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Fertility assessment in hybrids between
monobrachially homologous Rb races of the house
mouse from the island of Madeira: implications for
modes of chromosomal evolution
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The speciation model of divergence by monobrachially
homologous fusions (that is, with one arm in common)
benefits from a wide conceptual acceptance, because
heterozygotes between populations carrying such fusions
suffer from high levels of meiotic dysfunction. The same
meiotic configurations can also be generated by WART
(whole-arm reciprocal translocation), rearrangements that
are known to occur in mammals. Estimating the disadvan-
tage of heterozygotes carrying monobrachially homologous
fusions is required to evaluate the relevance of this mode of
chromosomal evolution in diversification and speciation.
House mice are an excellent study models because
chromosomal races exist carrying monobrachially homolo-
gous fusions, and WARTs have been documented in this
species. The fertility of heterozygote mice carrying the
smallest number of monobrachially homologous fusions (that
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Introduction

Chromosomal speciation models have recently become
the focus of renewed interest (Rieseberg, 2001; Navarro
and Barton, 2003; Ayala and Coluzzi, 2005). The
traditional model—called ‘hybrid dysfunction model'—
is based on the underdominance of chromosomal
hybrids between differentiated taxa (White, 1978; King,
1993; Delneri et al., 2003). This underdominance gener-
ates a partial barrier to gene flow between populations
and, ultimately, favors the evolution of complete repro-
ductive isolation through selective processes. Hetero-
zygous disadvantage for chromosomal rearrangements
results from the incorrect segregation of chromosomes
during meiosis, leading to the formation of fertile
aneuploid gametes and embryonic mortality (King,
1993; Marchetti et al., 1999). Premeiotic perturbations
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is, a chain of four chromosomes, C4) was investigated
in laboratory-bred hybrids between two parapatric chromo-
somal races from the island of Madeira. Meiotic nondisjunc-
tion analyses and histological sections of testes showed that
aneuploidy (16.7%) and germ cell death (50.9%) rates
reached significantly higher mean values in hybrids than in
homozygotes. In females, however, the histological analysis
of ovarian follicle parameters revealed no significant differences
between hybrid and homozygous individuals. Overall, the
reproductive assays indicated that these C4-carrying hybrids
were not sterile but showed an approximately 50% decrease
in fertility compared to homozygous parental mice. Implications
for modes of chromosomal evolution involving monobrachially
homologous fusions are discussed.
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have been also observed in some cases causing a
reduction in germ cell number (Garagna et al., 1990;
Hauffe and Searle, 1998; Banaszek et al., 2000; Wallace
et al., 2002). Data from different mammalian species
(including human) have shown that values of under-
dominance vary according to the nature of the rearran-
gement, the chromosomes concerned, the breakpoint site,
the gender and also the genetic context and age (King,
1993; Searle, 1993; Djelati et al., 1997; Hauffe and Searle,
1998; Castiglia and Capanna, 2000; Wallace et al., 2002;
Pellestor et al., 2005; Anton et al., 2006). Most experi-
mental analyses of the effects of chromosomal hetero-
zygosity on reproductive fitness stem from studies on
humans, the house mouse and the common shrew. The
two latter taxa show extensive chromosomal diversity
through the fixation of centric fusions, which are the
most frequent macromutation detected in chromosomal
evolution (Searle and Woéjcik, 1998; Pialek et al., 2005).
This rearrangement, also called Robertsonian (Rb)
translocation, involves the fusion by the centromere of
two acrocentric chromosomes forming one metacentric
chromosome and thereby reducing the diploid number.

House mice are noteworthy for their high rate of
karyotypic change with more than 90 Rb-carrying
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populations originating in <3000 years (Pidlek et al.,
2005). Whereas the standard karyotype of the house
mouse consists of 21 =40 acrocentric chromosomes, such
races differ by the number (2n=38-22) and arm
combination of Rb metacentrics they exhibit. It is
generally held that these races have diverged by the
sequential accumulation of Rb fusions (White, 197§;
Capanna, 1982). Heterozygotes for fusions produce
trivalents at meiosis, formed by the pairing of each
metacentric and its two acrocentric homologs. These
meiotic configurations usually result in very low non-
disjunction (NDJ) rates when few in number, but the
degree of gametogenetic impairment increases when
many are present (Garagna et al., 1990; Hauffe and
Searle, 1998; Castiglia and Capanna, 2000; Wallace et al.,
2002). In some instances, however, parapatric Rb races
carry monobrachially homologous fusions; that is, Rb
metacentrics that have one chromosome arm in common.
In hybrids between these races, meiotic pairing will lead
to the formation of complex multivalent configurations
(chains or rings of chromosomes), the segregation of
which can be highly perturbed, considerably reducing
their reproductive fitness (Gropp et al., 1982; Garagna
et al., 1990; Hauffe and Searle, 1998; Pialek et al., 2001).
Such races may have two origins. The first is the
traditional one through the independent fixation of Rb
fusions with one arm in common in different populations
within the ancestral taxon. This represents the central
tenet of the monobrachial chromosomal speciation
model proposed by Baker and Bickham (1986). This
‘hybrid dysfunction” model benefits from wide concep-
tual acceptance because the fixation of only a few Rb
fusions in each race can lead to an efficient and rapid
mechanism of reproductive isolation (King, 1993; Riese-
berg, 2001). The second mode of divergence is through
arm exchanges occurring between Rb metacentrics or
between Rb metacentric and acrocentric chromosomes,
resulting in new arm combinations and thus, a new race.
These events are named WARTs (whole-arm reciprocal
translocations) and have been documented in mice
and other species (Catalan ef al., 2000; Hirai et al., 2005;
Veyrunes et al., 2007; Fedyk and Chetnicki, 2009). In the
house mouse, chromosomal phylogenetic reconstruc-
tions of related groups of Rb populations have supported
the involvement of such events and suggested that they
may have contributed to the extensive diversification of
Rb metacentrics and races (Pialek et al., 2005; Britton-
Davidian et al., 2005a).

Whatever the mode of evolution, however, interracial
hybrids carrying monobrachially homologous fusions or
individuals in which a WART has occurred may be
heterozygous for the same complex chain or ring
configurations at meiosis, and are expected to suffer
from impaired gametogenesis. The strong selective
disadvantage of such complex heterozygotes while
supporting the monobrachial model of speciation will
conversely tend to discredit the contribution of WARTSs to
chromosomal diversification, as their fixation rate would
then be expected to be very low. To determine the
relevance of monobrachially homologous fusions to
speciation and diversification processes in the house
mouse, it is thus critical to measure the reproductive
fitness of Rb heterozygotes carrying complex meiotic
configurations. Data from the mouse literature indicate
that gametogenetic dysfunction is usually higher for
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chains than for rings, and that this increases with the
number of Rb metacentrics involved, reaching sterility
when many chromosomes are present (Gropp et al., 1982;
Garagna et al., 1990). Less is known for smaller complex
chains, particularly for the smallest one, that is, a chain of
four chromosomes (C4). The few studies that exist show
that reproduction of C4 heterozygotes varies from
normal to complete sterility depending on the sex of
the individuals and the arm combinations (Gropp et al.,
1982; Mahadevaiah et al., 1990). These data were
measured in laboratory-bred heterozygotes carrying
wild Rb metacentrics introgressed into house mouse
strains. As the interaction between the strain and wild
genomes is known to affect fertility scores, the repro-
ductive fitness of such heterozygotes needs to be
reassessed in wild genomes (Wallace et al., 2002).
However, natural situations in which hybrids between
related races carry a single chain of four chromosomes
are scarce (Piadlek et al., 2005).

The aim of this study was to evaluate the reproductive
performance of C4-carrying hybrids in Rb mice from the
island of Madeira in which an impressive chromosomal
radiation has taken place in <1500 years (Britton-
Davidian et al., 2000; Forster et al., 2009). The rationale
for focusing on this type of meiotic configuration is
threefold. First, within the chromosomal races uncovered
in this island, the two westernmost ones have seven
fusions in common (Rb(2.4)(3.14)(5.18)(8.11)(9.12)(10.16)
(13.17)), but differ by two additional monobrachially
homologous ones involving chromosome 7, that is,
Rb(6.7) and Rb(7.15), respectively, in each race. Second,
these races are parapatric and share a contact zone in
which hybrids are present with an expected C4 meiotic
chain (Nunes et al., 2005). Third, in a recent study on the
chromosomal phylogeny of Madeiran Rb mice, allow-
ance for WART events yielded the best supported and
most parsimonious trees (Britton-Davidian ef al., 2005a).
In particular, this analysis postulated that the race
carrying Rb(7.15) would have evolved from the one
carrying Rb(6.7) by a WART between Rb(6.7) and
chromosome 15, through a C4 heterozygous state.
In this study, the extent of chromosomal underdomi-
nance (germ cell death (GCD) and NDJ rates) in male
and female hybrids between these two races was
evaluated to estimate the contribution of this type of
event to speciation and diversification processes in
Rb-evolving species.

Materials and methods

Specimens

A total of 131 house mice were trapped in the island of
Madeira (32°37'-32°52' N, 16°39’-17°15" W) in 2001-2002
using Sherman and Longworth livetraps. Thirteen
localities were sampled in the areas occupied by the
westernmost races Estreito da Calheta (E. Calheta) and
Achadas da Cruz (A. Cruz; see Figure 1 in Nunes et al.,
2005). Both wild males and females of these two races
were considered in this study, as well as hybrid
individuals between them. The animals were brought
to the facilities of the Centre for Environmental Biology
of the Faculty of Science of Lisbon, where they were
maintained in captivity under a 12 h light/dark regime at
ambient temperature and provided with water and food
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ad libitum. Due to the scarcity of interracial hybrids in the
wild (only two individuals captured, one male and one
female), hybrid mice were bred in the laboratory from
crosses between wild animals, homozygous for the
diagnostic fusions, Rb(6.7) in race E. Calheta and
Rb(7.15) in race A. Cruz (hereafter designated 6.7> and
7.15?, respectively). As chromosomal polymorphism was
present particularly in race A. Cruz (see Nunes et al,,
2005), selection of homozygous individuals for the
breeding program required assessing the karyotype
before the set up of the crosses. Two procedures were
used. The first one involved short-term blood cultures
that provided results for roughly 50% of the individuals.
This procedure was complemented by crosses in which
the diploid number (2n) of the tested parent was inferred
from those of its progeny (3—6 individuals). Sixty-two
crosses were set up between A. Cruz mice and 2n =40
individuals from the Balb laboratory strain, as well as
between wild specimens of race E. Calheta (for veri-
fication of homozygous state). A total of 438 progeny
were produced, 203 of which were karyotyped. Screen-
ing and selection of homozygous individuals took
6 months (November 2002-April 2003). Twenty-two
homozygous individuals (2n=24) of both races were
selected and used to set up 11 interracial reciprocal pairs:
6 (male 6.7 x female 7.15%) and 5 (male 7.15% x female
6.7%). Interracial crosses were maintained for a period
of 7 months (June-December 2003). Two litters of
3—4 hybrid mice were obtained from each pair. Animals
were killed by cervical dislocation, after which body
weight (BW) and testis weight (TW) was recorded.
Gonads (left testis in males and both ovaries in females)
were fixed in Bouin for at least 1 month before
processing. The right testis was used for meiotic
chromosome analyses. Necropsies of hybrids were
performed at the age of 7-8 weeks, at which time the
mice were considered to be sexually mature.

Fertility estimates

Fertility estimates of wild individuals, as well as of
laboratory-bred interracial hybrids, were performed (38
males, 10 females). Comparisons involved mice with
different karyotypes (Figure 1): (1) those that were
homozygous for 6.72 or 7.15%, (2) homozygotes carrying
neither of these fusions (hereafter 00%), (3) simple
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Figure 1 Schematic representation of partial karyotypes involving
chromosomes 6, 7 and 15: homozygotes (6.7)?, (7.15)* and (0.0)%
simple heterozygotes (6.7) and (7.15); complex heterozygotes
carrying the tetravalent 6/6.7/7.15/15.
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heterozygotes for the fusions carrying trivalents (desig-
nated 6.7 or 7.15) and finally (4) hybrids (complex
heterozygotes; 6/6.7/7.15/15). Four additional speci-
mens were analyzed: a simple heterozygote for
Rb(9.12) and the others for two fusions (1.15 and 6.7;
7.15 and 9.12; 7.15 and 5.18). These heterozygotes were
not included in the statistical analyses. Two complemen-
tary approaches were used. First, estimates of aneuploi-
dy rates (incorrect segregation of the homologous
chromosomes during meiosis) and of univalency (XY or
autosomal) were assessed in males only. Second, game-
togenesis was examined through a histological study of
gonads of both sexes.

Meiotic cellular suspensions from the right testis were
prepared using the air-drying method (Evans et al., 1964).
Chromosome preparations were stained with the DAPI
fluorescent dye (stock solution: 1mgml-' of 2 xSSC
diluted to 1pg per 200ul 2 xSSC) that specifically
stained the centromeric heterochromatic regions. Twenty
males were analyzed; NDJ rates were estimated from the
observation of metaphase II plates (11-87 per individual;
Figure 2a) and the frequency of univalency of sex or
autosomal chromosomes was scored in metaphase I
spreads (15-90 per mouse; Figure 2b). NDJ rates were
estimated from counts of hyperhaploid cells (that is, with
a chromosome arm number 7> 20), because hypohaploid
cells may be due to artifactual chromosome loss. In all
cases, aneuploidy was calculated by doubling the
frequency of hyperhaploid cells: (2(n+1)). In simple
heterozygotes for more than one Rb metacentric, false
pseudo-euploid cells may be generated by multiple
malsegregation (that is, these aneuploid cells carry the
correct n =20). To take this error factor into account, we
quadrupled the number of cells with (14 2) in the 7.15/
9.12 heterozygote. The segregation of the C4 meiotic
configuration is more complex consisting in three main
patterns according to the number of chromosomes
distributed into each gamete (2:2, 3:1, 4:0). Among the
unbalanced cells for each segregation pattern, hyper-
haploid cells were easily identified by counting the
chromosome arm number (n+1), and their frequency
was doubled as for simple heterozygotes. The 2:2
segregation pattern, however, includes balanced cells
(n), hyperhaploid cells (1 + 1) and false pseudo-euploid
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Figure 2 Metaphase plates of hybrid male mice (inverted DAPI
stain). (a) Metaphase II cell showing a euploid cell with n=20
chromosome arms (8 metacentrics, 4 acrocentrics corresponding to
chromosomes 1, 19, X, and acrocentric 6 or 15). Chromosomes 1, 19
and X are indicated. (b) Metaphase I cell showing 11 paired
elements (7 metacentrics, acrocentric pairs 1 and 19, sex bivalent)
and the chain-of-four tetravalent corresponding to the pairing of
chromosomes 6, Rb(6.7), Rb(7.15) and 15. Circled chromosomes
correspond to the tetravalent and the XY pair. Magnification x 125.



cells (n) in which an extra chromosome is compensated
by the loss of another one. Although these pseudo-
euploid cells cannot be distinguished from balanced
ones, no correction was applied because they were found
to be extremely rare (<1%) in a previous study using
chromosome probes (see Marchetti ef al., 1999 for details
of segregation patterns).

The histological analyses of testes followed the
procedure detailed by Britton-Davidian et al. (2005b).
The numbers of primary spermatocytes and round
spermatids were scored at stages I-VIII of the seminifer-
ous cycle in 15 transverse cross sections of the semi-
niferous tubules (Leblond and Clermont, 1952; Oakberg,
1956). The Abercrombie correction (Abercrombie, 1946)
was applied to the cell counts to calculate the mean
spermatid-to-spermatocyte ratio (SSR). This ratio pro-
vides an indication of the overall GCD occurring
between the primary spermatocyte and round spermatid
stages in the testis, the expected ratio being 4:1
(spermatids/spermatocyte) if spermatogenesis proceeds
unimpaired. GCD percentages were calculated as fol-
lows: 100(1—(SSR/4)). In addition, in each cross section,
the number of Sertoli cells was counted and expressed
per 100 pm of perimeter of the seminiferous tubule (S/
100 pm). Diameters of the seminiferous tubules (D) are
also provided.

The histological analyses in females involved counting
the number of corpora lutea and of follicles at different
stages—primordial I, IT and III following the procedure
by Peters and McNatty (1980) in 25 consecutive sections
of the right ovary. The mean number of follicles at
different stages was calculated per section after applying
the Abercrombie correction (Abercrombie, 1946) where
appropriate.

Mitotic chromosome preparations
The blood cell culture procedure followed the improved
method by Davisson and Akeson (1987). Peripheral
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blood was collected from the retro-orbital sinus using
heparinized sterile Pasteur pipettes. Three culture tubes
were collected for each individual, adding approxi-
mately 150 pl of blood into a culture medium composed
of RPMI, purified phytohemagglutinin, glutamine, gen-
tamicin, fetal bovine serum and lipopolysaccharide.
Direct chromosome preparations were obtained from a
suspension of yeast-stimulated bone marrow cells from
femurs and tibias (for details see Nunes et al., 2005).
Chromosome arm identification was achieved by the
G-banding method. A minimum of three metaphase
plates was analyzed for each individual. Observations
were made under a Zeiss Axiophot fluorescent photo-
microscope equipped with an image analyzer (Cyto-
vision 3.93.2, Genetix Europe Ltd, Hampshire, UK).

Data treatment

NDJ were compared among chromosomal groups
(homozygotes, simple and complex heterozygotes)
using y>-tests. Differences between chromosomal
groups, regarding the histological parameters considered
(males: S/100 um, Sertoli, SSR, GCD, BW, TW, RTW and
D; females: primordial, I, II, III follicles, corpora lutea
and BW), were assessed with analyses of variance
(males) and Mann-Whitney (U) nonparametric tests
(females). Mean values are provided as mean * standard
error (s.e.).

Resulis

The incidence of Rb heterozygosity on the segregation of
chromosomes at meiosis was evaluated by the analysis of
metaphase II spreads in males. No aneuploidy was
detected in homozygous individuals, whereas ND]J rates
in heterozygotes for single trivalents ranged between 0
and 16% with an overall low mean value (3.00% +1.1;
Table 1). The analysis of a specimen carrying two
trivalents yielded an NDJ score within the range of
the single trivalent heterozygotes (8%). In contrast,

Table 1 Meiotic analysis of male homozygotes and trivalent-carrying heterozygotes for different Rb fusions

Rb fusion Mil MI
n n+1 n+2 NDJ]% XY XY AlA Total X/Y%
Homozygotes 6.7 52 0 0 0 67 0 0 67 0
6.7% 22 0 0 0 90 3 0 93 3.2
6.7 61 0 0 0 49 1 0 50 2.0
7.15 53 0 0 0 52 11 0 63 17.5
7.15° 47 0 0 0 37 0 0 37 0.0
0.0 52 0 0 0 42 0 0 42 0.0
0.0 52 0 0 0 42 0 0 42 0.0
Mean 0 32124
Heterozygotes 6.7 50 0 0 0 36 0 0 36 0.0
6.7 49 0 0 0 37 6 0 42 14.3
6.7 65 6 0 15.6 53 1 0 54 1.9
7.15 86 1 0 2.3 38 1 0 39 2.6
7.15 56 0 0 0.0 46 1 0 47 2.1
7.15 61 0 0 0.0 56 2 0 58 34
Mean 3.0+1.1 40+2.1
9.12 49 1 0 3.9
7.15/9.12 46 0 1 8.0

Haploid chromosome arm complement is indicated by the number of cells with n, n+1, n+2. Aneuploidy rates (NDJ%) are estimated from
metaphase II plates (MII), and sex chromosome (X/Y%) as well as autosome pair (A/A) dissociation from metaphase I plates (MI). XY
records the number of cells with paired sex chromosomes. Mean values are provided with standard error.
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Table 2 Meiotic analysis in C4-carrying heterozygote males

Individual Segregation N M MI
Type n NDJ% XY XY AlA Cl4 Total X/Y% Other%
H12 2:2 n 33 46 0 0 0 46 0 0
2:2 n+1 1
3:1 n+1 1
Total 35 10.8
H44 2:2 n 51 32 1 1 1 33 3.0 6.1
2:2 n+1 3
3:1 n+1 1
Total 55 13.5
MK607* 2:2 n 54 63 6 0 1 69 8.7 1.4
2:2 n+1 2
3:1 n+1 1
Total 57 8.4
Hi1 2:2 n 24 22 0 0 0 22 0 0
2:2 n+1 1
3:1 n+1 0
Total 25 7.7
H40 2:2 n 8 15 0 0 0 15 0 0
2:2 n+1 3
3:1 n+1 0
Total 11 429
Mean 16.7+£6.6

Abbreviations: N, number of cells analyzed; n, haploid chromosome arm complement.

Aneuploidy rates (NDJ%) are estimated from metaphase II plates (MII), and sex-chromosome (X/Y%) as well as autosome pair dissociation
(Other%) from metaphase I plates (MI). Dissociations are indicated by a slash between the chromosomal elements, whereas XY records cells
with paired sex chromosomes. For details on segregation type, see text. The asterisk indicates the wild hybrid. Mean values are provided with
standard error. No cells showing a 4:0 segregation pattern were observed.

aneuploidy rates reached significantly higher values in
C4 hybrids than in homozygotes or simple heterozygotes
with a maximum of 42.9% (mean: 16.7% * 6.6; P =0.001;
Table 2). Univalency was observed in all chromosomal
groups and mostly involved the sex bivalents. However,
the frequency of unpaired XY chromosomes was low
(below 5%) and did not differ between karyotypes.
Autosomal univalency was exceptional (one cell) and
present only in C4 hybrids, which also displayed two
cells in which associations between the C4 chain and the
X or an autosome were observed.

The histological analyses were performed on a total of
34 individuals, 24 males and 10 females. In males,
comparisons between homozygotes, simple and complex
heterozygotes revealed significant differences concerning
the number of Sertoli cells (F=6.162, P=0.008), S/
100 um (F=10.492, P =0.001), SSR (F =25.127, P =0.000)
and GCD (F =25.374, P = 0.000; Table 3 and Figure 3), but
only marginal ones in tubule diameter (F=3.245,
P=0.06). Whereas homozygous and simple hetero-
zygous males of each race showed a similar mean value
of GCD (homozygotes, GCD = 28.3% + 2.6; simple hetero-
zygotes, GCD =24.8% +1.6; Table 3; Figure 3a), the
percentage was twice as high in interracial C4 hybrids
(GCD =50.9% +3.0; Table 3; Figure 3b). No significant
differences in BW or TW were found between chromo-
somal groups (BW: F=1.763, P=0.19; TW: F=1.580,
P=0.23; RTW: F=0.935, P=0.41).

With respect to the fertility parameters estimated
in females, comparisons between homozygotes and
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complex heterozygotes did not highlight any significant
difference between chromosomal groups in mean follicle
number whatever the maturation phase (0.14<P<1;
Table 4; Figures 4a and b).

Discussion

Fertility estimates

The assessment of fertility in Rb mice from the island of
Madeira provided a comparative estimate of chromoso-
mal underdominance related to different meiotic config-
urations. Male homozygotes and single trivalent-
carrying heterozygotes showed very low levels of
aneuploidy and GCD in accordance with data reported
for wild house mice elsewhere (Hauffe and Searle, 1998;
Castiglia and Capanna, 2000). In contrast, the presence of
a chain-of-four meiotic pairing configuration (that is,
complex heterozygosity) reduced the reproductive per-
formance of male hybrids, due to both a higher
aneuploidy rate and spermatogenetic dysfunction.
Although such a result was expected, the extent of the
impairment was surprisingly moderate (mean
NDJ =16.7% £ 6.6; mean GCD=50.9% +3.0) compared
to that previously recorded in studies of Rb progeny with
laboratory/wild mixed genomes, most of which high-
lighted severe perturbations generally leading to com-
plete gametogenetic arrest and sterility (Gropp et al.,
1982; Mahadevaiah et al., 1990). Our results are more
in agreement with data obtained for wild C5 male
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Table 3 Testis histological parameters of male mice carrying different karyotypes
Type 2n Karyotype BW T™W RW 5/100 Sertoli D SSR GCD%
Homozygotes 24 6.7 23.68 0.152 0.0064 1.63 10.31 201.50 2.93 26.8
24 6.7 23.12 0.173 0.0075 1.59 10.14 203.70 3.03 24.3
24 6.7 20.90 0.150 0.0073 1.6 9.70 193.87 2.62 34.5
24 7.15? 23.18 0.191 0.0082 1.66 9.53 183.47 3.01 249
24 7.15° 13.44 0.092 0.0068 1.93 10.33 172.00 2.74 31.4
24 7.15? 18.26 0.143 0.0078 1.61 9.27 183.47 3.38 15.4
24 7.15? 20.72 0.136 0.0066 1.54 9.38 194.00 2.76 31.1
24 7.15° 16.56 0.096 0.0058 1.92 10.20 166.00 2.15 46.3
26 00? 14.67 0.137 0.0093 1.90 10.80 181.73 2.60 34.9
26 00> 20.12 0.185 0.0092 1.75 9.63 175.00 3.25 18.8
26 00? 19.97 0.163 0.0082 1.60 9.27 184.00 3.07 23.3
Mean 28.3+2.6
Heterozygotes 25 6.7 20.62 0.172 0.0083 1.46 7.93 173.33 2.81 29.6
25 6.7 20.54 0.153 0.0074 1.57 9.44 191.88 3.31 20.0
25 6.7 23.00 0.126 0.0055 1.52 8.93 188.40 2.86 28.5
25 7.15 19.52 0.149 0.0076 1.63 10.03 195.86 3.04 24.0
25 7.15 17.25 0.080 0.0046 1.61 9.20 182.00 2.95 26.3
25 7.15 14.25 0.091 0.0064 1.71 9.53 178.40 3.18 20.6
Mean 248+1.6
Hybrids 26 7.15/9.12 20.70 0.201 0.0097 1.43 9.07 203.20 3.08 23.0
26 7.15/5.18 19.34 0.127 0.0066 1.60 9.33 186.60 2.75 31.3
27 9.12 26.82 0.154 0.0057 1.59 9.19 184.88 3.07 233
24 6.7/7.15* 18.99 0.114 0.0060 1.95 9.41 156.24 1.87 53.3
24 6.7/7.15 17.01 0.111 0.0076 1.80 9.93 175.73 1.79 55.2
24 6.7/7.15 17.52 0.154 0.0088 1.94 10.5 173.00 2.47 38.3
24 6.7/7.15 18.67 0.09 0.0048 2.17 10.87 158.40 1.49 62.7
24 6.7/7.15 12.33 0.092 0.0075 2.00 11.00 176.53 1.92 51.9
24 6.7/7.15 18.44 0.140 0.0076 1.71 9.80 183.07 1.95 51.2
24 6.7/7.15 14.49 0.148 0.0102 1.87 10.87 185.20 2.24 44.0
Mean 50.9+3.0

Abbreviations: BW, body weight (g); D, tubule diameter (um); GCD%, percentage germ cell death; RW, relative testis weight; S/100, number
of Sertoli cells per 100 um; Sertoli, number of Sertoli cells; SSR, spermatid-to-spermatocyte ratio; TW, testis weight (g).
The asterisk indicates the wild hybrid. Mean values are provided with standard error.

chromosomal heterozygotes (Wallace et al., 2002). Differ-
ences found in body mass between the parental and
hybrid mice had no impact on the histological para-
meters analyzed as TW did not vary significantly
between chromosomal groups or types. The lack of a
significant variation in body mass between the wild mice
and laboratory-reared interracial hybrids may be related
to the young age of hybrids (7-8 weeks old) and/or the
maintenance of the wild animals in captive conditions, as

Figure 3 Testis histological cross sections. (a) Laboratory-bred
simple heterozygous male showing a functional seminiferous
tubule (SSR =3.08). (b) Wild hybrid male showing the presence of
both defective and functional seminiferous tubules (SSR =1.87).
Magnification x 25.

heterozygotes from northern Italy. Although massive GCD
was present in several C5 individuals (GCD =70-98%;
Pidlek et al., 2001), another specimen showed a value similar
to those presented here (GCD = 55.5%; Hauffe and Searle,
1998). Thus, that a shorter meiotic chain (for example, C4)
leads to a more moderate degree of spermatogenetic
impairment in the original genomic background is not
surprising. The fertility of the C4 hybrids can be
estimated at 50% of that of the Rb homozygotes,
considering a relative 67% gametogenetic production,
20% of which (at most) is expected to comprise
aneuploid sperm. The contrast between the data for the
Madeiran hybrids, none of which were sterile, and
previous analyses of non-wild C4 heterozygotes sup-
ports the incidence of genetic incompatibilities between
genomic backgrounds in decreasing fertility scores of

the reduced mobility and ad libitum feeding generally
leads to an increase in weight.

The histological analysis of the ovaries of female
hybrids did not reveal an effect of complex meiotic
heterozygosity on reproductive function. These results
are similarly in accordance with data from the literature
that indicate that chromosomally related infertility in
females is rarely due to GCD (Gropp et al., 1982; Hauffe
and Searle, 1998). In contrast, aneuploidy rates tend to be
higher in females (not measured in this study) than
in males (Gropp et al., 1982; Hauffe and Searle, 1998).
The reasons for the differences between sexes are not
clear, but may be related to more efficient meiotic
checkpoints in males than in females, that trigger an
apoptotic pathway more readily during spermatogenesis
than oogenesis (Kouznetsova et al., 2007). In chain-
carrying male heterozygotes, reproductive impairment is
thought to result from altered gene expression due to
inappropriate interaction with the XY pair, or possibly to
epigenetic causes (Manterola et al., 2009). Only one
C4/XY association was observed in this study, although
more cells may initially have been present and
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Table 4 Ovary histological parameters in female mice carrying different karyotypes

Type Karyotype PF FI FII FlII CL BW
Homozygotes 6.7 10.12+£1.98 3.25+0.66 48+1.06 3.95+1.32 0 15.64
6.7 2.67 +0.94 2.06 +0.67 3.17+0.87 3.33+0.70 3.89+0.83 23.88

7.15% 4.60%0.92 3.26+1.03 5.75%2.06 6.31+£1.03 213+1.45 15.85

0.0? 4.86%1.36 5.15+1.67 3.26+1.54 5.04+1.24 4.08+1.03 16.78

0.0? 10.43 +£3.08 4.65+ 094 2.65+1.13 2.46+1.48 2.08+0.84 17.56

Heterozygote 1.15/6.7 5.18+1.90 2.63+0.58 4.35+2.08 5.40+1.79 0.4+0.50 17.56
Hybrids 6.7-7.15* 540+1.58 3.57+£1.00 3.09+£1.38 1.94+1.13 2.07+0.61 17.83
6.7-7.15 3.65+1.52 3.15+0.88 521147 5.37+0.81 0.13+£0.35 14.25

6.7-7.15 5.65+£2.16 2.87+1.60 4.67+2.13 5.33+0.49 0 12.54

6.7-7.15 7.78 £2.54 5.53+1.97 3.24+1.62 519+1.15 1.52+1.67 11.72

Abbreviations: BW, body weight (g); FI, FII, FII, primary, secondary, and tertiary follicles, respectively; PF, primordial follicles.
The asterisk indicates the wild hybrid. Mean values are provided with standard error.

Figure 4 Ovarian cross sections of a laboratory-bred hybrid female.
(a) View of ovary showing follicles at different stages of develop-
ment ( x 6.25 magnification). (b) Oocyte with nucleus surrounded
by the zona pellucida ( x 125 magnification).

eliminated during earlier stages of meiosis (that is,
prophase). Notwithstanding, data for wild C4-carrying
females are nonexistent; it seems reasonable to assume
that aneuploidy rates would be less pronounced in C4
females than in C5 females for which estimates are
available (NDJ =38% in Hauffe and Searle, 1998). Given
these observations, and in the absence of aneuploidy
rates for C4 females, a decrease in fertility of <50%
appears as a conservative estimate for hybrid females.

Consequences for Rb models of chromosomal evolution
Phylogenetic reconstructions of geographically related
Rb systems have suggested that chromosomal evolution
in house mice occurs by three processes: de novo Rb
fusion, WARTs and introgression by hybridization
(coined zonal raciation; see Searle, 1993; Pialek et al.,
2001). In particular, the most parsimonious chromosomal
phylogeny of the Maderian races included 11-15 Rb
fusions as well as 5-9 WARTs, all of which would
have involved an intermediate C4 heterozygosity step
(Britton-Davidian et al., 2005a). The results of this study
confirm the marginal incidence of single Rb heterozyg-
osity on the reproductive performance of house mice,
and thus the low negative impact on fixation probabil-
ities. In this analysis, the fertility of wild C4 hybrids,
which is the smallest complex chain configuration, is
estimated on a wild genomic background for the first
time. These hybrids exhibit moderate subfertility (a 50%
decrease at the most), suggesting that these mice are able
to reproduce. Thus, the fixation of a new metacentric
following a C4-type WART (that is, an exchange between
an Rb metacentric and an acrocentric) can occur with a
reasonable probability under specific conditions such as
random drift in small demes. In essence, our results
provide support for the role of WARTs as a mechanism of
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chromosomal diversification in house mice (Britton-
Davidian et al., 2005a; Pialek et al., 2005; Mitsainas and
Giagia-Athanasopoulou, 2009). These conclusions can be
extended to the other well-studied European Rb model
organism, the common shrew (Sorex araneus), in which
small meiotic chains or rings are known to have a
remarkably low impact on the fertility of heterozygotes
(Searle, 1993; Banaszek et al., 2000). In addition, WARTs
have also been documented in this species (Fedyk and
Chetnicki, 2009), and several authors have argued and
recently tested their implication in shrew race formation
(Fredga, 1996; Andersson et al., 2005). The relevance of
WART events in chromosomal evolution has also been
investigated in other mammalian taxa characterized by
multiple Rb-type rearrangements. Chromosomal and
molecular phylogenetic reconstructions suggested the
involvement of WARTs in the karyotypic diversification
of bats (Mao et al., 2008); this was not the case for Tenrecs
in which a chromosomal parsimony analysis did not
favor WARTs over recurrent Rb fusions and fissions
(Gilbert et al., 2007).

If the reproductive cost of complex chromosomal
heterozygosity is moderate, is it nevertheless sufficient
to act as a barrier to gene flow between populations? The
subfertility of C4 hybrids observed in this analysis
suggests that their reproductive performance is approxi-
mately half that of homozygotes. Such a level of
underdominance would undoubtedly contribute to limit
gene flow between populations, and may provide the
theoretical requirements for reinforcement and finally
speciation to occur (Baker and Bickham, 1986). However,
the analysis of several hybrid zones between mono-
brachially differentiated populations of the house mouse
and the common shrew shows that the situation is more
complex than previously thought. In most cases, these
contact zones are characterized by the presence of an
acrocentric peak in which most of the individuals are
heterozygotes for trivalents and not chain-carrying
hybrids (Searle and Wojcik, 1998; Britton-Davidian
et al., 2002; Nunes et al., 2005). This situation is thought
to result from the differential reproductive fitness of
simple vs complex heterozygotes. In effect, when Rb
polymorphism is present in one of the races (house
mouse, common shrew) and/or fissions are possible
(common shrew), the two types of heterozygotes
(trivalent, chain or ring-carrying) co-occur in the hybrid
zone. The lower fitness of complex hybrids compared to
trivalent-bearing heterozygotes will favor the latter,
thereby increasing the frequency of acrocentrics in the



center of the contact zone. The pattern observed here,
that is, higher level of underdominance in hybrids
compared to Rb heterozygotes, is in agreement with
the occurrence of such a process, and is in fact the case in
the contact zone between the E. Calheta (6.7) and A. Cruz
(7.15) races in Madeira, in which only 2 out of 131
individuals captured were hybrids and 39% were
trivalent-carrying heterozygotes (Nunes et al.,, 2005).
The evolutionary outcome in terms of the build up of
reproductive isolation in such a situation is not intuitive,
as this acrocentric peak may act as a buffer zone limiting
the contact between races and the production of unfit
hybrids (Searle, 1993; Searle and Wojcik, 1998; Britton-
Davidian et al., 2002). Nonetheless, reproductively iso-
lated parapatric Rb races carrying monobrachially
homologous fusions have been described in the house
mouse (Franchini et al., 2008). The extent of divergence
between these races is such that potential hybrids would
carry long meiotic chains; this suggests that at least in
house mice, the speciation by monobrachial homology
model is relevant, but would require the accumulation of
a sufficient number of incompatible Rb fusions in the two
races. In contrast, no case of chromosomally mediated
complete genetic isolation has been documented so far
between an Rb race and a standard population (Britton-
Davidian et al., 1989; Brahim et al., 2005). Thus, these
studies support the monobrachial speciation model as a
process that will accelerate the acquisition of reproduc-
tive isolation through Rb change, whether by WARTSs or
independent Rb fusion fixation.
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