
ISSN 1062-3590, Biology Bulletin, 2016, Vol. 43, No. 7, pp. 747–757. © Pleiades Publishing, Inc., 2016.
Original Russian Text © A.N. Maltsev, A.V. Ambaryan, U.A. Bazhenov, E.V. Kotenkova, 2015, published in Zoologicheskii Zhurnal, 2015, Vol. 94, No. 12, pp. 1457–1469.

747

Experimental Hybridization and an Evaluation of the Fertility
of Some Forms of the House Mouse Supraspecies Complex

Mus musculus (Rodentia, Muridae)
A. N. Maltseva, A. V. Ambaryana, U. A. Bazhenovb, c, *, and E. V. Kotenkovaa, **

aSevertsov Institute of Ecology and Evolution, Russian Academy of Sciences, Moscow, 119071 Russia
bDauria State Nature Biosphere Reserve, Trans-Baikal Territory, p. Lower Tsasuchei, 674480 Russia

cInstitute of Natural Resources, Ecology and Cryology, Siberian Branch, Russian Academy of Sciences, Chita, 672014 Russia
*e-mail: uran238@ngs.ru

**e-mail: evkotenkova@yandex.ru
Received November 28, 2014

Abstract⎯The degree of development of the mechanisms of postcopulatory isolation was evaluated on the
basis of experimental hybridization of representatives of three subspecies of M. musculus (M. m. musculus,
M. m. wagneri, and M. m. gansuensis) and remote populations of the subspecies M. m. musculus. Experimental
crosses between the different subspecies and populations indicated the presence of initial stages of postcopu-
latory reproductive isolation between some forms of house mice. In a number of crosses conducted between
different populations and subspecies of M. musculus, asymmetry was observed. In one variant of mating,
M. m. musculus (male) × M. m. wagneri (female), a reduced intensity of breeding and nonviability of pups
were observed. A decrease in the intensity of reproduction was found in all variants of crosses that used male
M. m. musculus from the city of Ishim. These data are assumed to confirm the previous assumption about the
hybrid origin of mice inhabiting that city. The results confirm a significant level of divergence of the subspe-
cies M. m. musculus and M. m. wagneri. Thus, initial stages both of post- and precopulatory isolation mecha-
nisms between M. m. wagneri and M. m. musculus were shown.

Keywords: Mus m. musculus, M. m. wagneri, M. m. gansuensis, experimental hybridization, subspecies, initial
stages of divergence
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INTRODUCTION
According to the concept of biological species, spe-

ciation is based on the formation of reproductive iso-
lation between closely related forms. Some researchers
believe that the study of the genetic basis of this pro-
cess is the key to understanding speciation (Coyne and
Orr, 1998; Turelli et al., 2001; Wu, 2001). To explain
the evolutionary processes associated with the forma-
tion of the mechanisms of reproductive isolation (both
pre- and postcopulatory) in closely related taxa, it is
necessary to analyze their functioning in forms at dif-
ferent stages of divergence—in the reliably isolated
sympatric species, in the parapatric forms crossing in
contact zones, and in the allopatric species and popu-
lations of the same species. Over the past few decades,
house mice of the supraspecies complex Mus musculus
s. l. have served as a model group to study various
aspects of evolution, including the formation of isolat-
ing mechanisms (Sage et al., 1993; Kotenkova and
Naidenko, 1999; Kotenkova, 2000, 2002, 2014;
Kotenkova and Ambaryan, 2003; Berry and Scriven,
2005; Ambaryan et al., 2010). The systematics of

house mice at the species level has been repeatedly dis-
cussed by us and other researchers (Sage et al., 1993;
Bonhomme et al., 1994; Mezhzherin, 1994; Koten-
kova, 2000; Tucker, 2008). This gives us reason to
share the view of the species taxonomic status of Mus
musculus (L. 1758) and the subspecies status of
M. m. musculus, M. m. wagneri, and M. m. gansuensis.

Experimental hybridization has conventionally
been used, and it currently used to evaluate the degree
of development of the postcopulatory isolation mech-
anisms between closely related forms of mammals and
to refine the level of divergence and taxonomic status
of these forms (Meyer et al., 1981, 1996; Malygin,
1983; Britton-Davidian et al., 2005; Koval’skaya et al.,
2014). This method was used to investigate the postzy-
gotic isolating mechanisms between sympatric closely
related species of house mice, which were analyzed in
a number of studies by Russian (Bulatova et al., 1986;
Lavrenchenko et al., 1989, 1994) and foreign (Biddle
et al., 1994; Forejt, 1996; Elliott et al., 2001; Britton-
Davidian et al., 2005) researchers. It should be noted
that the structure of the chromosome set in the house
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mice of the supraspecies complex Mus musculus s. l. is
fairly well preserved in terms of both external mor-
phology of chromosomes and their number (2n = 40)
(Bulatova, 1994). The exception is Mus domesticus
(Rutty 1772): a broad “Robertsonian fan,” which is
characterized by the presence of a number of chromo-
some races with different numbers of chromosomes
and was described in this species (Capanna et al.,
1976). As was shown by the results of experimental
hybridological analysis, all species of house mice are
crossed in the laboratory. The disturbances observed
in hybrids and backcrosses are quite diverse: asymme-
try in the sex ratio in F1 hybrids, male sterility and
reduced female fertility, and meiotic abnormalities in
male hybrids and backcrosses (Bulatova et al., 1986;
Lavrenchenko et al., 1989, 1994). Data regarding the
degree of development of the postzygotic isolating
mechanisms of house mice at the early stages of diver-
gence are scanty; all of them boil down to the results of
crosses, evaluation of fertility, and study of mecha-
nisms of sterility in natural hybrids from the European
hybridization zone and/or experimental hybrids
M. musculus × M. domesticus, often with the use of
strain mice (Forejt and Ivanyi, 1974; Alibert et al.,
1997; Britton-Davidian et al., 2005; Good et al., 2008;
White et al., 2011; Forejt et al., 2012; Turner et al.,
2012; Bhattacharyya et al., 2013). In our study, we
evaluated the degree of development of the postcopu-
latory isolation mechanisms in the forms of house
mice at the early stages of divergence—in subspecies
and in remote populations. The subspecies taxonomy
of Mus musculus is discussed in a number of studies by
Russian and foreign authors (Lavrenchenko, 1990;
Lavrenchenko et al., 1994; Yakimenko et al., 2003;
Yonekawa et al., 2003; Korobitsina and Yakimenko,
2004; Spiridonova et al., 2008a, 2008b) and remains
poorly developed. Modern authors identify three to
seven subspecies, of which the following morphologi-
cal and/or cytogenetically diagnosed subspecies were
used in this work: Mus musculus musculus Linnaeus
1758 (syn. borealis, funereus, germanicus, gilvus,
hanuma, hapsaliensis, heroldi, hortulanus, polonicus,
tomensis, variabilis, and vinogradovi); M. m. wagneri
Eversmann 1848 (syn. bicolor, decolor, gansuensis,
nogaiorum, oxyrrhinus, pachycercus, sareptanicus, and
sewertzowi), and M. m. gansuensis Satunin 1903 (=rad-
dei, Kastschenko 1910). The synonyms for M. m. mus-
culus and M. m. wagneri are given according to Mar-
shall (1998), and for M. m. gansuensis, according to
Korobitsina and Yakimenko (2004), because Marshall
(1998) narrowed gansuensis to the synonyms wagneri,
which does not correspond to the modern notion
(Yakimenko et al., 2000; Korobitsina and Yakimenko,
2004).

The lifestyle of subspecies is different. Representa-
tives of M. m. musculus in the major part of the range
live in human buildings; however, they can leave them
and move to open habitats in the warm season of the
year (Tupikova, 1947; Sokolov et al., 1990). M. m. wag-

neri and M. m. gansuensis are subspecies spread in
south parts of Mus musculus species range. Represen-
tatives of these subspecies in a considerable part of the
range inhabit open biotopes all year round but can also
populate human buildings (Vinogradov et al., 1936;
Sludskii et al., 1977); i.e., they are facultative synan-
thropes. Morphologically, M. m. wagneri and
M. m. gansuensis differ from M. m. musculus in color
and tail length but do not differ between themselves.
Their tail is relatively shorter than that of musculus; the
color of the back, in contrast to musculus, is light, and
the belly is very light, sometimes white (Yakimenko
et al., 2003; Korobitsina and Yakimenko, 2004). All
subspecies are reliably distinguished karyologically.
The exoanthropic mice that phenotypically corre-
spond to the subspecies M. m. wagneri are character-
ized by low levels of heterochromatin and its uniform
distribution. Their X chromosome is of the “musculus
type,” chromosomes 0–4 are devoid of heterochroma-
tin, and chromosome 3 sometimes contains C-blocks
(Yakimenko et al., 2003; Korobitsina and Yakimenko,
2004). Representatives of another subspecies, M. m. gan-
suensis, externally indistinguishable from M. m. wag-
neri, which were distinguished by Yakymenko et al.
(2003), are characterized by the presence of marker
autosomes (17 and 18, sometimes 15 and 19) carrying
large C-blocks. Thus, the karyological method makes
it possible to discriminate reliably between subspecies,
whereas neither the allozyme analysis nor mtDNA
studies reveal differences between them. According to
the allozyme analysis, subspecies M. m. musculus and
M. m. wagneri have no diagnostic loci, and genetic dif-
ferentiation between them is negligible (Mezhzherin
and Kotenkova, 1989, 1992; Milishnikov, 1994). In
addition, according to data obtained by us (Maltsev,
2011, 2011a; Maltsev and Bazhenov, 2013) and other
researchers (Yonekawa et al., 2003), studies of the
control mtDNA region showed no genetic divergence
between M. m. musculus and M. m. wagneri. However,
the results of RAPD PCR analysis not only confirm
the isolation of these taxa but also testify to their strong
molecular genetic differentiation (Spiridonova et al.,
2008). The level of genetic distances between M. m. wag-
neri and other subspecies is significantly greater than
that between the “good” sympatric species M. muscu-
lus–M. spicilegus and the allopatric species M. muscu-
lus–M. macedonicus. This fact allowed the authors to
propose raising the status of M. m. wagneri to the spe-
cies (Spiridonova et al., 2008). It was also shown that the
stereotype of exploratory behavior of M. m. wagneri sub-
stantially differs from that of M. m. musculus and resem-
bles the exploratory behavior of the free-living species
of house mice (Sokolov et al., 1993; Kotenkova et al.,
1994, 2003). According to Yakimenko et al. (2003), the
range of the subspecies M. m. wagneri covers a vast area
of   the steppe and semidesert zone, located between
the Lower Volga region in the west and the Zaisan
Basin and the Altai Mountains in the east. The western
boundary may reach the Crimea and Voronezh region.
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It is necessary to differentiate the ranges of M. m. wag-
neri and M. m. gansuensis in the east and the ranges of
M. m. wagneri, M. d. bactrianus, and M. d. praetextus in
Transcaucasia and Central Asia. In the west and north
of Kazakhstan, the hybridization of M. m. wagneri and
M. m. musculus is assumed. The authors suggest the
existence of at least one more subspecies of “wagneri-
like” house mice, representatives of which occur in Man-
churia (northeast China) and South Korea. They differ
from M. m. gansuensis by the dark brown color of the
back (Tsuchiya et al., 1994). This subspecies has
marker chromosome 18 with a characteristic distribu-
tion of heterochromatin C-blocks (Moriwaki et al.,
1986). The subspecies name of this form needs to be
clarified. On the basis of the results of karyological
analysis, the “wagneri-like” short-tailed white-bellied
house mice should be divided into three or four sepa-
rate subspecies. It was suggested that the “wagneri-
like” subspecies should be classified into an separate
group, along with such taxa as M. domesticus, M. mus-
culus, and M. castaneus (Waterhouse, 1842) (Yaki-
menko et al., 2003; Korobitsina and Yakimenko,
2004). However, on the basis of the above-mentioned
results of RAPD PCR analysis, this assumption is
called into question because of the marked isolation of
the subspecies M. m. wagneri and the considerable
molecular genetic differentiation of M. m. wagneri and
M. m. gansuensis (Spiridonova et al., 2008). The
results of experimental crosses performed by us pro-
vide additional information for evaluating the taxo-
nomic status of these subspecies.

The aim of our studies was to evaluate the degree of
development of the mechanisms of postcopulatory
isolation between the taxa of the supraspecies complex
Mus musculus s. l. at different stages of divergence. The
objective of this work was analysis of this problem on
the basis of the results of experimental hybridization of
representatives of M. musculus subspecies and remote
populations of the subspecies M. m. musculus.

MATERIALS AND METHODS
Experimental crosses between different forms of

house mice were performed in the vivarium at the
Chernogolovka scientific experimental station of
Severtsov Institute of Ecology and Evolution in 2010–
2014. The species and subspecies identification of
mice was determined on the basis of morphological
traits and the sites of their capture (i.e., the taxon
within the range of which a given animal was caught
was taken into account). Earlier, the phylogenetic
relationships between the haplotypes of mice used in
this study as well as other specimens from the same
samples were evaluated on the basis of polymorphism
of the hypervariable region of the control mtDNA
region (D-loop) (Maltsev, 2011a, 2011b). It was shown
that, on the phylogenetic tree built by the neighbor
joining (NJ) method, all haplotypes were separated
from the outer group (M. domesticus) with a high boot-

strap support (100%). This fact indicates that they
have the mtDNA of M. musculus and is suggestive of
the genetic unity of different forms of M. musculus
(Maltsev, 2011; Maltsev and Bazhenov, 2013).

In this study, we used the animals of the F1, F2, and
F3 generations derived from the animals caught in the
wild. M. m. musculus were caught in Moscow, Moscow
oblast, Ishim, Chisinau, and Tsimlyansk sands (Vol-
gograd region). M. m. wagneri were caught in the
vicinity of Astrakhan, and M. m. gansuensis were
caught in the village of Nizhnii Tsasuchei (Transbai-
kalia). Pairs of house mice (male and female) were
formed from mature (40–90 days old) animals for 3–
6 months. During this time, the number of litters
obtained and pups born was counted, and the viability
of pups was evaluated for 40 days after birth. Addition-
ally, the ratio of the pairs that produced progeny to the
total number of pairs formed was determined. For
convenience, a group of house mice caught in a partic-
ular area will be conditionally called a “population,”
and the crosses between them will be called intrapop-
ulational. To evaluate the breeding intensity of subspe-
cies and remote populations of M. musculus, we per-
formed four series of crosses in different versions
(Tables 1–4). In the first control series, we evaluated
fertility in the pairs consisting of representatives of one
subspecies or population (Table 1). In total, 108 pairs
from the representatives of six populations of M. mus-
culus were formed. In the second series, to detect the
presence or absence of restrictions on the breeding
between subspecies, ten variants of crosses between six
populations of M. musculus were performed, and
67 pairs were formed (Table 2). In the third series, the
characteristics of breeding intensity in the pairs con-
sisting of mice from remote populations of the subspe-
cies M. m. musculus were evaluated. In total, 21 pairs
from the representatives of three populations were
formed (Table 3). In the fourth series, to evaluate the
fertility of male F1 hybrids, five types of backcrosses in
different variants were performed and 19 pairs were
formed (Table 4).

The fertility of hybrid males was also evaluated by
determining the sperm concentration and by analyz-
ing the sperm morphology (Tables 2, 3). The sperm
concentration was evaluated by the method described
earlier (Kotenkova and Osadchuk, 2009).

The animals were housed under standard condi-
tions with natural illumination. The mice received a
fodder consisting of oats with an admixture of sun-
flower as well as carrot. Data were processed statisti-
cally using the Mann–Whitney U test for two indepen-
dent samples when comparing the number of pups per
litter and the chi-square test for comparing 2 × 2 the
number of litters × the number of pups (since the dif-
ferences for this parameter were nonsignificant, these
data are not shown in this article). Statistical calcula-
tions were performed using the STATISTICA 7.0 soft-
ware. The number of pups per litter was compared
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only in those cases where the number of litters was at
least six (Table 5).

RESULTS
In the intrapopulational crosses of M. m. musculus,

the lowest breeding indices were recorded for the
house mice from Ishim. Of the 15 pairs formed, only
8 gave progeny (Table 1), which accounted for 53%,
whereas in the pairs of mice from other sites, this value
was 78.9% (Moscow and Moscow region) and 100%
(Chisinau, Tsimlyansk sands). In the pairs formed by
mice from Ishim, a high mortality of pups during feed-
ing was detected. Among other indices characterizing
the intensity of breeding, it is necessary to mention the
mean number of pups per litter. The lowest value of this
index (3.3) was detected in M. m. musculus from Chisi-
nau, and the highest value (4.9) was in M. m. musculus
from Moscow and Moscow region (Table 1). Each
pair from Moscow and Moscow region produced at
least two litters. Mice from Chisinau showed a high
mortality of pups during weaning. The breeding indi-
ces of the representatives of facultatively synanthropic
subspecies M. m. wagneri and M. m. gansuensis did not
differ significantly from the indices of the synan-
thropic forms of house mice (Tables 1, 5).

In the crosses between the subspecies M. m. muscu-
lus (Moscow and Moscow region) and M. m. wagneri,
progeny was produced by only some pairs (Table 2). In
the cross variant between male M. m. musculus and
female M. m. wagneri, only two pairs gave progeny,
whereas in another variant (male M. m. wagneri and
female M. m. musculus), all pairs formed bred success-
fully. In this cross variant, the number of pups per litter
differed significantly from that for the pairs consisting
of M. m. musculus from Moscow (Table 5); in other cross
variants, differences were nonsignificant (Table 5). The
number of pups per litter was significantly higher in

the hybrid pairs of the two subspecies as compared to
the parental subspecies. We assumed that this may be
due to the higher sperm quality of male M. m. wagneri
compared to male M. m. musculus (Ambaryan et al.,
2015). It should be noted that, in the first variant, pups
obtained from two breeding pairs rarely survived. Pups
from one litter died at an age of 5–15 days. Pups pro-
duced by another pair, which gave two litters, survived
in part. Both hybrid females and hybrid males were
fertile (Table 2). In the backcrosses of F1 hybrid
females with males of parental forms, no significant
changes in the breeding intensity were observed, and
the progeny produced (both females and males) were
viable, although in one variant of crosses a slight
increase in pup mortality during weaning was detected
(Table 4). All pairs formed by male M. m. wagneri and
female M. m. musculus from Tsimlyansk sands bred
and produced viable progeny (Table 2).

For experimental hybridization of representatives
of M. m. gansuensis and M. m. musculus, we used the
individuals from Ishim. They were chosen as the most
geographically close populations of the subspecies
M. m. musculus to the range of   the subspecies
M. m. gansuensis. In the variant of cross of female
M. m. gansuensis and male M. m. musculus from Ishim,
the proportion of breeding pairs was very low and
accounted for 28.6%. The progeny was nonviable, the
majority of pups did not live to 15 days, and the
remaining pups died before the onset of maturity
(Table 2). Conversely, in the variant of cross of male
M. m. gansuensis and female M. m. musculus, the
breeding pairs accounted for 62.5%; however, the
mortality of pups during feeding was relatively high and
reached 43%. Two males studied were fertile (Table 2).
In the experimental hybridization of M. m. gansuensis
and M. m. musculus from Moscow and Moscow
region, a significant decrease in the breeding intensity
was also observed in one of the variants of crosses. Out

Table 1. Characteristics of the intensity of the breeding house mice M. musculus in intra- and interpopulation crosses

Designations: M—Moscow and Moscow region, I—Ishim, C—Chisinau, Ts—Tsimlyansk Sands. For all tables: X—mean value, max–
min—minimum and maximum values.
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M. m. musculus (M) 19 15 78.9 37 182 0.6 (0.3–1.0) 4.9 (3–8) 2.8 (1.1–4.2) 2.6% 58.6
M. m. musculus (I) 15 8 53.3 13 56 0.4 (0.2–0.8) 4.3 (3–6) 2.0 (0.9–3.2) 26.3% 62.0
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of seven pairs formed by males from Moscow and
Moscow region and female M. m. gansuensis, progeny
was produced by only one pair. In the case of cross of
M. m. wagneri and M. m. gansuensis, the breeding
intensity decreased compared to the parental forms. In
the variant of cross of male M. m. gansuensis × female

M. m. wagneri, only one of five pairs formed produced
pups, whose mortality was fairly high (Table 2). How-
ever, these experiments should be continued.

The results of experimental hybridization of
M. m. musculus from remote populations are shown in
Table 3. The variant of crosses of male M. m. musculus

Table 3. Characteristics of the intensity of the breeding house mice hybridization of remotely distant populations M. m. mus-
culus

For designations, see Tables 1 and 2.
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Table 4. Characteristics of the breeding intensity of house mice in backcrossing

For designations, see Tables 1, 2.
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(Ishim) × female M. m. musculus (Moscow and Mos-
cow region) gave no progeny, whereas in another vari-
ant of crosses (female M. m. musculus (Ishim) × male
M. m. musculus (Moscow and Moscow region)) two
pairs bred. The crosses of house mice from Moscow
and Moscow region and Chisinau showed a slight
decrease in the number of breeding pairs compared to
the control intrapopulational crosses. However, since
the number of breeding pairs put together was small,
this decrease cannot be postulated confidently. All
studied hybrid males and females proved to be fertile.
In the backcross of hybrids with the individuals of the
parental forms, relatively high indices of breeding
intensity were obtained.

DISCUSSION

Before discussing the results of crosses, it should be
noted that sexual isolation is often asymmetrical (i.e.,
there is a certain reproductive isolation between

closely related species and populations of the same
species, but it manifests itself only in crosses in one
direction). This phenomenon is widespread in the
genus Drosophila (Watanabe and Kawanishi, 1979;
Kaneshiro, 1980; Coyne and Orr, 1989), is observed in
salamanders (Arnold et al., 1996), and was also found
in other groups of animals (Soyne and Orr, 1998,
2004). Arnold et al. (1996) assumed that the asymme-
try of crosses is a temporary phenomenon that is rap-
idly lost in the course of divergence of populations.
After the completion of divergence and the formation
of reproductive isolation between forms (i.e., as a
result of speciation), the asymmetry should eventually
disappear. If the asymmetry is widespread within a
certain taxonomic group of organisms, it testifies to
the influence of sexual selection, which contributes to
speciation (Soyne and Orr, 1998).

In our experiments, asymmetry was observed in the
number of crosses performed both between represen-
tatives of different subspecies and between spatially

Table 5. Evaluation of the significance of differences in the number of pups per litter according to the Mann–Whitney U
test

For designations, see Tables 1, 2. 

Compared variants of crosses U Z P

M. m. m.
14.50 0.93 0.31

M. m. w.

M. m. w.
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0.00 –1.73 0.08
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3.00 –0.46 0.62
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remote populations of M. musculus. It was especially
well expressed in the crosses of M. m. musculus and
M. m. wagneri, since the pairs formed by male M. m. mus-
culus and females M. m. wagneri either did not breed or
produced progeny with reduced viability. F1 hybrid
males obtained from another variant of crosses were
viable and fertile. These data indicate the beginning of
development of the postcopulatory mechanisms of
isolation between M. m. musculus and M. m. wagneri
and support the concept of both a significant diver-
gence of these subspecies and the effects of sexual
selection, which promotes speciation. This is also con-
firmed by our recent studies, according to which rep-
resentatives of M. m. musculus and M. m. wagneri dis-
tinguish individuals of their subspecies from those
(individuals) of the other subspecies by the odour of
urine (Maltsev and Kotenkova 2013). These data tes-
tify to the development of not only postcopulatory but
also precopulatory mechanisms of isolation between
subspecies (Kotenkova, 2014). Taking into account the
data discussed in the Introduction, a substantial diver-
gence of M. m. musculus and M. m. wagneri can be pos-
tulated with a high degree of certainty, although it has
not yet reached the species level.

The results of studies may also indicate the exis-
tence of restrictions on the hybridization between
M. m. musculus and M. m. gansuensis, as in the case of
the two subspecies discussed above. However, data
obtained by crossing M. m. musculus from Ishim with
different forms of house mice indicate another possi-
ble cause that could affect the success of crosses—the
low fertility of male house mice from Ishim. The
breeding intensity in all pairs formed by the house
mice from Ishim was significantly lower than that in
the pairs from other places. Importantly, in all inter-
population crosses in which the males from Ishim
were used, the hybrids produced by such pairs had a
reduced viability: the majority of them did not live to
20 days. However, the combinations in which females
from Ishim were crossed with males form other popu-
lations gave viable hybrids. Earlier, on the basis of the
results of morphological analysis, we assumed a hybrid
origin of house mice from Ishim (Maltsev, 2009,
2011). If the assumption about their hybrid origin is
true, then the higher fertility of females is consistent
with Haldane’s rule (Haldane, 1922). Hybridization
leads to oppression of hybrids of the heterogametic
sex. For the taxa with heterogametic males, including
mammals and some insects (in particular, representa-
tives of the genus Drosophila), this usually affects the
X-autosomal interactions (Turrelli and Orr, 1995).
F1 and F2 hybrid males are often characterized by a
reduced fertility and sometimes sterility, nonviability,
disturbed spermatogenesis, underdeveloped testes,
and low sperm quality. Possibly, the absence of prog-
eny in the vast majority of pairs including the males
from Ishim could be caused by their sterility or
reduced fertility. However, in the crosses of female
M. m. gansuensis with male M. m. musculus from Mos-

cow and Moscow region, the breeding intensity was
significantly reduced, suggesting the development of
postcopulatory mechanisms of isolation between sub-
species. A certain degree of asymmetry was identified
in the crosses of M. m. gansuensis and M. m. wagneri.

Interpopulation crosses between remote popula-
tions of the same subspecies may also shed light on the
development of postcopulatory barriers in geographic
isolation. In view of this, we performed several vari-
ants of interpopulation crosses (Table 3). Despite the
relatively small number of experiments, a certain
reduction in the breeding intensity was detected in the
crosses of M. m. musculus from Moscow and Moscow
region and from Chisinau.

As expected, in the backcross of hybrids, high
breeding indices were obtained (Table 4). Usually, in
backcrosses with the involvement of hybrid females,
no decrease in fertility or viability of progeny is
observed. Additionally, these indices were much
higher than in the crosses involving hybrids males and
sometimes the control ones. This is indicated by the
data obtained by a number of authors during experi-
mental hybridization of different forms and strains of
house mice (Biddle et al., 1994; Britton-Davidian et
al., 2005; White et al., 2011). Published data and our
results indicate that the hybrid females do not have
reduced fertility and viability, which may be observed
in males (White et al., 2011). In our experiments,
although the hybrid males had a reduced viability, the
surviving individuals were fertile. Experimental
crosses between different subspecies and populations
testify to the initial stages of development of postcop-
ulative reproductive isolation between some forms of
house mice.

CONCLUSIONS

According to our data, the degree of development
of postcopulative reproductive isolation between the
subspecies M. m. musculus and M. m. wagneri was
greater than that between the other forms studied. On
the basis of the results of our experiments, the pres-
ence of mechanisms that restrict hybridization
between different subspecies and geographically
remote populations of house mice can be assumed,
and the identified asymmetry of crosses may testify to
the early stages of divergence between populations and
subspecies of M. musculus. However, the process of
divergence is largely counteracted by the resettlement
of different forms of house mice with humans, which
causes extensive hybridization of different taxa
(Mezhzherin et al., 1994; Kotenkova, 2000; 2002;
Spiridonova et al., 2008a, 2011). Undoubtedly, due to
the small number of pairs formed, in some variants of
crosses our assumptions are probabilistic and require
additional verification.

The results obtained in this study, together with the
earlier data on the difference of chemical signals in
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M. m. wagneri, on the one hand, and M. m. musculus
and M. m. gansuensis, on the other (Maltsev and
Kotenkova, 2013), confirm the substantial degree of
divergence of the subspecies M. m. wagneri from oth-
ers. Since differences in smells underlie the precopu-
latory mechanisms of isolation between different spe-
cies of house mice (Kotenkova et al., 1989; Kotenkova
and Naidenko, 1999; Kotenkova and Ambaryan,
2003; Voznesenskaya et al., 2010; Kotenkova, 2014),
the identified difference in this case may be the initial
stage of development of the precopulatory reproduc-
tive isolation between the subspecies. A number of
studies performed with the species and populations of
the same species of the genus Drosophila and other
organisms showed that the precopulatory isolation
and sterility of hybrids between different forms
develop faster than postcopulatory isolation and non-
viability of hybrids (Blair, 1964; Prager and Wilson,
1975; Coyne and Orr, 1989, 1998; Gleason and
Ritchie, 1998; Mendelson, 2003). The results of stud-
ies with house mice are consistent with this assump-
tion. Well-developed precopulatory isolation mecha-
nisms that reliably function in nature were found
between the sympatric species of house mice (M. mus-
culus and M. spicilegus) (Sokolov et al., 1990;
Ambaryan et al., 2010). However, the postcopulatory
isolation mechanisms are less developed, as is evi-
denced by the successful crosses of these species in the
laboratory, as well as the viability and even fertility of
the hybrids obtained in experimental crosses
(Lavrenchenko et al., 1994). According to our data,
the pre- and postcopulatory mechanisms of isolation
between M. m. wagneri and M. m. musculus at the ini-
tial stage are formed synchronously. For example,
along with the difference in the odour of urine, restric-
tions on the crosses of these subspecies have been
revealed. Thus, the results of this study suggest that
both isolation mechanisms can manifest themselves at
the early stages of divergence (subspecies level), so that
their effect on the divergence is summed and
enhanced. Thus, we have shown the formation of both
pre- and postcopulatory mechanisms of isolation
between the subspecies M. m. musculus and M. m. wag-
neri at the very initial stages.
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