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The reproductive features of wild all-acrocentric and 2n 22Robertsonian (Rb) house mice (M.
m. domesticus) from Tunisia were studied. The aim was to examine the possibility of a reproductive
selective advantage associated with chromosomal change as well as to measure the effect of hetero-
zygosity for a large number of Rb fusions on the fertility of hybrids. Results showed that litter sizes
were significantly smaller in Rb than in all-acrocentric mice. This difference, which may represent a
favourable demographic strategy related to the habitat segregation observed in the Tunisian mice,
needs to be studied further. The F1 hybrids between the two chromosomal races showed a signifi-
cantly reduced reproductive success and litter size (respectively, 53 per cent and 60 per cent less
than either parental race). Analysis of the testicular histology of F1 and backcross males showed in
some cases a breakdown of spermatogenesis. The degree of this disturbance was not related to the
level of chromosomal heterozygosity suggesting that genetic incompatibilities between the two
genomes might be involved. The strong reduction in fertility measured in these hybrids represents a
reproductive isolating mechanism effectively reducing gene flow between the all-acrocentric and
22Rb mice populations of Tunisia.

Keywords: chromosomal evolution, chromosomal heterozygosity, hybrid sterility, Rb fusion,
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Introduction

Chromosomal divergence has proceeded in the house
mouse (Mus musculus domesticus) by the fixation and
accumulation of Robertsonian (Rb) translocations
formed by the centric fusion of acrocentric chromo-
somes (Capanna, 1982). In Monastir (Tunisia) the Rb
populations of house mice are fixed for nine pairs of
Rb fusions (2n = 22), the combination of which is not
known to occur elsewhere (Said et al., 1986, 1991).
This Rb race exhibits certain specific traits when com-
pared with European Rb mice. In the Monastir area,
the Tunisian Rb populations occupy exclusively urban
centres whereas all-acrocentric populations occur in
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small rural villages. At the border between these two
types of habitat, chromosomally polymorphic mice can
be found, although in some cases where the transition
from one karyotype to the other takes place in less than
1 km, no intermediate karyomorphs were detected.
Allozymic studies have shown that the Rb and all-
acrocentric mice could be differentiated. The genic
divergence is in fact the largest measured so far
between all-acrocentric and Rb populations and argues
in favour of a chromosomal barrier to gene flow
through a severe decrease in fertility. The Rb popula-
tions from Tunisia seem to represent in fact one of the
clearest examples of chromosomally-mediated repro-
ductive isolation (White, 1968).

The effects on fertility of chromosomal structural
heterozygosity in house mice have been extensively
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investigated, but most studies have focused on hybrids
between mice carrying different Rb fusions (Gropp et
al., 1982; Redi et al., 1985; Redi & Capanna, 1988).
Additional papers dealing with hybrids between Rb
and all-acrocentric mice have shown a decrease in
fertility mainly due to the production of aneuploid
gametes (Cattanach & Moseley, 1973; Redi &
Capanna, 1978), the extent of which is related to the
number of heterozygous fusions (Winking & Gropp,
1976; Gropp & Winking, 1981). However, most of
these estimates were obtained by crossing Rb mice
with all-acrocentric laboratory strains and do not
accurately depict the situation occurring in the wild.
Results for wild hybrids indicate that fertility is slightly
if at all affected in the case of heterozygotes for one to
three fusions (see Viroux & Bauchau, 1992; Wallace et
at., 1992). In this study, we attempt to measure hybrid
sterility in the progeny of Tunisian Rb mice and neigh-
bouring all-acrocentric wild mice which differ by nine
pairs of Rb fusions.

The fixation and spread of chromosomal re-arrange-
ments have been extensively reviewed in a number of
theoretical investigations (see review in Sites & Mortiz,
1987; Barton & Rouhani, 1991; Spirito et al., 1991;
Spirito, 1992; Michalakis & Olivieri, 1993). Among the
factors favouring chromosomal change, meiotic drive,
genetic drift, inbreeding and the selective advantage of
the chromosomally variant individuals or populations
have been considered as the most relevant. Although
the first three factors have been investigated (see
Britton-Davidian et a!., 1989; Viroux & Bauchau,
1992; Wallace et at,, 1992) and do not appear to
operate in the Rb differentiation of house mice, the
search for a selective advantage has received little
attention. In this work, we compare one component of
the reproductive fitness by measuring progeny size in
wild Rb and all-acrocentric mice.

Materials and methods

The crosses

The mice used in the fertility analyses were live-
trapped in Monastir City (2n = 22), and Mahdia, Sfax,
Jebiniana, Sbeitla and Sidi-Bouzid (2n =40). The
distance between Monastir and the 2n =40 localities
varied between 36 km at the least and 250 km at the
most. Mice were kept under standard laboratory
conditions with 12 h of daylight and at 20 °C tempera-
ture. Five series of crosses were established: (i)
2n = 22 X 2n= 22: seven pairs; (ii) 2n =40 x 2n =40:
five pairs; (iii) 2n=40 (4 females, 4 males)x2n=22
(4 f, 4 m): eight pairs; (iv) F1 (2n= 31) (4 f,
3m)x2n=40 (3f, 4m): seven pairs; (v) F1 (2n31)
(4 f, 4 m) x 2n = 22 (4 f, 4 m): eight pairs.

The number of litters as well as the number of pups
per litter were recorded for over a year. Two F1s and
most of the progeny from the backcrosses were karyo-
typed following the air drying method for bone marrow
cells after yeast stimulation (Lee & Elder, 1980).
Standard Giemsa-stained slides allowed to determine
their diploid number with which the degree of hetero-
zygosity for Rb fusions could be estimated.

Histologicalpreparation of testes

Testicular histological preparations were made for 28
individuals, among which were two F1s and 17 of their
progeny. Testes were soaked in Bouin's fixative and
embedded in paraffin from which 5 m thick histo-
logical sections were prepared. For each individual, the
sections from one of the testes were stained with
haematoxylin and eosin and viewed under the light
microscope. About 100 transverse cross-sections of
seminiferous tubules were examined per testis to deter-
mine the testicular histopathology interpretation score
(TMI) classically used in the quantification of human
male sterility. The TMI score is a semi-quantitative
method which attributes a value to the biopsy accord-
ing to the state of the seminiferous tubules, the pen-
tubular membranes and the interstitial space. The TM!
score used in the present study (Table 1) was modified
following Lecornu et at. (1984). Since the peritubular
membrane and the interstitial space were not patho-
logically affected (score of 0 in all individuals
examined), they were omitted from the scoring.

Results

Reproductive success and progeny size

The reproductive success is here expressed as the
effective production of progeny by a pair of mice and
was measured in all series of crosses (Table 2). The
results show that 100 per cent of the intraracial crosses
yielded progeny as compared with 87.5 per cent of the
interracial ones. Backcrosses showed the lowest repro-
ductive success rate, since only slightly more than half
of the pairs (53 per cent) yielded progeny. Statistical
comparisons of these results by Fisher's exact test
showed that backcrosses had a significantly lower
reproductive success than did the inter- and intraracial
ones (respectively a= 1.81 x 10-13 and a =3.45 x
whereas the differences between the latter two crosses
were not significant (a = 0.4).

The analysis of the mean litter size (Table 2) showed
that within the intraracial crosses, the all-acrocentnic
yielded a higher mean litter size than the Rb crosses,
while the lowest mean progeny size was found in the
backcrosses. The two-level nested ANOVAS per-
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Table 1 Modified TMI score following Lecornu et al. (1974) yielding a maximum score of 7

Testicular parameters TMI score

DT
Diameter of tubes

0 Normal in more than 50%
of tubes

1 Reduced in 5 0—80%
of tubes

2 Reduced in more than
80% of tubes

DF
Cell differentiation

0 Sperm in more than 50%
of tubes

1 Sperm in less than 50%
of tubes

2 No sperm

N
Necrobiosis

0 Absent or present in few
tubes

1 Present in many tubes

E
Exfoliation

0 Absent or mild in few
tubes

1 Mild in many tubes 2 Frequent in many tubes

Table 2 Reproductive success and mean litter size for the
different types of crosses. R =number of pairs having
produced progeny; NR =number of pairs without progeny.

Cross R NR Litters
Mean litter
size

Intraracial
22x22 7 0 24 3.6
40x40 5 0 15 6.0
Total 12 0 39 4.5

Interracial
M40xF22 3 1 6 3.7
M22xF40 4 0 8 5.4
Total 7 1 14 4.6

Backcross
M31xF22 3 1 18 1.8
M22xF31 1 3 4 1.7
M31xF4O 1 2 3 2.0
M4OXF31 3 1 5 1.4
Total 8 7 30 1.8

*These individuals come from localities 36 km apart.

formed on these results (Table 3) show that the differ-
ence in mean litter size between all-acrocentric and Rb
mice was significant. Likewise, backcrosses, whether F1
males or females, had a significantly smaller progeny
size than any other type of cross. On the other hand,
the mean litter size observed in the interracial crosses
was not significantly different from that of the intra-
racial ones. However, when data were compared
between sexes by pooling all but backcrosses, signifi-
cant differences in litter size are observed between
females but not males, with the 22Rb females produc-
ing less progeny per litter regardless of the mate's
karyotype.

Testicular histology

Histological testicular sections of a 22Rb, an all-acro-
centric and two heterozygous mice are provided in Fig.
1 and the results of the TMI score in Table 4. The
seminiferous tubules of the wild 2n = 22 and 2n =40
Tunisian mice show that the histoarchitectural disposi-
tion of the germ cells is normal yielding a TMI score of
0. In the chromosomally heterozygous individuals, the
TMI scores were very variable reaching in some cases
high values denoting a total arrest of spermatogenesis.
Alterations were evident in the seminiferous tubules in
which the tubular diameter, cellular differentiation and
density were reduced. Exfoliation of the different cell
lines was observed as well as signs of necrobiosis
within the seminiferous tubules.

To test the relationship between chromosomal
heterozygosity and sterility, all individuals were
assigned a fertility index (S = sterile, SF = subfertile and
F= fertile) derived from the cellular differentiation
score (Table 4) corresponding respectively to the
absence (d.f. = 2), intermediate (d.f. = 1) or normal
(d.f. =0) amount of sperm in the backcrosses (Fig. 2).
Results indicated that neither the TMI score nor the
fertility value were related to the number of fusions in a
heterozygote state (Spearman coefficient of correla-
tion: Ms=0.18, P=O.46 and Ms=0.15, P0.53,
respectively) and that the segregation of fusions in the
progeny was apparently random (x2=0; 15, d.f.=8,
P> >0.05). That the disturbance of the spermatogene-
tic process may be independent of chromosomal
heterozygosity per se is suggested by a 2n =31 individ-
ual which was scored as fertile and the SF value found
in a homozygous 22-chromosome mouse.

The reproductive success rate and testicular histo-
logy score gave congruent results in the two F1 males
analysed by both methods. The first one yielded no
progeny and was classified as sterile (S) for the fertility
index, whereas the second one which had produced
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progeny did not show any obvious disturbance of the Discussion
testicular histology (F). However, the mean litter size
sired by this individual was reduced (2.0) compared Comparison of litter sizes
withthat for the within or between race data (Table 2). . . . . . .

Sigmficant statistical differences in litter size were esta-
blished between the two chromosomal races. A priori,

Table 3 Two-level nested ANOVA statistics on litter size among types of crosses between chromosomal groups. The
comparisons involving only one sex include both inter- and intraracial crosses (see text for explanation)

Crosses Source of variation Sum of square d.f. Mean of square F P

All Among types of crosses 213.2 7 30.5 6.96 **

Among pairs within types 83.1 19 4.4 3.21 **

Residual 76.2 56 1.4
Total 372.5 82

22x22 Amongtypesofcrosses 52.1 1 52.1 7.78 *

vs. Among pairs within types 67.0 10 6.7 3.57 **
40>( 40 Residual 50.7 27 1.9

Total 169.7 38

22 x 22 Among types of crosses 9.2 1 9.2 2.72
vs. Amongpairswithintypes 40.3 12 3.4 1.66
interracial Residual 48.5 24 2.0

Total 98.0 37

22x22 Amongtypesofcrosses 46.0 1 46.0 23.04 **

vs. Amongpairswithintypes 26.0 13 2.0 1.47 —

backcross Residual 53.0 39 1.4
Total 125.0 53

40x40 Amongtypesofcrosses 13.3 1 13.3 1.96 —

vs. Amongpairswithintypes 68.0 10 6.8 4.99 **

interracial Residual 23.2 17 1.4
Total 104.6 28

40X40 Amongtypesofcrosses 113.3 1 113.3 51.88 **

vs. Amongpairswithintypes 24.0 11 2.2 0.55 —

backcross Residual 126.9 32 4.0
Total 264.3 44

Interracial Amongtypesofcrosses 79.0 1 79.0 37.93 **

vs. Amongpairswithintypes 27.1 13 2.1 2.37 *

backcross Residual 25.5 29 0.9
Total 131.5 43

Female 22 Among types of crosses 60.1 1 60.1 12.82 **

vs. Amongpairswithintypes 79.7 17 4.7 2.61 *

Female 40 Residual 61.2 34 1.8
Total 201.0 52

Male 22 Among types of crosses 20.5 1 20.5 2.92 —

vs. Amongpairswithintypes 119.4 17 7.0 3.90 **

Male40 Residual 61.2 34 1.79
Total 201.0 52

Female 31 Amongtypes of crosses 0.2 1 0.2 0.21
vs. Among pairs within types 6.1 6 1.0 1.50
Male 31 Residual 15.0 22 0.7

Total 21.4 29

*P<005; **P<jfl
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Fig. 1 Histological sections of testes. (a) and (b) Fertile parental males with a TMI score =0, (a) 2n =40 ( x 150) and (b) 2n =22
(x 125). (c) Sterile 2n =31 backcross male (TMI = 2); note absence of spermatozoa in tubule lumen ( X150). (d) Subfertile
2n =25 backcross male (TMI =2) showing extensive exfoliation ( x 150).

a smaller mean litter size in Rb mice would not be con-
sidered as a selectively advantageous character allow-
ing the rapid spread of fusions within populations.
However, this observation denotes a difference in life
history traits which may be related to the habitat segre-
gation shown by the two races since the Tunisian 22Rb
mice are found exclusively in urban centres, whereas
the all-acrocentric populations are present in rural
villages. The hypothesis of a difference in demographic
strategies needs to be validated by the analysis of
reproductive traits (frequency, cycle, etc.) and of
survival rates in each habitat.

Fertifity of hybrids

The results from the crosses indicate that the 2n =31
heterozygotes show a significantly reduced reproduc-
tive success rate and litter size compared with those of
crosses between chromosomally homozygous individ-
uals. This is in agreement with previous studies on the
fertility of Rb chromosomal hybrids (Winking &

Gropp, 1976; Gropp & Winking, 1981; Gropp et al.,
1982). These authors have shown that the formation of
trivalents in these hybrids leads to the production of
viable aneuploid gametes and postzygotic elimination
of embryos. Under this assumption, the decrease in
fertility is attributed to malsegregation due to orienta-
tion of trivalents, univalence or inadequate pairing
(Moses et at., 1979; Elder & Pathak, 1980; Redi &
Capanna, 1988; Haaf et al., 1989; Mahadevaiah et at.,
1990; Wallace & Searle, 1990). These authors indicate
additionally that the non-disjunction rates are higher in
females than in males, vary with the type of fusion and
are related to the number of fusions in a heterozygous
state (Winking & Gropp, 1976; Gropp & Winking,
1981). However, very few of these reports involve wild
heterozygotes for many Rb trivalents. Redi & Capanna
(1978) estimated a correct disjunction rate of 38 per
cent for male hybrids between wild all-acrocentric and
2n 22CD Italian mice (nine trivalents) which is
remarkably similar to the decrease in litter size
measured in the F1 hybrid Tunisian mice. Similarly,
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Table 4 Testicular histopathology andTMIscore for all
individuals analysed. 2n=diploid number; DT= diameter of
tubules; DF= cellular differentiation; N =necrobiosis;
E = exfoliation. K =number of fusions in a heterozygous
state

Type of
cross 2n DT DF

TMIN E score K

Parents 40 0
40 0
40 0

0
0
0

0 0 0
0 0 0
0 0 0

0
0
0

22 0
22 0
22 0
22 0
22 0
22 0

0
0
0
0
0
0

0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0

0
0
0
0
0
0

F1 31 0
31 0

2
0

0 0 2
0 0 0

9
9

Backcross 22 0
24 0
24 0
25 0
25 0
25 0
26 0
26 0
26 0
27 0
27 0
27 0
27 0
28 1
29 0
31 0

1
0
1
1
2
2
1
2
1
0
0
2
2
1
1

0

0 1 2
0 0 0
0 1 2
0 1 2
0 1 3
1 2 5
0 1 2
0 1 3
0 1 2
0 0 0
0 0 0
1 1 4
0 2 4
0 2 4
0 0 1

0 0 0

0
2
2
3
3
3
4
4
4
5
5
5
5
6
7
9

34 0 1 0 2 3 6

Garagna et al. (1990) observed a reduction in the
number of oocytes in wild female heterozygotes with
seven trivalents.

However, the data from the Tunisian chromosomal
hybrids further indicate that a disturbance of the game-
togenetic process unrelated to non-disjunction is
observed in the male heterozygotes. It is apparent then,
that two processes are operating in the overall decrease
in fertility: (i) aneuploidy due to non-disjunction events
is involved in the decrease in litter size as suggested by
that of the F1 male which showed no disturbance in
testicular histology. Non-disjunction rates may be posi-
tively related to the extent of chromosomal heterozy-
gosity but were not directly measured; and (ii)
disturbances of the spermatogenetic process are

SF1 IF
3 4 5 6

Fusions

Fig. 2 Distribution of fertility score and number of Rb
fusions in a heterozygous state (0—9) in the pooled backcross
progeny. Each male is represented by its fertility score
(S =sterile, SF= subfertile, F= fertile) and each female by a
blank.

present leading to complete sterility in some cases.
Furthermore, no relation was observed between the
number of fusions in a heterozygous state and the
presence or extent of the spermatogenic impairment
which seems more likely to result from genic differ-
ences between the parental chromosomal races such as
has been observed previously (Cattanach & Moseley,
1973; Winking et al., 1988). The genetic incompatibi-
lities between the two genomes would then reinforce
the non-disjunctive effect of the fusion further lowering
the overall fertility scores.

The two reproductive features measured in this
study show that Rb chromosomal heterozygosity for
nine fusions leads to a severe impairment of fertility by
failure to reproduce and/or severe reduction in litter
size. In addition to non-disjunction of chromosomes
leading to aneuploidy, the reduction in reproductive
fitness of male hybrids is related to disturbances of the
spermatogenetic process acting through or due to
genomic interactions but not to chromosomal hetero-
zygosity per se. These factors contribute to the repro-
ductive isolation between the 22Rb and the
all-acrocentric house mouse populations and to main-
tain the genetic differentiation observed in these two
chromosomal races. The low reproductive rates of F1
individuals also explains the spatially and temporally
limited distribution of hybrid populations. The differ-
ence in mean litter size between the all-acrocentric and
22Rb mice represents an original observation, the
adaptive value of which, if any, needs to be ascertained.
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