
Introduction

Inbreeding often results in a deterioration of vari-
ous components of fertility, among them effi-
ciency of fertilization. This is observed in some
inbred strains of mice which present suitable mod-
els to examine genetic factors influencing gamete
quality and relationships between their morphol-
ogy and function. Previous experiments revealed
that the percentages of fertilized ova are signifi-
cantly lower in the KE strain than in the CBA
strain, in vivo (Krzanowska 1970) and in vitro

(Kaleta 1977), both male and female gametes be-
ing responsible for this difference. KE spermato-

zoa are characterised by a higher proportion of ab-
normal heads, which is partly due to genes linked
with the Y chromosome (Krzanowska 1969),
and show lower scores of motility and hyaluronic
acid (Sperm Select) penetration (Krzanowska
et al. 1995). Differences were also found between
CBA and KE strains concerning female gametes.
In the KE strain the extrusion of the first polar
body is delayed (Krzanowska et al. 1984; Polañski
1986, 1997), ovulated oocytes contain a reduced
number of cortical granules, as a result of a prema-
ture cortical reaction (Wabik-Œliz 1979), and their
cytoplasm is very clear, in contrast to the dark and
granular cytoplasm of CBA oocytes. Also the rate
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of enzymatic removal of egg investments is differ-
ent: cumulus oophorus dispersion proceeds more
quickly in the KE than in the CBA strain, but zona
pellucida dissolution is rapid in CBA and very
slow in KE (Krzanowska 1972, Kaleta and Polak
1978).

Genetic analysis revealed that these characters
segregate in F2 hybrids resulting from crosses be-
tween KE and CBA strains (Wabik-Œliz 1986),
and the study of KE�CBA aggregation
chimaeras led to the conclusion that strain specific
characters of spermatozoa (Krzanowska et al.
1991) and oocytes (Wabik-Œliz 1997) are deter-
mined largely autonomously by genes acting in
the germ cells. To perform further genetic analy-
sis, recombinant inbred (RI) strains were bred
from the progenitor strains, CBA and KE. RI
strains, first developed by Bailey (1971), are use-
ful for gene mapping, the analysis of pleiotropism
and for studies of genetic and physiological corre-
lations between characters, because each RI strain
provides a repeatable, homozygous sample of a
particular recombination (haplotype) of alleles
that were different in the progenitor strains.

The analysis of gamete quality in inbred strains
of mice has been performed in our laboratory for
many years. Different characters of male and fe-
male gametes were examined in pure inbred
strains, in F1 and F2 hybrids and backcrosses, and
in chimaeras produced from two most differing
KE and CBA strains.

In the present study the RI strains were used to
examine the segregation of oocyte characteristics.
It was assumed that significant correlations should
point to those parameters that are genetically or
physiologically linked with each other. It was also
attempted to present the strain distribution pattern
for the studied parameters and to look for possible
linkages between them and some genetic markers
segregating among the RI strains.

Material and methods

Animals

Adult mice (2–5 months old) from the following
strains were used: progenitor inbred strains, KE
and CBA/Kw (referred to hereafter as CBA), and
recombinant inbred (RI) strains developed from F2

hybrids resulting from the original crosses of KE
females with CBA males (11 EXCB strains), as
well as from the reciprocal crosses (11 CBXE
strains; Table 1). Unfortunately, 8 RI strains were
lost before the end of the experiments. At the time

of testing, 9 strains (numbers 2–20) passed
through 40–45 generations of inbreeding, 5 strains
(numbers 21–34) – 20–25 generations, and
6 (numbers 40–49) through 18–22 generations.
All mice were bred at our Department on
a 12 hours night-day cycle and were given com-
mercial pelleted diet.

For the progenitor strains and RI strains with
numbers lower than 40, the strain distribution pat-
tern (SDP) of the following genetic markers is
known: coat colour loci a, b, c; histocompatibility
locus H-2; electrophoretic loci: Idh-1, Upg-2,

Svp-1, Car-2, Ce-2, Es-9, Gpi-1, Hbb, Ldr-1,

Mod-1, Trf and Upg-1 (Rafiñski et al. 1991;
Krzanowska et al. 1994). For RI strains numbered
40 and more, SDP is known for the loci: a, b, c,
Car-2, Gpi-1, Hbb, H-2 (unpublished data).

Oocyte maturation

The females were superovulated by injection of
5 i.u. PMSG followed by 5 i.u. hCG 48–50 h later,
and killed 10 h after the hCG injection. For this
part of the project parental strains and RI
CBXE15, 17, 20, 21, 29 and EXCB 5, 6, 40, 41,
42, 43, 44, 47, 49 strains were used. The ovarian
oocytes obtained by puncturing the largest,
preovulatory follicles (type 7 and 8 according to
the classification of Pedersen and Peters 1968),
and the ovulated oocytes from the ampullae, were
introduced to PBS containing 0.5% bovine
testicular hyaluronidase. Denuded oocytes were
dried on a slide, fixed with acetic alcohol, dried
again, stained with toluidine blue and examined
under the microscope. The percentage of oocytes
with a polar body extruded (or with chromosomes
in the anaphase or telophase of the first meiotic di-
vision) was calculated for each female.

Sensitivity of oocyte investments to enzymes

Females from parental strains and from RI CBXE
12, 13, 15, 17, 20, 21, 26, 29, 34 and EXCB 2, 5, 6,
10, 40, 41, 42, 43, 44, 47, 49 were treated with
PMSG and hCG as indicated above, but killed
15–17 h after the hCG injection. The cumu-
lus-oocyte complexes, freed by puncturing
the ampullae, were placed in 0.1 mL PBS drop
containing 12 i.u. bovine testicular hyaluronidase
(Sigma, St Louis, MO) under paraffin oil at 37oC.
The number of denuded oocytes was estimated at
five minutes intervals. The cytoplasm of
the oocytes was inspected and classified into
3 classes with arbitrarily chosen values: 1 – clear
(KE-like), 2 – intermediate, 3 – granular (CBA-like).
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After 25 minutes all the denuded oocytes were
washed and transferred to 0.1 mL drop of PBS
containing 3 i.u. �-chymotrypsin (Sigma,
St Louis, MO) under paraffin oil at 37oC.
For the first five minutes, the number of oocytes
without the zona pellucida was estimated at 1 min
intervals, and later on at 5 min intervals, up to
60 min. The experiments were performed
on a warm transparent plate (Kitazato Supply Co.,
Ltd., Fujinomiya City, Japan).

The median value of the time required for
granulosa cells dispersal and for zona pellucida di-
gestion was calculated for each female.

Fertilization and the incidence of supplementary

spermatozoa

In order to analyse fertilization capability of fe-
males and males separately, proper mating part-
ners had to be chosen. It was found previously
(Krzanowska 1970) that in mating with CBA part-
ners, possessing good quality gametes, both CBA
and KE mice gave 100% fertilization, while poor
performance of the KE gametes was manifested
both in pure strain mating, and in mating KE males
with females from our outbred stock, bred for
nearly 100 generations with maximal avoidance of
inbreeding. Therefore, KE and outbred mice, re-
spectively, were used for testing females and
males from the RI strains. Three series of crosses
were performed (the strain of the female is given
first):
1. RI × RI; pure mating between females and

males from the same strain;
2. RI × KE; testing females from each strain with

KE strain males;
3. Out × RI; testing males from each inbred strain

with outbred females.
In each series at least five males mated to about

10 females were used for testing each strain. Both
parental strains and RICBXE 12, 13, 15, 17, 20,
21, 26, 28, 29, 32, 34 and EXCB 2, 5, 6, 10, 40, 41,
42, 43, 44, 47, 49 were used in this part of the ex-

periment. The females were individually caged
with males and killed by cervical dislocation
one day after the copulation plug was found.
Ova were flushed from the oviducts and examined
for the presence of spermatozoa under the zona
pellucida. Two-cell embryos with clearly visible
nuclei and the second polar body were counted as
fertilized. One-cell ova, if present, were dried on
slides, fixed in acetic alcohol, dried again and
stained with toluidine blue (Krzanowska, Lorenc
1983); ova at metaphase II of meiosis were
counted as unfertilized. Sporadically found frag-
mented or degenerating ova, and ova from sterile
copulations (about 10–20% per strain), with no
spermatozoa in the oviduct or in the perivitelline
space of any oocyte, were not counted. From these
data we estimated the mean number of spontane-
ously ovulated oocytes for each strain.

Statistics

The differences between groups were compared
by analysis of variance (ANOVA). For each RI
strain the mean value of each tested character was
compared with respective values for both KE and
CBA strains; accordingly, the RI strains were clas-
sified as: KE-like, significantly different from
CBA, but not from KE; CBA-like, significantly
different from KE, but not from CBA; intermedi-
ate (X1), significantly different from both KE
and CBA, intermediate (X2), not different from ei-
ther progenitor strain. The strain distribution pat-
tern (SDP) for each investigated character was
compared with SDPs for genetic markers and
the probability of linkage was tested according to
Silver (1985).

Results

The progenitor strains differed extremely in matu-
ration rate (Table 1); 10 h after hCG injection,
all oocytes from the CBA females were already in
metaphase II with their first polar body extruded,
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Table 1. Meiotic maturation rate and oocyte investments sensitivity to enzymes in CBA, KE and RI strain females

Strain
Number of oocytes b Maturation rate a Granulosa cell disper-

sion (min)
Zona pellucida digestion

(min)

Mean ± SE

CBA 7.2 ± 0.3 ** 100.0 ± 0** 18.2 ± 0.9 ** 6.2 ± 0.9 **

KE 12.6 ± 0.4 ** 6.3 ± 4.8** 8.2 ± 0.6 ** 47.3 ± 3.5 **

RI CBXE combined 9.7 ± 0.3 57.8 ± 5.8 14.3 ± 0.7 * 24.4 ± 5.6 *

RI EXCB combined 9.2 ± 0.3 51.9 ± 4.6 18.2 ± 0.5 * 46.2 ± 4.6 *

a – % of oocytes with first polar body extruded, 10 h after hCG injection (5 females per strain)
b – Number of spontaneously ovulated oocytes estimated in fertilization tests
* Significantly different from the combined value for reciprocal RI strains (P < 0.01)
** Significantly different from other parental strain (P < 0.01)
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whereas almost all oocytes from the KE females
were still in metaphase I (P < 0.001). Among
the RI strains (only 14 could be tested) 3 were
CBA-like, although in none of them all the
oocytes have extruded their first polar body, 9
were intermediate and 2 KE-like (Table 2). The
combined values calculated for the reciprocal RI
strains did not differ significantly.

Table 1 shows also the sensitivity of oocyte in-
vestments to enzymes. Time needed for granulosa
cell dispersal was much shorter for ova from
the KE strain (8.2 min) than for those from
the CBA strain (18.2 min; P < 0.0001). None of
the RI strains was similar to the KE strain in this
respect, 10 were intermediate, 8 CBA-like and two
even more extreme than CBA (Table 2). The com-
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Table 4. Correlation coefficients (r) between analysed characters, calculated from mean values for recombinant
inbred and parental strains

Item
Abnorm
sperm a

%

Cytopl.
granul.b

Meiotic
matur. c

Granul.
dispers.

min

Zona
digest.

min

Fertiliz.
%

RI × RI

Fertiliz.
%

RI × KE

Fertiliz.
%

Out ×RI

Suppl.
sperm d

RI × RI

Suppl.
sperm d

RI × KE

Suppl.
sperm d

Out × RI

No of ova
ovulated

0.61* – 0.15 – 0.55* – 0.57* 0.24 – 0.27 – 0.16 – 0.42 0.38 0.67** 0.03

Suppl. sperm d

Out × RI
0.06 – 0.52* – 0.39 – 0.22 0.19 0.11 – 0.05 0.43 0.19 0.06

Suppl. sperm d

RI × KE
0.57* – 0.09 – 0.41 – 0.22 0.45 – 0.34 – 0.37 0.13 0.66**

Suppl. sperm d

RI × RI
0.55* – 0.11 – 0.64** 0.07 0.38 – 0.58* – 0.55* 0.05

Fertilization %
Out × RI

– 0.20 – 0.12 – 0.04 – 0.10 0.02 0.24 0.01

Fertilization %
RI × KE

– 0.13 0.24 0.34 – 0.03 – 0.02 0.83**

Fertilization %
RI × RI

– 0.18 0.42 0.37 – 0.01 – 0.05

Zona digestion
(min)

0.63** – 0.07 – 0.18 – 0.17

Granulosa
dispersion
(min)

– 0.32 0.43 0.29

Meiotic
maturation c – 0.50* 0.43

Cytoplasmic
granules b – 0.07

For all items, n = 16; d.f. = 14
a – % of abnormal sperm heads (from Krzanowska et al. 1995, and unpublished data of J. Styrna)
b – oocyte cytoplasm granularity (classified in arbitrary values)
c – % of oocytes with first polar body extruded, 10 h after hCG injection
d – % of fertilized oocytes with a supplementary spermatozoon in the perivitelline space
* significant at P < 0.05; ** P < 0.01

Table 3. Percentages of fertilized ova in different types of mating CBA, KE and RI strain mice

Matings RI × RIa RI × KEb Out × RIc

Strain Mean±SEMd Mean±SEMd Mean±SEMd

CBA 100.0 ± 0* (6.7)* 100.0 ± 0* (17.9)* 95.3 ± 6.6* (11.7)

KE 76.7 ± 2.3* (45.4)* 76.7 ± 2.3* (45.4)* 76.9 ± 1.9* (15.4)

CBXE Combined 94.3 ± 1.0 (21.4) 92.5 ± 1.4 (29.2) 82.9 ± 6.5 (20.2)

EXCB Combined 93.3 ± 1.0 (19.6) 90.1 ± 1.5 (26.3) 79.2 ± 2.5 (20.1)

a – females mated with males from the same strain (pure strain mating)
b – females from a given strain mated with KE males (testing females)
c – outbred females mated with males from a given strain (testing males)
d – in parentheses % of fertilized ova containing a supplementary spermatozoon in the perivitelline space
* significantly different from other parental strain (P < 0.01)



bined value for the CBXE strains was lower than
for the EXCB strains (P < 0.01).

In contrast to granulosa dispersal, time needed
for zona digestion was much shorter for ova from
the CBA females (6.2 min) than for those from
the KE females (47.3 min; P < 0.001). Among
the RI strains, there were 8 KE-like, 8 intermedi-
ate, 2 CBA-like and 2 more extreme than CBA
(Table 2). The combined value for the CBXE
strains was lower than for the EXCB strains
(P < 0.01).

The number of spontaneously ovulated oocytes
(Table 1) was lower in the CBA (7.2) than in
the KE strain (12.6; P < 0.01). Most RI strains
were intermediate for this character, 3 were
CBA-like, and none KE-like (Table 2).

In pure strain mating the proportion of fertil-
ized ova (Table 3) was significantly higher in
the CBA (100%) than in the KE strain (77%;
P < 0.01). Among the RI strains an obvious segre-
gation of phenotypes has taken place. Among
22 RI strains, only 2 were classified as KE-like
(Table 2), 3 as intermediate and 16 as CBA-like,
although only 3 of them showed 100% of fertilized
ova. Female testing (RI × KE) yielded rather simi-
lar results, but for male testing (Out × RI) lower
values were obtained in most strains.

The incidence of fertilized ova containing
a supplementary spermatozoon in the perivitelline
space (Table 3) was much higher in the KE (45%)
than in the CBA strain (7%; P < 0.01). Again,
the segregation of these values was observed
among the RI strains (Tables 2 and 3). For all
the parameters shown in Table 3, the combined
values calculated for the reciprocal RI strains
(CBXE versus EXCB) did not differ significantly.

For all the tested parameters, correlation coef-
ficients were calculated from the mean values for
each strain (Table 4); their significance is pre-
sented in Discussion. The strain distribution pat-
tern (SDP) was established for each analysed
character (Table 2) and compared with SDPs for
the markers listed in Material and Methods.
In each comparison, the number of matching and
non-matching strains was calculated (data not
shown), but for none of the characters the propor-
tion of non-matching (recombinant) strains was
low enough to point to a significant linkage with
any of the markers. Unexpectedly, the comparison
of the SDP for the percentage of fertilization in
pure strain mating, with the SPD for alleles at
the agouti locus (Table 2), showed as many as
15 non-matching and only 4 matching strains
(3 strains with intermediate values are not in-
cluded).

Discussion

The differences between the progenitor, CBA and
KE strains, obtained in the present investigations,
are very similar to those reported earlier in the pa-
pers listed in the Introduction. Among the RI
strains, not only CBA- and KE-like phenotypes
were found, but also many intermediate ones, and
for some parameters even more extreme than those
in the progenitor strains (Table 2). This indicates
that, as could be expected, each of those characters
is polygenically determined, with more than two
loci involved.

The RI strains obtained from the reciprocal
crosses of the progenitor strains differed signifi-
cantly only with respect to sensitivity of ova in-
vestments to enzymes (Table 1). The shorter time
needed for zona digestion in the CBXE than in
EXCB strains may indicate an influence of the cy-
toplasm, derived from the CBA and KE strain, re-
spectively. On the other hand, more rapid
granulosa cell dispersal in the CBXE strains may
be ascribed to the effect of the Y chromosome de-
rived from the KE strain. Bander et al. (1989),
while studying eggs from the C57BL/6 and
BALB/c strains and their hybrids, showed paternal
inheritance of the rapidity of cumulus cell dis-
persal by hyaluronidase, and interpreted these re-
sults as a genomic imprinting in C57BL/6 males,
resulting in higher sensitivity of egg investments
produced by their daughters. Styrna (1995) found
the same effect in the B10.BR strain and showed
that it was abolished in males with a partial dele-
tion of the Y chromosome.

The fact that among the RI strains, the percent-
ages of fertilization for pure mating were signifi-
cantly correlated with those for testing females
(r = 0.83, p < 0.01), but not for testing males
(r = 0.24; Table 4), suggests that, in this respect,
oocytes rather than spermatozoa were responsible
for the differences between strains.

In the KE strain, lower fertilization efficiency
coincides with delayed oocyte maturation, rapid
granulosa cell dispersal, slow zona dissolution,
and a high incidence of ova with supplementary
spermatozoa (Tables 2 and 3), which could sug-
gest a physiological relationship between these
traits. Among the RI strains, significant coeffi-
cients were obtained for the negative correlation
between the percentage of oocytes containing
a supplementary spermatozoon and the percentage
of fertilization, both in pure mating and female
testing (Table 4). A previous analysis of the stages
of fertilization 4–5 h after mating outbred females
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with KE males (Krzanowska et al. 1995) indicated
that supplementary sperm resulted from the ineffi-
ciency of the first penetrating spermatozoon to en-
ter the vitellus, rather than from a simultaneous
penetration by two spermatozoa. Thus, according
to the present results, KE-like ova are less efficient
in being successfully penetrated by the first KE or
KE-like spermatozoon. Moreover, a significant
negative correlation between the incidence of sup-
plementary spermatozoa and the percentage of
oocytes with the first body extruded by 10 h after
hCG injection (r = –64, P < 0.01; Table 4), sug-
gests that the delayed oocyte maturation may re-
sult in less efficient penetrability of the vitellus.

However, significant correlation coefficients
were also found between characters which are not
likely to be physiologically related, e.g.: the num-
ber of ovulated ova - time of meiotic maturation;
supplementary spermatozoa in testing males –
oocyte granularity; the proportion of abnormal
sperm heads – the number of ovulated ova, the rate
of meiotic maturation, zona digestion time, and
supplementary spermatozoa in female testing (Ta-
ble 4). A close linkage between genes influencing
all those characters does not seem probable, but
because all the above mentioned correlations re-
flect similar dependencies that were found within
the CBA or KE strain, it is likely that the RI strains
have inherited large blocks of their genomes, not
disrupted by recombination. Indeed, genome wide
recombination studies in humans and mice (Wade
et al. 2002, Kauppi et al. 2004), showed that
cross-over distribution is non random and that
DNA is divided into blocks with no recombination
events, separated by hot spot clusters. As shown
by Prows and Horner (2002) for the AXB and
BXA recombinant inbred mouse strains, parental
genetic contribution was not random, and many of
them contained one or more chromosomes
in which DNA from all the typed markers was de-
rived from one progenitor strain.

The comparison of strain distribution patterns
for the analysed traits and for genetic markers seg-
regating among the RI strains did not show any
significant linkage, the proportion of matching
and non-matching (recombinant) strains being
randomly distributed in most cases. However,
the comparison of the SDP for fertilization effi-
ciency and for alleles at the agouti locus showed
unexpectedly the preponderance of non-matching
strains (Table 2). To explain this astonishing effect
one could assume that a putative linkage between
the agouti locus and a gene influencing fertiliza-
tion efficiency was disrupted by recombination

that took place in heterozygous Aa hybrids when
the RI strains were created.

Many studies point to elevated instability of
the chromosome 2 region where the agouti locus is
located. For example, mapping experiments re-
vealed elevated frequency of double cross-over
events close to this locus due to multiple
translocation breakpoints upstream and down-
stream this gene (Peters et al. 1994), and it was
postulated that these breakpoints define bound-
aries of two imprinted blocks (Kikyo et al. 1997);
a paracentric inversion affecting the agouti gene
was also described (Perry et al. 1998) and viral se-
quences flanking this locus were localized
(Winkes et al. 1994). Moreover, it was found that
the rate of crossing-over, which played a crucial
role in reverse mutations to the Aw allele, was in-
creased by a factor of at least 350 in heterozygous
Aa mice in comparison with aa homozygotes
(Sandulache et al. 1994). In the light of this evi-
dence the supposition of crossing-over events tak-
ing place in our Aa mice seems realistic.
The analysis of the DNA minisatellite loci, which
was started in our RI strains, will answer that ques-
tion.
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