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Recent studies on mammals investigating
parent-of-origin-specific effects such as genomic
imprinting and maternal effects have demon-
strated their impact on short-term measures of
fitness, for example offspring growth. However,
the long-term fitness consequences of parent-of-
origin-specific effects and their role outside the
immediate mother—offspring interaction remain
largely unexplored. Here, we show that female
mice mated to males that inherited the same set
of paternal and maternal genes as themselves
have a higher reproductive success than females
mated to males of reciprocal genotype. Further-
more, we demonstrate that the early social
environment experienced by an individual influ-
ences its reproductive success. Females raised
with unrelated siblings in a mixed litter had a
subsequent lower reproductive success than
those that were fostered together with all their
biological siblings in unmixed litters. Our
results highlight the important influence of
parent-of-origin-specific effects and conditions
in early development on long-term reproductive
success in mammals and suggest that parent-of-
origin-specific effects may provide the under-
lying mechanism for beneficial coadaptation
between genotypes, for example, in mate choice.

Keywords: mice; reproductive success;
genomic imprinting; early experience;
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1. INTRODUCTION

Parent-of-origin-specific effects such as genomic
imprinting have been shown to significantly affect
measures of fitness in mammals (Li ez al. 1999).
Their evolution is thought to be the result of
differential fitness effects in males and females and
stems from a conflict between the sexes over the
optimal level of maternal investment (Haig 2004).
Recent studies in mice have demonstrated parent-of-
origin-specific effects on maternal provisioning and
revealed a positive interaction between the offspring’s
maternally inherited set of genes and genes expressed
in their nursing foster mother (Hager & Johnstone
2003, 2006). Furthermore, other studies using gene
targeting have shown pre- and post-natal effects such
that young with a deactivated paternal copy of a
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paternally expressed gene (Peg3) were growth
retarded (e.g. Li er al. 1999). These studies indicate
that parent-of-origin-specific effects influence individ-
ual short-term fitness, yet, to date no work has been
done to elucidate any long-term effects on reproduc-
tive success. Given theoretical studies (e.g. Haig
2000) and results of our own work, however, we
predict such effects.

Moreover, the consequences of environmental
conditions experienced early in life for an individual’s
fitness are increasingly recognized. For example,
maternal condition and sibling competition are
known to influence fitness and reproductive success
in birds and mammals (Lindstréom 1999; Carere et al.
2005). It is, however, unclear how such effects might
modify or interact with epigenetic and genetic effects
influencing reproductive success, which may be cru-
cial when designing experiments that investigate
parent-of-origin-specific effects. More generally, the
early social environment of an animal may prove to
be a far more important predictor of its reproductive
success than previously assumed.

In this study, we set out to investigate whether
long-term female reproductive success is affected by a
difference in the parent-of-origin of their mate’s
genotype. We assess this by mating females of two
genotypes with males of either the same or reciprocal
genotype with respect to the origin of their paternally
and maternally inherited sets of genes and measure
the rate at which these females produce offspring over
a period of three litters. In a second step, we assess
the impact of early social experience on reproductive
success by raising focal females in litters composed
half of their biological litter mates and half of
unrelated individuals of reciprocal genotype. We
discuss our results in the light of potential parent-of-
origin-specific effects on female investment and long-
term reproductive success, and how the social
environment experienced early in life may affect these
parameters.

2. MATERIAL AND METHODS

We created males and females of reciprocal genotype using mice of
the B6 (C57Bl/6) and CBA (CBA/Ca) strains, which are an ideal
model system to study fitness consequences of parent-of-origin-
specific effects because they differ consistently in key life-history
parameters such as litter size (Hager & Johnstone 2003) and inbred
mice have been extensively used in research on genomic imprinting
(Li et al. 1999). The general features of these strains and their
breeding have been described elsewhere (Hager & Johnstone 2003,
2005).

In a first experiment, individuals were raised by their biological
mothers in unmixed litters (i.e. together with all their biological
siblings) until weaning and thereafter kept with same-sex litter
mates until the onset of sexual maturity at the age of 5-7 weeks.
Then, we paired 35 males and females (six of which failed to
reproduce) from different litters (such that individuals were
unfamiliar and unrelated) and kept both of them for a period of
120 days following the design described in table 1. Offspring were
kept with their parents until weaning (day 21) unless the next litter
was born earlier. We recorded the date of birth and the number
and weight of young that females produced in three consecutive
litters. Reproductive success is commonly defined as the number of
young produced over a lifetime that survive to sexual maturity
(Krebs & Davies 1993). In our study, 98.9% of young born
survived to weaning such that the number of young at weaning can
be safely taken as the number of young surviving to sexual maturity
(mice become sexually mature at around five weeks of age). In
addition, the time between litters is an important fitness component
due to the limited breeding season in the wild, hence including a
time component yields a better approximation of reproductive
success (Fuchs 1982; Bartman & Gerlach 2001) and is here given
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Table 1. Mating design of first experiment. (The first part
of an individual’s genotype denotes its maternal strain while
the second refers to its paternal strain (e.g. a B6CBA
individual had a B6 mother and CBA father).)

Table 2. GLM model of factors influencing reproductive
success of reciprocal females mated to males of either
genotype. (Percentage variance accounted for=31.47,
d.f.=28.)

male genotype

B6CBA CBAB6
female genotype = B6CBA B6CBA/ CBAB6/
B6CBA B6CBA
CBAB6 B6CBA/ CBAB6/
CBAB6 CBAB6

by the number of young produced over the number of days it took
to produce them.

In a second experiment, we changed the early social environ-
ment of focal females by raising them in mixed litters. As in the
previous experiment, we produced females and males of reciprocal
genotype. Then, litter births were synchronized to allow partial
cross-fostering (see Hager & Johnstone 2005 for details). Upon
birth (i.e. day 1) we created mixed litters of unrelated and
individually marked pups such that CBAB6 females were now
fostered in litters consisting half of their biological siblings and half
of individuals of the reciprocal genotype. Due to space limitations
we were able to measure the reproductive success for only one
female type, CBAB6. These females were mated to males of the
reciprocal genotype (B6CBA). The reproductive success of these
females was then compared to genetically equivalent females of the
first experiment that were raised in a different social environment,
i.e. with all their biological siblings.

We analysed our data in Minitab 13.1 using general linear
models (GLM) with categorical and continuous predictor variables
as outlined in the result tables. Data were checked for conformity
with GLM requirements and error-structures for normality. The
experiments described in this study do not require a project license
and comply with UK Home Office regulations.

3. RESULTS

First, we investigated the long-term reproductive
success of females that were mated to unfamiliar and
unrelated males of equivalent genotype and either the
same or different parent-of-origin of their paternally
and maternally inherited sets of genes. As predicted,
female reproductive success was significantly influ-
enced by an interaction effect between female and
male genotype but not a main effect of genotype
(GLM; F;4=9.12; p=0.006; table 2). Figure 1
shows that females produced offspring at a higher rate
when mated to males that had the same paternal and
maternal genotype as themselves. Over and above the
interaction effect, female bodyweight significantly
influenced her reproductive success with larger
females being at an advantage over smaller ones
(GLM; Fy54="7.20; p=0.013). The male’s body-
weight showed no significant effect on this variable.

In the second experiment, we explored whether
early experience of being fostered in mixed litters had
an effect on female reproductive success. These
individuals were raised in mixed litters consisting of
pups of both reciprocal genotypes. As in the previous
experiment, we analysed the factors that influence
female reproductive success. CBAB6 females raised
in unmixed litters that were later mated to B6CBA
males had a significantly higher reproductive success
than equivalent females raised in mixed litters
that were mated to B6CBA males (z-test, 1=2.59,
p»=0.022, d.f.=14).

Biol. Letz. (2006)

full model df. F P

female genotype X male genotype 1 9.12 0.006
female bodyweight 1 7.20 0.013
male genotype 1 1.31 0.264
female genotype 1 0.85 0.367
male bodyweight 1 0.02 0.888

minimal model coefficient s.e. coefficient

—0.08 0.02
0.04 0.01

constant

female genotype X
male genotype

female bodyweight 0.02 0.08

0.40 -
0.38 1
0.36 1
0.34 1
0.32 -
0.30 1
0.28 -
0.26 -
0.24 -
0.22 -
0.20

reproductive success

male genotype

B6CBA CBABG6

Figure 1. This interaction plot shows the reproductive
success (number of pups produced in three consecutive
litters over number of days required to produce three litters)
of reciprocal females shown as a function of their own and
their mate’s genotype. The open boxes denote female
genotype CBAB6 and the closed boxes represent the
B6CBA genotype. The vertical lines connect the values for
the same maternal genotype.

Looking at the two experiments in conjunction and
analysing the reproductive success of CBAB6 females
mated to males of both genotypes, we found that only
the females’ rearing condition had a significant effect
(GLM; F,23=9.12; p=0.006). Controlling for the
latter variable, male genotype did not significantly
influence female reproductive success (table 3). In
addition, neither male nor female bodyweight exerted
any significant effect on our response variable.

4. DISCUSSION

Our study revealed two key results. First, females
mated to males of the same paternal and maternal
genotype had a higher reproductive success than
those mated to genetically equivalent males of a
reciprocal genotype. Second, changing the early
experience of females was found to affect their
reproductive success. Comparing females that were
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Table 3. GLM model of factors influencing the repro-
ductive success of CBAB6 females in the two experimental
conditions. (Percentage variance accounted for=23.22,
d.f.=27))

full model df. F p
rearing condition (mixed/unmixed) 1 7.72  0.010
male bodyweight 1 1.75 0.197
male genotype 1 1.14 0.296
female bodyweight 1 0.03 0.870
minimal model coefficient s.e. coefficient
constant 0.35 0.01

rearing condition 0.04 0.01

(mixed/unmixed)

raised in litters consisting of their biological litter
mates only (unmixed litters) to those that grew up in
mixed litters containing 50% individuals of the
reciprocal genotype, we found that females raised in
unmixed litters had a higher reproductive success
than those raised in mixed litters, irrespective of their
mate’s genotype.

(a) Parent-of-origin-specific effect

Results of the first experiment hint at the influence of
parent-of-origin-specific effects such as genomic
imprinting on long-term reproductive success; to our
knowledge a novel finding. While our results suggest
a role for parent-of-origin-specific effects in influen-
cing reproductive success, at this stage we are unable
to determine which set of parentally inherited genes
causes this effect. Further experiments are required to
disentangle the effects of paternally and maternally
inherited sets of genes.

The evolution of genomic imprinting has been
explained as a result of asymmetrical fitness conse-
quences and hence a conflict between maternally and
paternally derived genes (Haig 2000). Our results
demonstrate an interaction effect of maternal and
paternal genotype and point to the possibility of
coadaptation between parent-of-origin-specific effects
during evolution such that the expression of mater-
nally and paternally inherited genes from the same
parent-of-origin maximizes reproductive success, and
will thus be selected for. Coadaptation could be
achieved by female mate choice if females are able to
detect their mate’s epigenotype (e.g. via MHC gene
products) and adjust their maternal investment
accordingly (differential allocation, e.g. Sheldon
2000). Alternatively, offspring that inherit genes of
the same parent-of-origin could be more efficient in
their metabolism, grow faster in utero and are thus
born at shorter intervals, hinting at the possibility of
coadaptation between maternal and offspring

genotype.

(b) Early experience effect

We also found an effect of the social environment
experienced early in life on subsequent reproductive
success. When females were raised in mixed litters
such that they experienced males of the reverse
genotype early in their development, the effect

Biol. Letz. (2006)

of the interaction with the male genotype became
non-significant. Rather, females that were reared in
mixed litters had a lower reproductive success than
otherwise identical females reared in unmixed litters.
This is a novel finding and synoptically viewed with
recent results in birds (Carere er al. 2005) implies
that early experience may be a more important
predictor of reproductive success and other life-
history parameters than previously assumed.

Moreover, our study suggests that early experience
may have a greater influence on reproductive success
than parent-of-origin-specific effects, underlining the
significance of this factor in determining fitness. It
should be noted, however, that our results are based
on data from females of one genotype only (CBAB6).
A possible explanation for these results could be that
elevated levels of sibling competition affect an individ-
ual’s condition in a way that is not immediately
reflected in lower bodyweight or some other measur-
able variable. Alternatively, the presence of unfamiliar
pups may influence the mother’s generosity to the
litter as a whole, which in turn affects the focal
individual’s condition and subsequent reproductive
success. Young females may also experience males of
reciprocal genotype as competitors. This may lower
their attractiveness and as a consequence females
reduce their level of maternal investment (Sheldon
2000; Drickamer er al. 2000). At present, the mech-
anism underlying this effect remains unclear and
further studies are required to elucidate the evolution-
ary consequences of early experience on reproductive
success. Moreover, future studies of parent-of-origin-
specific effects on individual fitness should consider
the effects of the social environment experienced early
in life.

We would like to thank Ed Harris, Per Smiseth and two
anonymous referees for helpful comments and Trinity
College, Cambridge for funding.
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