) The Ensembl genome database project
Nucleic Acids Res 30, 38-41

Lifschytz E, Lindsley DL (1972) The role of X-
chromosome inactivation during spermatogenesis
(Drosophila-allocycly-chromosome  evolution-male
sterility-dosage compensation) Proc Natl Acad Sci
USA 69, 182-186

Manly KF, Cudmore RH Jr, Meer JM (2001) Map
Manager QTX, cross-platform software for genetic
mapping Mamm Genome 12, 930-932

Montagutelli X, Turner R, Nadeau JH (1996) Epistatic
control of non-Mendelian inheritance in mouse inter-
specific crosses Genetics 143, 1739-1752

Muller HJ (1940) Bearing of the Drosophila work on
systematics In: The New Systematics, Huxley JS, ed.
Oxford, Clarendon, pp 185-268

Munclinger P, Boursot P, Dod B (2003) B1 insertions as
easy markers for mouse population studies Mamm
Genome 14, 359-366

Noor MA, Grams KL, Bertucci LA, Reiland J (2001)
Chromosomal inversions and the reproductive isola-
tion of species Proc Natl Acad Sci USA 98, 12084-
12088

Orr HA, Presgraves DC (2000) Speciation by postzy-
gotic isolation: forces, genes and molecules Bioessays
22, 1085-1094

Peknicova J, Moos J (1990) Monoclonal antibodies
against boar acrosomal antigens labelling undamaged
acrosomes of spermatozoa in immunofluorescence
test Andrologia 22, 427-435

Peknicova ], Kyselova V, Buckiova D, Boubelik M
(2002) Effect of an endocrine disrupter on mammalian
fertility. Application of monoclonal antibodies against
sperm proteins as markers for testing sperm damage
Am ] Reprod Immunol 47, 311-318

Sage R, Atchley W, Capanna E (1993) House mice as
models in systematic biology Syst Biol 42, 523-561
She J, Bonhomme F, Boursot P, Thaler L, Catzeflis F
(1990) Molecular phylogenies in the genus Mus:
Comparative analysis of electrophoretic, scnDNA hy-
bridization, and mtDNA RFLP data Biol J Linn Soc
Lond 41, 83-103

Silver L (1995) Mouse Genetics. Concepts and Appli-
cations (Oxford, New York: Oxford University Press)
Takagi N, Tada M, Shoji M, Moriwaki K (1994) An
X-linked gene governing sperm morphology revealed
in laboratory mice consomic for X chromosome from
Japanese house mouse, Mus musculus molossinus
Scientific Societies Press/Karger Tokyo, Basel: Japan
In: Moriwaki K, Shiroishi T, Yonekawa H eds Genetics
in wild mice. Its application to biomedical research
247-256

Trachtulec Z, Mnukova-Fajdelova M, Hamvas R,
Gregorova S, Mayer W, et al. (1997) Isolation of can-
didate hybrid sterility 1 genes by cDNA selection in a
1.1 megabase pair region on mouse chromosome 17
Mamm Genome 8, 312-316



524

31.

32.

33.

34.

35.

36.

Tucker P, Sage R, Warner J, Wilson A, Eicher E (1992a)
Abrupt cline for sex chromosomes in a hybrid zone
between two species of mice Evolution 46, 1146-1163
Tucker PK, Lee BK, Lundrigan BL, Eicher EM (1992b)
Geographic origin of the Y chromosomes in ““0ld” in-
bred strains of mice Mamm Genome 3, 254-261
Turelli M, Orr HA (1995) The dominance theory of
Haldane’s rule Genetics 140, 389-402

Turner JM, Mahadevaiah SK, Elliott DJ, Garchon HJ,
Pehrson JR, et al. (2002) Meiotic sex chromosome in-
activation in male mice with targeted disruptions of
Xist J Cell Sci 115, 4097-4105

Wade CM, Kulbokas EJ 3rd, Kirby AW, Zody MC,
Mullikin JC, et al. (2002) The mosaic structure of
variation in the laboratory mouse genome Nature 420,
574-578

Walling GA, Visscher PM, Haley CS (1998) A com-
parison of bootstrap methods to construct confidence
intervals in QTL mapping Genet Res 71, 171-180

37.

38.

39.

40.

41.

R. STORCHOVA ET AL.: X-LINKED HYBRID STERILITY IN MICE

Waterston RH, Lindblad-Toh K, Birney E, Rogers J,
Abril JF, et al. (2002) Initial sequencing and compara-
tive analysis of the mouse genome Nature 420, 520-
562

Wu CI, Ting CT (2004) Genes and speciation Nat Rev
Genet 5, 114-122

Yonekawa H, Moriwaki K, Gotoh O, Watanabe J,
Hayashi J, et al. (1980) Relationship between labora-
tory mice and subspecies Mus musculus domesticus
based on restriction endonuclease cleavage patterns of
mitochondrial DNA Jpn | Genet 55, 289-296
Youngren KK, Nadeau JH, Matin A (2003) Testicular
cancer susceptibility in the 129. MOLF-Chr 19 mouse
strain additive effects, gene interactions and epigenetic
modifications Hum Mol Genet 12, 389-398

Zechner U, Reule M, Orth A, Bonhomme F, Strack B,
et al. (1996) An X-chromosome linked locus contrib-
utes to abnormal placental development in mouse
interspecific hybrid Nat Genet 12, 398-403



