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Crucial to our understanding of chromosomal variation and evolution in mammals are detailed
studies of chromosomal heterozygotes, with analyses of chromosomal segregation and chromo-
some-derived infertility. We studied segregation and fertility in hybrids between karyotypic
races of the house musk shrew Suncus murinus. These individuals were heterozygous for up to
five Robertsonian fusions (Rbs) and an insertion of heterochromatin in an autosome. All
variant chromosomes showed Mendelian segregation and all Rbs segregated independently of
each other in the progeny of double heterozygotes. Litter size in single and even multiple Rb
heterozygotes was no smaller than that in the less fertile parental strain. The effects of genetic
background were more important in determining litter size than Rb heterozygosity for the
shrews that we examined.
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Introduction

One of most commonly observed chromosomal
rearrangements in animals are Robertsonian fusions
(Rbs), in which pairs of acrocentric chromosomes
join at their centromeres to form single metacentric
chromosomes. Rbs may occur sporadically (e.g. in
humans: Boué & Boué, 1981), as notable poly-
morphisms (e.g. in the grasshopper Dichroplus
pratensis: Bidau et al., 1991) or fixed within popula-
tions in the case of Rb races (e.g. the house mouse:
Sage et al., 1993). Persistence of an Rb in popula-
tions and whether it goes to fixation depend criti-
cally on whether the Rb chromosome confers some
effect on viability or fertility and whether it is trans-
mitted according to Mendelian expectation.

The aim of our study was to examine these factors
in the house musk shrew Suncus murinus, a species
which displays both Rb races and Rb polymorph-
isms. The house musk shrew is widely distributed
throughout Asia and East Africa (Hutterer, 1993).
Its standard karyotype consists of 40 chromosomes,
24 of which are acrocentrics. Rb variation has only
been found in populations of musk shrews in Sri

Lanka, southern India and the Malay peninsula
(Sam et al., 1979; Yosida, 1982; Rogatcheva et al.,
1997). To simulate the natural hybridization of two
Rb races, two laboratory strains of shrews have been
crossed. These are derived, respectively, from wild
populations in Nepal (standard 40 chromosome
karyotype) and Sri Lanka (30–34 chromosomes, with
five pairs of Rb fusions, two of which are poly-
morphic). After several generations of backcrossing
and intercrossing of hybrids, the Rb chromosomes
have persisted in a hybrid stock (Rogatcheva et al.,
1997).

We use shrews of this hybrid stock to analyse the
segregation of the five Rbs in progeny of male and
female heterozygotes and to estimate the influence
of Rb heterozygosity on fertility.

Materials and methods

Shrews of the KAT and SRI laboratory strain and
SK hybrid stock were used in this study. The KAT
strain was derived from a wild population in
Katmandu, Nepal and maintained as a close breed-
ing colony for eight generations (Oda et al., 1992);
it has the standard karyotype of 40 chromosomes
(Rogatcheva et al., 1996). The SRI strain was*Correspondence. E-mail: jbs3@york.ac.uk
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derived from shrews originally captured in Sri Lanka
(Ishikawa et al., 1989). The progenitors of the SRI
strain had a 30–34 chromosome karyotype; they
were homozygous for three Rbs (8.17, 9.13, 14.15)
and polymorphic for two others (10.12, 11.16). Also,
the SRI chromosome 7 carries a large insertion of
heterochromatin (Rogatcheva et al., 1997). The SK
hybrid stock was established by crossing individuals
of the KAT and SRI strains; all F1 KATÅSRI indi-
viduals and their descendants are defined as ‘SK’
shrews. In the stabilization of the SK stock,
SRIÅKAT hybrids were intercrossed or backcrossed
to KAT or SRI over three generations; thereafter
the stock was maintained by intercrossing SK
individuals.

We karyotyped SK individuals of the third and
fourth generations after stabilization of the stock.
Chromosome preparations were made from fibro-
blast cultures established from tail-tip biopsies.
G-banding was performed according to the method
of Seabright (1971) as modified by Grafodatsky &
Radjabli (1988).

The karyotyped animals, which were heterozygous
for one to five Rbs in various combinations and/or
the SRI chromosome 7 variant, were then back-
crossed to the KAT strain and intercrossed with
each other. In the intercross pairs the male and
female were both heterozygotes, but for different
fusions. That allowed us to analyse the transmission
of different Rbs via the SK male and the SK female
at the same time. We also set up several pairs where
males and females were heterozygous for the same
fusions. Altogether 20 females and 18 males of the
KAT strain and 48 females and 29 males of SK
stock were crossed.

The litter size at birth and the sex ratio were
scored for all crosses. Litter sizes in the SRI and
KAT strains, and for all SK crosses made before and
during our experiment, were extracted from the
pedigree records. The pedigree records were also
used to calculate the genetic contribution of the
parental strains to hybrid individuals. We traced the
ancestry of each hybrid individual back to the SRI
and KAT progenitors. Assuming that every offspring
receive half their genes from each parent, F1 and F2

hybrids are 50% SRI, first backcrosses to KAT are
25% SRI, etc.

Results

Segregation

Table 1 shows segregation of the five Rbs in all
informative crosses. Altogether 290 offspring of 136
litters were karyotyped. Because many parents were

heterozygous for several Rbs, their offspring
provided information on segregation for more than
one chromosome. Hence, the pooled number of
informative offspring presented in Table 1 is higher
than 290. The observed numbers of homozygous vs.
heterozygous offspring for each of the five chromo-
some combinations were tested separately by x2-tests
for three groups of crosses: female heterozygotesÅ
male acrocentric homozygotes, the reciprocal crosses
and crosses between heterozygotes for the same
chromosome.

None of the chromosomes in any type of cross
showed a significant deviation from the expected
ratio. The total and pooled distributions of offspring
also did not differ from the expected distribution.
The transmission ratio for each of the Rbs was very
close to 0.5 (Table 1).

Table 2 presents the data on the segregation for
the SRI chromosome 7 in reciprocal crosses of
normal (+/+) and heterozygous (Is/+) shrews.
Both males and females transmitted the Is chromo-
some and its normal homologue in conformity with
Mendelian expectation.

We tested the independence of segregation of
different Rbs from double heterozygotes by 2Å2
tables (Bliss, 1967). All pairs of autosomes that were
tested showed independent segregation (Fig. 1).

We also assessed sex ratio in the informative
crosses for each of the Rbs (Fig. 2). After applica-
tion of the Bonferroni correction for multiple
testing, there were no significant deviations from a
normal 1:1 sex ratio among Rb and non-Rb progeny.

Fertility

To assess the effects of Rb heterozygosity on the
litter size in S. murinus, we had to control for all
other effects, such as year, season, parity and genetic
background.

The data used in this analysis have been accumu-
lated over several years, but this did not affect the
homogeneity of the data. The distribution of litter
size among years within crosses did not vary signifi-
cantly and there was no significant variation accord-
ing to month of birth. The females in our sample
differed in the number of litters they produced but
there was no difference in the size of these litters.
Mean (¹SE) differences between first and second
litters, second and third, third and fourth, fourth and
fifth were: µ0.26¹0.29; 0¹0.38; 0.13¹0.64; and
µ0.47¹0.99, respectively, and did not differ signifi-
cantly from zero. An ANOVA was consistent with this
result: variation in litter size between dams was
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higher than that within dams (F147,271 = 2.09;
Ps0.001).

Table 3(a) provides litter sizes for a variety of
crosses involving SRI, KAT and SK stock. The SRI
strain had a litter size almost half the size of the
KAT strain (t395 = 13.06, Ps0.001). It is remarkable
that the litter sizes in KATÅSRI and SRIÅKAT
crosses were significantly smaller than in pure-bred
KAT and did not differ from that of the less fertile

SRI parent. In other words, mating with a SRI male
reduced the fertility of KAT females down to that of
the SRI female level. The F1ÅF1 intercrosses also
demonstrated low fertility and did not differ signifi-
cantly from SRIÅSRI crosses. The mean litter size
in pooled reciprocal crosses KATÅF1 and F1ÅKAT
was of intermediate value and differed significantly
from SRIÅSRI (t144 = 4.07, Ps0.001) and KATÅ
KAT (t347 = 5.14, Ps0.001). It is worthwhile to note

Table 1 Segregation of Rbs in progeny of heterozygous shrews

Progeny
Transmission 95% Confidence

Dam N Sire N Rb/Rb Rb/+ +/+ of Rb (p) interval x2 (d.f.)*

Rb (8.17)/+ 15 +/+ 15 21 20 0.512 0.354sps0.670 0.02 (1)
Rb (9.13)/+ 16 +/+ 12 24 24 0.500 0.354sps0.645 0.00 (1)
Rb (10.12)/+ 10 +/+ 9 16 19 0.457 0.287sps0.627 0.26 (1)
Rb (11.16)/+ 17 +/+ 12 30 29 0.508 0.378sps0.639 0.02 (1)
Rb (14.15)/+ 10 +/+ 9 15 15 0.500 0.313sps0.686 0.00 (1)
Pooled 106 107 0.498 0.431sps0.565 0.00 (1)
Total 0.30 (5)
Heterogeneity 0.29 (4)

+/+ 19 Rb (8.17)/+ 12 37 41 0.474 0.361sps0.587 0.21 (1)
+/+ 12 Rb (9.13)/+ 10 34 43 0.442 0.328sps0.555 1.05 (1)
+/+ 5 Rb (10.12)/+ 3 21 13 0.618 0.449sps0.786 0.88 (1)
+/+ 5 Rb (11.16)/+ 4 12 19 0.353 0.210sps0.564 1.58 (1)
+/+ 19 Rb (14.15)/+ 15 38 43 0.469 0.358sps0.580 0.31 (1)
Pooled 142 159 0.472 0.415sps0.528 0.96 (1)
Total 5.03 (5)
Heterogeneity 4.08 (4)

Rb (8.17)/+ 8 Rb (8.17)/+ 7 5 20 10 0.429 0.260sps0.598 2.14 (2)
Rb (9.13)/+ 9 Rb (9.13)/+ 5 2 10 5 0.412 0.160sps0.664 1.59 (2)
Rb (11.16)/+ 3 Rb (11.16)/+ 2 3 5 2 0.550 0.199sps0.901 0.20 (2)
Rb (14.15)/+ 10 Rb (14.15)/+ 7 6 15 11 0.422 0.245sps0.598 1.69 (2)
Pooled 16 50 28 0.436 0.335sps0.637 3.45 (2)
Total 5.62 (8)
Heterogeneity 2.50 (6)

*All x2 values are smaller than the critical values.

Table 2 Segregation of chromosome 7 in progeny of heterozygous shrews

Progeny 95%
Transmission Confidence

Dam Sire Is/+ +/+ of Is/+(p) interval x2 (d.f.)

Is/+ +/+ 9 8 0.529 0.274sps0.785 0.06 (1)
+/+ Is/+ 18 17 0.514 0.344sps0.685 0.03 (1)
Total 27 25 0.519 0.381sps0.658 0.08 (1)
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that there were regular although nonsignificant
reciprocal differences in the KATÅF1/F1ÅKAT and
KATÅSRI/SRIÅKAT crosses. Litter size was larger
when the mother was KAT. Thus, considering the
crosses involving SRI, KAT and F1 shrews there
were three distinct group of means: (1) large litter
size for the cross KATÅKAT only; (2) small litter
size for all crosses with SRI and for the F1ÅF1; (3)
intermediate litter size for F1ÅKAT and KATÅF1.

To estimate the effect of a particular Rb on the
size of the litters produced by male or female
heterozygotes we pooled the data for all litters avail-
able. Table 3(b) shows that the size of these litters
was intermediate between that of the KAT and SRI
strains. There was no significant variation in litter

size according to which Rb is involved or whether
the female or male parent was heterozygous. A
one-way ANOVA shows that variation in litter size
between Rbs was lower than that within Rbs
(F4,153 = 0.68 for dams and F4,150 = 0.13 for sires).

The individuals involved in the crosses, discussed
above, were multiple rather than single heterozy-
gotes. We found a significant correlation between
the litter size and combined heterozygosity of both
parents (number of Rbs for which the parents were
heterozygous): rs = µ0.35, d.f. = 103, Ps0.001. A
similar correlation was found between the litter size
and the genetic contribution of SRI in both parents:
rs = µ0.32, d.f. = 103, Ps0.001. A correlation
between combined heterozygosity and genetic
contribution of SRI was very high: rs = 0.82,
d.f. = 103, Ps0.001. Multiple regression analysis
suggests that the variation in litter size was mainly
determined by variation in genetic contribution of
SRI (b = µ0.29, t105 = 2.13, P = 0.035). The effect of
heterozygosity is apparently less important
(b = µ0.09, t105 = 0.66, P = 0.509).

Discussion

Animals that are heterozygous for Rbs might be
expected to have reduced fertility relative to homo-
zygotes, because of aberrant pairing at prophase I
(resulting in germ cell death) and malsegregation at
anaphase I (resulting in aneuploidy and consequent
embryonic losses). The extent of the reduction in
fertility depends on the species involved, the number
of the heterozygous Rbs, the genetic background in
which they are tested, the sex of the carrier and the
particular chromosomes involved (Gropp &
Winking, 1981; Redi & Capanna, 1988; Searle,
1993).

Our data on hybrids between karyotypic races of
S. murinus show that litter size even in heterozygotes
for five Rbs was no smaller than that in the less

Fig. 1 Test for independence of segregation of different
Rbs in the progeny of double heterozygote shrews. The
segregation in the progeny of female double heterozy-
gotes is presented above the main diagonal, that of male
double heterozygotes is present below the main diagonal.

Fig. 2 Test for association between
Rbs and sex in the progeny of dam
and sire Rb heterozygotes crossed to
shrews of standard karyotype (+/+).
Double border indicates the 2Å2
table where the critical x2 value was
obtained (x2

1 = 5.26, Ps0.05).
However, after correction for
multiple testing (Bonferroni test:
Sokal & Rohlf, 1995), this value fails
to reach significance.
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fertile parental strain (SRI). We did not detect a
strong effect of either heterozygosity for any of the
Rbs, or the combined heterozygosity of both parents
on the litter size. Even if Rb heterozygosity does
affect litter size, its effect is not as strong as the
effects of genetic background for the shrews that we
examined. The same can be said for the influence of
the SRI chromosome 7 variant in a heterozygous
state.

There are clear differences in litter sizes between
the KAT and SRI strains and also, unexpectedly,
karyotypically homozygous males may influence
litter size. Thus, crosses between KAT females and
SRI males have significantly smaller litters than
KATÅKAT crosses. The genetic basis of these
strain effects is discussed by Aulchenko et al. (1998).
In the present paper we are concentrating on the
impact of chromosomal heterozygosity.

With regards the near-normal fertility of hetero-
zygotes for Rbs or the variant chromosome 7, it is
reasonable to suggest that this does reflect orderly
behaviour of heterozygous configurations at meiosis
I. In an electron microscopic analysis of synaptone-
mal complexes at pachytene more than 90% of such
configurations showed complete pairing without
abnormality (Borodin et al., 1998).

Not only do heterozygotes for Rbs and the
chromosomal 7 variant show near-normal fertility,
their viability also appears to be similar to homo-
zygotes. The pattern of segregation of each of the
Rbs and the variant chromosome 7 in heterozygotes
does not differ from Mendelian expectations.

The Mendelian segregation from heterozygotes
also indicates that none of the rearrangements
displays strong ‘segregation distortion’ either in
males or females. However, our sample size,
although not very small, was insufficient to detect
weaker distortions. To detect a distortion of 5% a
sample size of not less than 400 offspring would be
needed. This is important, because it has been
shown theoretically that even weak segregation
distortion may significantly affect the probability of
fixation of a chromosome variant (Hedrick, 1981).

Our studies also showed that all Rbs segregate
independently of each other in the progeny of
double heterozygotes and there was no convincing
association between transmission of sex chromo-
somes and transmission of the Rbs.

Taken together, the data presented here greatly
extend on our previous chromosome frequency
analysis of the SK stock (Rogatcheva et al., 1997).
The SK stock is the product of crosses between the
30–34 chromosome Sri Lanka race and the 40
chromosome standard race (represented by indi-
viduals that are derived from Nepal). We believe
that crosses similar to these generated the poly-
morphism for three or more Rbs that is currently
observed in Malaya (Sam et al., 1979). As first
suggested by Yosida (1982), the Malay polymorph-
ism appears to have arisen as a result of crosses
between resident standard race shrews and Sri
Lankan or South Indian shrews carrying Rbs acci-
dentally brought over by humans in ships (Rogatch-
eva et al., 1997).

Given that we have shown that Rbs in S. murinus
show little or no underdominance or segregation
distortion, there is no reason to view the Rb poly-
morphism in Malaya as anything other than neutral
variation. Further studies of the natural polymorph-
ism would be valuable to test this null hypothesis
further. In particular, it would be of interest to
obtain more detailed information on population
structure, and both within- and between-site data on
frequency of the chromosomal variants. Such studies
could help establish whether the chromosomal
markers are varying in frequency by genetic drift (as
expected under the null hypothesis) or whether
there is any effect of selection.

Our studies on S. murinus echo those in a number
of other species, most notably another shrew, Sorex

Table 3 Mean litter sizes (¹SE) of crosses involving
(a) the parental strains KAT and SRI and F1 hybrids and
(b) later generation hybrids heterozygous for specific Rbs

Number
Dam Sire of litters Litter size

(a) KAT KAT 300 3.99¹0.08
SRI SRI 97 2.33¹0.08
SRI KAT 4 2.50¹0.65
KAT SRI 15 2.67¹0.30
F1 F1 14 2.21¹0.33
KAT F1 19 3.42¹0.23
F1 KAT 30 2.88¹0.20
F1 SRI 7 2.43¹0.37

(b) Rb (8.17)/+ +/+ 32 2.97¹0.24
Rb (9.13)/+ +/+ 31 2.97¹0.21
Rb (10.12)/+ +/+ 25 2.60¹0.23
Rb (11.16)/+ +/+ 40 2.65¹0.17
Rb (14.15)/+ +/+ 30 2.87¹0.21
Total 158 2.81¹0.09

+/+ Rb (8.17)/+ 40 2.93¹0.20
+/+ Rb (9.13)/+ 37 3.05¹0.23
+/+ Rb (10.12)/+ 17 2.88¹0.28
+/+ Rb (11.16)/+ 17 2.82¹0.30
+/+ Rb (14.15)/+ 44 3.00¹0.20
Total 155 2.96¹0.10
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araneus, for which it has proved difficult to demon-
strate any infertility in Rb heterozygotes, even when
several trivalents are expected at meiosis I (Searle,
1993). Given that infertility associated with chromo-
somal heterozygosity is important for ‘chromosomal
speciation’ (King, 1993), these studies indicate that
it may sometimes need very substantial Robertson-
ian differences between karyotypic races to promote
speciation. In the common shrew, even hybrids
between Rb races which form long-chain configura-
tions at meiosis I may not be particularly unfit
(Mercer et al., 1992).

With regards segregation of chromosomes from
Rb heterozygotes, there are differences between
Suncus murinus and Sorex araneus. Although we
detected no segregation distortion in the first
species, Wyttenbach & Hausser (1996) found it in
the second. It is of interest that S. araneus is more
prone to form Rb races than S. murinus and this
difference in segregation distortion, if general, may
be important in race formation (cf. Hedrick, 1981).

The difference between Suncus murinus and Sorex
araneus with regard to segregation distortion of Rbs
indicates the need for individual studies to analyse
particular chromosomal variants in particular
species; extrapolating broadly is dangerous. This is
as true for heterochromatic insertions as it is for
Rbs. Whereas in S. murinus the chromosome 7
insertion does not segregate abnormally, in the
house mouse a heterochromatic insertion of
chromosome 1 can be associated with segregation
distortion (Agulnik et al., 1990).
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