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Abstract

Sexual selection is an important force driving the evolution of morphological and genetic
traits. To determine the importance of male–male, postcopulatory sexual selection in natu-
ral populations of house mice, we estimated the frequency of multiple paternity, defined
as the frequency with which a pregnant female carried a litter fertilized by more than one
male. By genotyping eight microsatellite markers from 1095 mice, we found evidence of
multiple paternity from 33 of 143. Evidence for multiple paternity was especially strong for
29 of these litters. Multiple paternity was significantly more common in higher-density vs.
lower-density populations. Any estimate of multiple paternity will be an underestimate of
the frequency of multiple mating, defined as the frequency with which a female mates with
more than a single male during a single oestrus cycle. We used computer simulations to
estimate the frequency of multiple mating, incorporating observed reductions in heterozy-
gosity and levels of allele sharing among mother and father. These simulations indicated
that multiple mating is common, occurring in at least 20% of all oestrus cycles. The exact
estimate depends on the competitive skew among males, a parameter for which we cur-
rently have no data from natural populations. This study suggests that sperm competition
is an important aspect of postcopulatory sexual selection in house mice.
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Introduction

 

Sexual selection is an important evolutionary force and
may act before or after copulation. For example, sperm
competition is primarily an intrasexual postcopulatory
form of sexual selection (Parker 1970; Birkhead & Pizzari
2002), although female choice may also play an important
role in the outcome of sperm competition (Eberhard 1996;
Clark & Begun 1998). In mammals, sperm competition
occurs when ejaculates from multiple males overlap in
the reproductive tract of a single female during a single
oestrus cycle. Under such conditions, sperm from
different ejaculates effectively compete for fertilization of
ova.

The house mouse, 

 

Mus domesticus

 

, offers a promising
model system to tease apart the evolutionary patterns
and processes of sperm competition. Resources include

a sequenced genome (Waterston 

 

et al

 

. 2002), a dense
microsatellite map (Dietrich 

 

et al

 

. 1992, 1996; Schalkwyk

 

et al

 

. 1999), single nucleotide polymorphisms (Wade 

 

et al

 

.
2002; Ideraabdullah 

 

et al

 

. 2004), expression information
(Schultz 

 

et al

 

. 2003; Khil 

 

et al

 

. 2004; Su 

 

et al

 

. 2004), ecological
and physiological information (Bronson 1979, 1989; Sage
1981; Silver 1995), phylogenetic hypotheses (Boursot 

 

et al

 

.
1993, 1996; Din 

 

et al

 

. 1996; Prager 

 

et al

 

. 1998), and amenabil-
ity to laboratory manipulation. Comparison of mouse
and rat genomes revealed abundant evidence for rapid
evolution of reproductive genes (Waterston 

 

et al

 

. 2002;
Gibbs 

 

et al

 

. 2004). Postcopulatory, intrasexual selection
may explain this rapid evolution these patterns; however,
the frequency of multiple mating in natural populations
of house mice is unknown and has never been studied
directly.

Several observations provide indirect evidence that

 

M. domesticus

 

 females mate with multiple males during a
single oestrus cycle. Ejaculates form copulatory plugs,
which presumably inhibit fertilizations from a second
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male (Hartung & Dewsbury 1978; Dewsbury 1984). Ejacu-
lations are usually preceded by a variable number of
intromissions, whereby the penis enters the vagina but
no sperm are transferred (Dewsbury 1984). In rats, such
behaviour removes copulatory plugs from previous males,
and morphological features such as penile spines may
facilitate such removal (Mosig & Dewsbury 1970). How-
ever, it is not clear whether these mating characteristics
represent adaptation to a system of multiple mating. For
example, tactile stimulation is necessary to induce physio-
logical changes that prepare the uterus for implantation
and pregnancy (Bronson 1979).

A few laboratory experiments have produced direct
evidence of multiple mating in females, although the
relevance to natural populations is not clear. Given a choice,
nine of 39 female 

 

M. domesticus

 

 mated with two tethered
males (Egid & Brown 1989). Using large enclosures, females
mated with more than a single male in 13 of 198 (7%), 68
of 349 (19%), and 12 of 15 litters (80%) (Oakeshott 1974;
Carroll 

 

et al

 

. 2004; Ehman & Scott 2004). Which, if any, of
these estimates applies to natural populations is an open
question.

Furthermore, there is unlikely to be a single estimate
of multiple mating that pertains to all population types.
In high-density populations, dominant males may exert
their control more effectively, preventing mating by sub-
ordinates (Bronson 1979). Therefore, multiple mating may be
higher in low-density populations, where turnover precludes
a stable dominance hierarchy. On the other hand, there
should be more opportunities for a female to encounter
multiple males in a high-density population, suggesting
multiple mating may be higher in high-density populations.
Furthermore, high-density populations may be less stable
because they experience more mortality (Southwick 1955),
perhaps due to increased aggression among individual
mice (Gerlach 1996).

The frequency of multiple paternity, defined as the fre-
quency with which a pregnant female carries a litter sired
by more than one male, can be estimated by inferring the
minimum number of fathers per litter from genotypes of
mothers and their offspring. However, this strategy will
always underestimate the frequency of multiple mating,
defined as the frequency with which a female mates with
more than a single male during a single oestrus cycle. Even
if multiple mating occurs, one father may sire the entire
litter. Such a competitive skew may arise through genetic
effects, mating order effects, or chance. Multiple paternity
may also go undetected if mothers share alleles with
potential fathers, which might be common in inbred
populations.

Here, we estimated the frequency of multiple paternity
by genotyping 143 mothers pregnant with at least three
embryos. We found evidence of multiple paternity in 33
litters (23%). Evidence for multiple paternity was especially

strong for 29 of these litters (20%). We then estimated
the true frequency of multiple mating through computer
simulations conditioned upon our observations. We inferred
that multiple mating occurs in 20–100% of all oestrus
cycles, suggesting that sperm competition is a powerful
evolutionary force in mice.

 

Materials and methods

 

Sampling

 

Mice from Arizona were collected in Sherman traps
from April 2004 through February 2006. Mice from Iowa,
Maryland, New Hampshire, New Jersey, and Tennessee,
and Australia were collected between 1991 and 1995 (Ardlie
& Silver 1998). Embryos were dissected from pregnant
females and preserved individually. Litters were only
included if embryos were large enough to rule out con-
tamination with maternal tissue. In addition to mothers
and their litters, we genotyped 114 males and nonpregnant
females from Arizona. All mice, excluding embryos, were
used to estimate allele frequencies. Only pregnant females
were available from non-Arizona localities for estimating
allele frequencies.

We used trapping data to define two main groups of
populations — those coming from relatively high-density
and those coming from relatively low-density populations.
Arizona mice were divided into these two categories based
on the number of mice caught per trapnight (high density
> 0.5 mice caught per trapnight; low density < 0.5 mice
per trapnight). All non-Arizona mice were from Ardlie &
Silver (1998), who defined low-density populations as
those where 60 or fewer total mice were captured over
a period of 5 days of ‘saturation trapping’. High-density
populations were those where greater than 60 total mice
were captured. Since the number of traps used by Ardlie &
Silver (1998) was not recorded, the identification of popu-
lations as either high density or low density is not quanti-
tative. We use it here only as a rough guide and we make
no claims about the specific number of mice inhabiting an
area. The density data offer a rough test of the hypothesis
that multiple paternity should be more frequent in high-
density populations (Bronson 1979).

 

Genotyping

 

DNA was extracted with the PureGene kit (Gentra) following
the ‘DNA purification from solid tissues’ protocol with slight
modifications. We genotyped eight microsatellite loci:
D1Mit303 + D15Mit174, D8Mit121 + D11Mit4, D6Mit138 +
D2Mit277 and D14Mit132 + D4Mit199 (Dietrich 

 

et al

 

. 1992,
1996). Primer pairs sharing an underline were assayed to-
gether in single 10-

 

µ

 

L reactions consisting of approximately
35 ng genomic DNA, 0.4–2.4 pmol each primer, 2 nmol



 

M U L T I P L E  P A T E R N I T Y  A N D  M U L T I P L E  M A T I N G  I N  M I C E

 

4143

 

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd

 

each dNTP, 20 nmol MgSO

 

4

 

, 

 

1

 

/

 

4

 

 unit Hi-Fi Platinum 

 

Taq

 

(Invitrogen), 1.0 

 

µ

 

L 10

 

×

 

 buffer (Invitrogen), and water. The
forward primer of the first locus in each pair above was
dyed with 6-FAM, while that of the second locus was dyed
with HEX. Reactions were subjected to 30 cycles of 94 

 

°

 

C
for 5 s and 55 

 

°

 

C for 1 min (Yoshida & Awaji 2000). Following
polymerase chain reaction (PCR), the first four primer
pairs above were combined and the second four primers
above were combined to create two multiplexed reactions.
To avoid overlap of alleles, we redesigned the reverse primer
of D6Mit138 as TTGTTTTTTAAATAATGTGGAGGG.
Multiplexes were genotyped on an ABI 3100 with a 500
ROX ladder (which allows differentiation of alleles that
differ by as little as a single base pair), and alleles scored
with Genotyper (ABI) and inspected manually. These
markers consist primarily of dinucleotide CA repeats; the
exceptions are D2Mit277, which consists primarily of GA
and GT repeats, and D6Mit138, which consists primarily of
GA and GAAA repeats.

Through the course of our studies, 2272 PCR genotypes
were determined twice, many from new DNA extractions.
The primary goal of regenotyping was to confirm multiple
paternity when it occurred (see below), but also included
randomly resampled specimens. These reactions were
used to estimate repeatability of genotyping.

 

Multiple paternity

 

There are several alternative strategies to test whether a
litter was fertilized by more than a single male. Maximum-
likelihood models have been developed for inferring
multiple paternity (Queller & Goodnight 1989; Kichler

 

et al

 

. 1999; Jones & Clark 2003), but preliminary analyses
suggested these were not appropriate for our data given
the small average litter size of mice. Furthermore, panmixia
is an important assumption in these methods, which
was violated in our data (see Results). Therefore, multiple
paternity was identified by subtracting the maternal allele
from each embryo and inferring a paternal allele. Inference
of at least three paternal alleles from at least one locus from
a litter was taken as evidence of multiple paternity. In cases
of ambiguity, such as when heterozygous embryos shared
the genotype of their heterozygous mothers, paternal
alleles were inferred in a way that minimized the total
number of paternal alleles from the litter. This method
is conservative and probably underestimated the true
frequency of multiple paternity.

 

Estimating mutation rates

 

Estimating mutation rates was not a specific goal of this
study, but it should be noted that a mutation during
gametogenesis might spuriously lead to inference of
multiple paternity. For example, three paternal alleles

could be contributed by a single male if a mutational event
occurred during spermatogenesis. If three paternal alleles
are observed in multiple embryos at each of several loci,
however, this is strong evidence for multiple paternity
since mutations are rare events. We estimated the number
of mutations in two ways. First, we identified litters that
showed a third paternal allele in only one embryo at one
of the eight loci, where the third allele was separated by a
single mutational step from another inferred paternal allele.
Here, we assumed one mutational step was 1 repeat unit
in the microsatellite, although such a stepwise-mutation
model may not be fully appropriate. Second, we asked
how often an embryo did not carry a maternal allele, but
carried an allele separated by one mutational step from a
maternal allele.

 

Reductions in heterozygosity and allele sharing

 

It is important to consider biological patterns that will
reduce our power to detect multiple paternity when it
occurs, including reductions in observed heterozygosity
and increased allele sharing among mother and father(s).
Reductions in heterozygosity and allele sharing are related
measures. However, in nonequilibrium populations, such
as those experiencing regular migration, reductions in
heterozygosity do not necessarily predict allele sharing
among parents. Both patterns result in fewer alleles present
in any single litter. To test for reductions in heterozygosity
within each of the eight broad geographic regions (Table 1),
we first removed all embryos from the data set, which
represent nonindependent estimates of allele frequency,
then analysed the remaining data with 

 

genepop

 

 version
3.3 (Rousset & Raymond 1995; run from http://wbiomed.
curtin.edu.au/genepop/). Significant departures from
expectation were judged by a Markov chain permutation
test.

To test whether mother and inferred father shared
alleles significantly more than expected, we calculated the
average allele sharing across the eight microsatellite loci,
using a modification of Li 

 

et al

 

. (1993), from all singly sired
litters. Briefly, a score of 0 indicated no alleles in common
between mother and inferred father, 2 indicated two
heterozygotes with one allele in common, 3 indicated a
heterozygote and homozygote with two total alleles, and 4
indicated identical genotypes. We calculated the average
allele sharing across all singly sired litters. To construct a
null distribution, we simulated 10 000 data sets of 143
litters. In each of these 10 000 runs, litter size was drawn
without replacement from the empirical distribution of
litter sizes and genotypes sampled randomly from the
empirical distributions of allele frequencies. Information
from the father was then discarded, and the father’s multi-
locus genotype re-inferred from a comparison of mother to
embryos.
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Multiple mating

 

Any estimate of multiple paternity will underestimate the
frequency of multiple mating. Competitive skew among
males may arise by chance, or through mating order effects,
which in rodents appears to give an advantage to the first
male to mate (Levine 1967; Dewsbury 1984; Lacey 

 

et al

 

.
1997). Genetic make-up of males, or interactions between
male and female genotypes may also lead to competitive
skew (Edwards 1955; Levine 1967; Clark 

 

et al

 

. 1995, 1999;
Clark & Begun 1998; Fiumera 

 

et al

 

. 2005). Therefore, we in-
corporated our estimate of multiple paternity into Monte
Carlo simulations, written in PYTHON (www.python.org),
to infer the rate of multiple mating. These simulated data
sets drew from observed levels of heterozygosity, allele
sharing, allele frequencies, and litter sizes. Therefore, demo-
graphic or selective forces that may have given rise to
genetic differences among populations (or deviations from
Hardy–Weinberg equilibrium within populations) were
accounted for, and panmixia was not a necessary assump-
tion underlying these simulations. In other words, we were
not interested in simulating specific genotypes and popula-
tion structure per se, but in simulating a realistic power to
detect multiple paternity.

Mothers were simulated by randomly drawing from the
empirical distribution of heterozygosity scores and allele
frequencies for each locus. Given a particular mother, two
potential fathers were simulated by randomly drawing
from the empirical distribution of allele sharing scores and
allele frequencies for each locus. Embryos were simulated
by randomly drawing one maternal and one paternal
allele, with litter size sampled without replacement from

the observed distribution of litter sizes. This process was
repeated until 143 litters were simulated (our observed
data set). For each litter, we discarded all information
about potential father(s), then re-inferred the paternal
genotype and calculated the frequency of multiple paternity
as described previously.

We explored all combinations of multiple mating,
ranging from a probability of 0 (no multiple mating) to 1 (a
female mates with both males in every oestrus cycle), and
competitive skew, ranging from 0.5 (when multiple mating
occurs, each male has equal probability of fertilizing any
one ovum) to 1 (one male always fertilizes all ova), moving
along both axes in units of 0.05. For each particular com-
bination of multiple mating and competitive skew, we sim-
ulated 1000 data sets, each data set consisting of 143 litters,
to produce a null distribution. When the observed proportion
of multiply sired litters (33/143 = 0.23 or 29/143 = 0.20, see
below) fell in the top or bottom 5% of this distribution, that
combination of multiple mating and competitive skew
was considered unlikely. These simulations provided a
maximum-likelihood estimate of the frequency of multiple
mating as well as 95% credibility intervals that were con-
sistent with our observed data set.

 

Results

 

Sampling

 

We collected 150 pregnant females, carrying an average of
5.6 pups each, with embryos large enough for confident
analysis. Seven females carried only two embryos and
were not included in estimates of multiple paternity since

Table 1 Mice sampled, levels of multiple paternity, and observed and expected heterozygosities for each locality

Locality #mice* #mothers* #embryos* #mp litters† Mdist (km)‡ HE§ HO¶ P-value**

Arizona
(all) 519 (33) 62 (7) 343 (26) 16 16 0.80 0.68 < 0.001
(nonzoo) 212 (15) 22 (2) 121 (13) 3 16 0.79 0.71 < 0.001
(zoo) 307 (18) 40 (5) 222 (13) 13 0.1 0.75 0.66 < 0.001

Iowa 72 9 63 1 0.1 0.65 0.64 0.56
Maryland 143 (13) 23 (3) 120 (10) 5 unknown 0.65 0.54 < 0.001
New Hampshire 11 2 9 0 0.1 NA†† NA†† NA††
New Jersey 202 (11) 34 (3) 168 (8) 8 0.1 0.67 0.64 < 0.006
Tennessee 64 9 55 1 0.1 0.58 0.58 0.72
Australia 84 11 73 2 1150 0.71 0.55 < 0.001
Total 1095 143 831 33

*Numbers in parentheses indicate litters which either showed evidence of mutational events or only had two embryos; these litters were 
excluded from studies of multiple paternity (see text). †The number of litters that showed evidence of multiple paternity. ‡The maximum 
distance between collecting localities within a population. §Expected frequency of heterozygotes. Average HE = 0.69. ¶Observed frequency 
of heterozygotes. Average HO = 0.62. **Significant departures from expected and observed frequency of heterozygotes judged by Markov 
chain permutation tests (see text). ††Not applicable since expected and observed heterozygosities could not be reliably estimated from only 
two mothers.
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it is impossible to infer three paternal alleles in such cases.
In Arizona, the Reid Park Zoo population (zoo) was the
only locality inferred to be at high density. The probability
of catching a mouse per trap per night was significantly
higher at the zoo compared to all pooled nonzoo popula-
tions from Arizona (zoo: median = 0.69 mice per trapnight,
range = 0–1.47, 

 

N

 

 = 27 collecting nights; nonzoo: median =
0.06, range = 0–0.33, 

 

N

 

 = 37; Kolmogorov–Smirnov 

 

D

 

 = 0.85,

 

P

 

 < 0.0001). An average of 35.7 traps were placed each
collecting night at all localities. Mice from the zoo were
caught from enclosed aviaries that excluded predators and
competitors, and food and water were essentially 

 

ad libitum

 

.
Mice from nonzoo localities were collected from feed stores,
farms, horse stables, etc., where predators were probably
more abundant and food/water was scarcer.

 

Genotyping

 

We genotyped a total of 1095 mice, including all mothers
(

 

N

 

 = 150), their embryos (

 

N

 

 = 831), and other mice
(

 

N

 

 = 114). We found an average of 17.4 alleles per locus.
Within each broadly defined region (Table 1), we found an
average of 5.9 alleles per locus. Average observed hetero-
zygosity, 

 

H

 

O

 

 = 0.62, was lower than average expected
heterozygosity, 

 

H

 

E

 

 = 0.69 (Table 1). Although the presence
of null alleles may account for the discrepancy between
observed and expected heterozygosities, mice show strong
population substructure and reductions in heterozygosity
are expected.

We regenotyped 2272 PCRs. A total of 2215 reactions
corroborated the initial genotype, 943 of which were from
independent DNA extractions. Of the 67 reactions that did
not corroborate the original score, 52 were cases where
an individual was initially genotyped as a homozygote
and later genotyped as a heterozygote (or vice versa). This
result indicated stochastic variation in the amplification
success of both alleles in heterozygous individuals. In
these 52 cases, we assumed the heterozygous genotype
was correct. Overall, the corroboration rate from regeno-
typing was over 97%.

 

Multiple paternity

 

Using the conservative approach of subtracting maternal
alleles from each embryo, we found at least three paternal
alleles in at least one locus in 33 of 143 litters that had more
than two embryos (23%). Multiply sired litters averaged
5.9 pups, a nonsignificant difference from the average
of 5.7 pups found in all other litters (Mann–Whitney

 

U

 

 = 1912, 

 

P

 

 = 0.64). Multiple paternity was found in all
populations except New Hampshire (Table 1). Of these, 17
litters showed at least three paternal alleles at one of the
eight loci, eight litters at two loci, four litters at three loci,
two litters at four loci, and two litters at five loci.

For all litters that were inferred to be sired by more than
a single male, we regenotyped them for the eight micro-
satellite loci, then re-inferred multilocus paternal genotypes.
In all cases, multiple paternity was confirmed.

Spurious inference of multiple paternity may result if
one of three paternal alleles arose through a mutational
event. For litters where at least three paternal alleles were
inferred from more than one locus, this explanation is
extremely unlikely, as it requires multiple independent
mutational events. However, this alternative hypothesis
may apply to at least some of the 17 litters where three
paternal alleles were inferred from a single locus. To test
this alternative hypothesis, we genotyped an additional
eight microsatellite loci (D13Mit186 + D19Mit75, D9Mit217
+ D3Mit22, D16Mit139 + D10Mit42 and D7Mit69 +
D18Mit149, following the conditions described in the
Materials and methods) from these 17 litters. Three litters
showed at least three paternal alleles at an additional locus,
five litters at two loci, and two litters at three loci, confirming
multiple paternity in 10 of the 17 litters. For the remaining
seven litters, we asked whether one of the three inferred
paternal alleles was separated by any other inferred pater-
nal allele by more than one mutational step, here assumed
to be 1 repeat unit in the microsatellite. Three of these seven
litters showed three paternal alleles that were separated by
more than a single repeat unit, making the mutational
explanation less likely. For the remaining four litters, the
third paternal allele was only observed in one embryo;
furthermore, multiple paternity was inferred for only 1 of
16 loci (the original 8 plus the additional 8 loci assayed).
It is possible that some of these inferences resulted from
mutational events, and not from multiple paternity. Remov-
ing these litters leads to a minimum estimate of multiple
paternity of 29/143 = 20%.

Multiple paternity was significantly more frequent in
relatively high-density vs. low-density populations. Of 81
litters collected from high-density populations, 25 (31%)
showed evidence of multiple paternity. Of these 25 litters,
13 were from Arizona, four from Maryland, and eight
from New Jersey. In contrast, 6 of 51 litters (12%) collected
from low-density populations showed evidence of multiple
paternity. Of these six litters, three were from Arizona, one
from Iowa, one from Maryland, and one from Tennessee.
The number of total litters does not sum to 143, and the
number of multiply sired litters does not sum to 33, because
trapping data were not available for all litters. There was a
significantly higher probability of observing multiple pater-
nity in relatively high-density populations vs. low-density
populations (Fisher’s two-tailed exact test 

 

P

 

 

 

≈

 

 0.01), even
after removing the four litters where evidence of multiple
paternity was weak (of which all four were from high-density
populations) (

 

P <

 

 0.05). This result was probably not due
to differences in power to detect multiple paternity since

 

H

 

O

 

 = 0.66 in both high-density and low-density populations.
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Estimating mutation rates

 

To avoid spurious inference of multiple paternity, it was
important to estimate the number of mutations. If we
assume the four litters mentioned above resulted from
mutation, the estimated rate of paternally contributed
mutations is calculated as four mutations per (817 embryos
* 8 microsatellite loci genotyped per embryo), which
equals 6.1 

 

×

 

 10

 

−

 

4

 

 mutations per locus per genotype. We
also estimated the frequency of maternally contributed
mutations by quantifying maternal mismatch. Of the 143
mothers and their 817 embryos (excluding two-embryo
litters), there were 34 cases where an embryo did not carry
a maternal allele at a particular locus from 12 litters. Of
the 34 maternal mismatches, 23 were cases where either
the mother or the embryo was inferred to be a homozygote,
and may have resulted from the presence of null alleles.
Alternatively, these could have arisen through mutation;
in 13 of these 23 cases, a maternal allele and an embryonic
allele were separated by one mutational step. In the
other 11 cases of maternal mismatch, occurring in six
different litters and four different loci, the mother and
embryo were both heterozygotes that shared no alleles.
Of these 11 embryos, five carried an allele separated by
one mutational step from one maternal allele. These
five cases provided support for a maternally contributed
mutation. Thus, maternally contributed mutations occ-
urred at a rate of at least five maternal mismatches per
(817 embryos * 8 microsatellite loci genotyped per embryo),
or 7.6 

 

×

 

 10

 

−

 

4

 

 mutations per locus genotype. These
inferred frequencies of mutations were similar to previous
estimates of dinucleotide mutation rates (Whittaker 

 

et al

 

.
2003).

 

Reductions in heterozygosity and allele sharing

 

Significant discrepancies between observed and expected
levels of heterozygosity were observed. Within all broad
geographic regions except Iowa and Tennessee, there
was a significant reduction in observed heterozygosity,
averaging 7% (Table 1). One explanation for significant
reductions in heterozygosity within populations is in-
breeding. Another is unrecognized population structure.
We expect population structure to be more prominent in
localities where distances among precise collecting sites
are greater. Consistent with this prediction, all localities
where Mdist > 0.1 show significant reductions in hetero-
zygosity. Conversely, only one of the three localities
where Mdist = 0.1 (i.e. those localities where all mice were
collected within 100 m of each other) showed a significant
reduction in heterozygosity (Table 1), possibly due to the
reduced effects of unrecognized population structure. There
was significantly more allele sharing between mother and
inferred fathers than expected (empirical average of allele
sharing = 2.33, randomized null range = 0.89–1.26, 

 

P

 

 < 0.001).
We estimated the power to detect multiple paternity

using computer simulations, incorporating reductions in
heterozygosity and allele sharing between parents. For
each simulated litter, we removed genotypic information
about the fathers, and then re-inferred the paternal geno-
type. The proportion of times we observed at least three
paternal alleles in at least one locus was taken as the power
to detect multiple paternity. These simulations were also
used to generate the number of loci expected to show evid-
ence of multiple paternity. The power to detect at least
three paternal alleles in one or more loci was dependent on
the litter size (Table 2). With five embryos in a litter, there

Table 2 Power to detect multiple paternity

Competitive 
skew* Litter size

Proportion of litters† 

1 locus 2 loci 3 loci 4 loci 5 loci 6 loci 7 loci 8 loci power‡

0.50 3 0.39 0.24 0.08 0.02 0.00 0.00 0.00 0.00 0.73
4 0.27 0.31 0.21 0.08 0.02 0.00 0.00 0.00 0.90
5 0.17 0.29 0.27 0.16 0.05 0.01 0.00 0.00 0.96
6 0.11 0.24 0.28 0.21 0.10 0.03 0.00 0.00 0.98
7 0.08 0.18 0.28 0.25 0.14 0.05 0.01 0.00 0.99

0.99 3 0.38 0.24 0.08 0.02 0.00 0.00 0.00 0.00 0.73
4 0.29 0.33 0.18 0.07 0.02 0.00 0.00 0.00 0.89
5 0.23 0.31 0.25 0.11 0.03 0.00 0.00 0.00 0.93
6 0.18 0.31 0.26 0.13 0.05 0.01 0.00 0.00 0.95
7 0.17 0.29 0.27 0.15 0.06 0.01 0.00 0.00 0.96

*When multiple mating occurs, the probability that one male sires each embryo in a litter (see text). †The proportion of 10 000 simulated 
litters for which multiple paternity was successfully inferred at the number of loci indicated. ‡The proportion of 10 000 simulated litters for 
which multiple paternity was successfully inferred at one or more loci.
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was a 96% chance that multiple paternity was detected,
under the assumption of no competitive skew (competitive
skew = 0.5). Table 2 shows that with increasing litter size,
more loci are expected to show evidence of multiple pater-
nity. In contrast, increasing competitive skew decreased
the number of loci expected to show multiple paternity.
We chose two values of competitive skew, 0.50 and 0.99, as
two possible extremes, but no estimates of competitive
skew exist for natural populations of house mice.

The distributions in Table 2 suggest that more litters
showing multiple paternity at a single locus were observed
than expected (expected proportion averaged across both
competitive skews and all litter sizes = 0.23, observed:
17/33 = 0.52). One explanation is that mutations inflated
the cell where observed multiple paternity was detected at
only one locus.

We also quantified the power to detect five or more
paternal alleles (i.e. triple paternity). With eight loci, the
power to detect triple paternity asymptotically approached
75% as litter size increased, and was only 5% in a litter of
five, 13% in a litter of six, and 21% in a litter of seven pups,
under the conservative assumption of no competitive skew.
Thus, the small litter sizes of mice, reductions of observed
heterozygosity, and allele sharing among parents made
detection of triple paternity if it occurred very unlikely.
Nevertheless, triple paternity was detected in a single litter,
consisting of eight pups. This litter showed five paternal
alleles at one locus, as well as three paternal alleles at two
additional loci. However, one of these five paternal alleles
was separated by a maternal allele by one mutational step,
so this could have been a mutational event.

 

Multiple mating

 

Maximum-likelihood estimates of the frequency of multiple
mating, given observed levels of multiple paternity, hetero-
zygosity, allele sharing, litter sizes, and allele frequencies,
are shown in Fig. 1. The magnitude of the discrepancy
between multiple mating and multiple paternity depended
upon competitive skew. As competitive skew increased,
increasing values of multiple mating were required to
account for our observed level of multiple paternity. For
example, at a competitive skew of 0.9 (in cases of multiple
mating, one male had a 90% chance of fertilizing each
embryo), multiple mating had to occur in 45–70% of all
encounters to be consistent with our observed level of
multiple paternity (23%). While no experimental data exist
on competitive skew in wild mice, it may be as high as
0.95 in laboratory strains of mice (Levine 1967). At a
competitive skew of 0.95, multiple mating occurs 85–100%
of oestrus cycles in our simulations (Fig. 1a).

We also estimated the frequency of multiple mating
using the more conservative estimate of multiple paternity
of 29/143, excluding the six litters with presumed muta-

tions (Fig. 1b). Similar patterns were found, and multiple
mating was inferred to occur frequently, depending on the
competitive skew.

 

Discussion

 

By genotyping mothers and their litters, we found clear
evidence for multiple paternity in 29 of 143, or 0.20% of wild-
caught litters. The true frequency of multiple mating
depends on the average level of competitive skew, a para-
meter that has yet to be estimated from natural populations.
Even with no competitive skew, multiple paternity and
multiple mating are clearly common in house mice. By
extension, sperm competition must be an evolutionarily

Fig. 1 (a) The combinations of multiple mating and competitive
skew that were consistent with an observed level of multiple
paternity of 33/143 = 0.23. The criterion for multiple paternity was
inferring three paternal alleles from at least one locus. Black
diamonds indicate the maximum-likelihood estimate of multiple
mating given a particular value of competitive skew; open
diamonds indicate 95% credible intervals around this estimate.
Regions of the figure without diamonds were inconsistent with
our observed level of multiple paternity. (b) The combinations
of multiple mating and competitive skew that were consistent
with the more conservative estimate of multiple paternity, 29/
143 = 0.20.
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important component of sexual selection in natural
populations of house mice. Below, we discuss these results
in light of mouse population structure. We then discuss the
importance of competitive skew and the evolutionary
consequences of multiple mating.

 

Multiple paternity and population structure

 

House mice are known to exhibit significant population
structuring, meaning limited dispersal results in genetic
differences among distant populations (Sage 1981). Even
within single barns, mouse populations show structuring;
mice from the west side of a barn showed significant
differences from east-side mice in allozyme frequencies
(Selander 1970). The finding of reduced heterozygosity in
the present study is consistent with population structuring
and inbreeding.

Strong local genetic differentiation is at least partially
explained by social structure of mice. Local structure
usually consists of a dominant male, as males will fight
aggressively until a single dominant emerges (Brown 1953;
Sage 1981). Once established, the boundaries of dominant
males are surprisingly stable, moving less than 5 cm over
2 months in one experiment (Mackintosh 1970). There is
effectively no migration of subordinate males over such
boundaries. Female mice and juveniles move freely between
territories of dominant males (Mackintosh 1970; Potts

 

et al

 

. 1991), but unfamiliar individuals tend to encounter
more aggressive encounters from incumbent mice (Smith

 

et al

 

. 1994; Hurst & Barnard 1995). Estimates of individual
movement ranges from approximately 3–19 feet (Young

 

et al

 

. 1950; Reimer & Petras 1968), and the average home
range appears to be on the order of 20–50 square feet
(Southern & Laurie 1946; Selander 1970).

Females often pair nonrandomly with dominant males,
and sometimes assist dominant males in territory defence
(Penn & Potts 1998, 1999; Drickamer 

 

et al

 

. 2000; Penn 2002;
Candolin 2003; Leinders-Zufall 

 

et al

 

. 2004). In the labora-
tory, females mate indiscriminately with males until about
2 h prior to oestrus, at which time they mate almost exclu-
sively with dominant males (Mossman & Drickamer 1996;
Drickamer 

 

et al

 

. 2000; Rolland 

 

et al

 

. 2003). This time period
is significant because females are most receptive to fertil-
izations approximately 2 h prior to oestrus. Females may
also show preferences for mating with genetically unrelated
males (Egid & Brown 1989; Potts 

 

et al

 

. 1991; Penn 2002).
Given this type of social hierarchy, it has been suggested

that dominant males are the only effectively breeding
males in the population (Bronson 1979). However, while
sexual development of subordinate males is suppressed,
they regularly achieve fertilizations (DeFries & McClearn
1970; Oakeshott 1974), especially during initial establish-
ment of dominance hierarchy (Wolff 1985). Our study
clearly shows that females regularly mate with more than

a single male. While we find evidence of multiple paternity,
we cannot determine the social status of fathers. In fact,
we cannot confidently assign specific sires to individual
embryos due to extensive allele sharing.

Bronson (1979) suggested that at high densities, domin-
ant males may exert greater control over subordinates
more effectively, thus reducing their opportunity for mul-
tiple mating. This hypothesis leads to the prediction that
multiple mating would be less common in high-density
populations, the opposite of what we observed. Here, we
find that multiple paternity was significantly more frequent
in relatively high-density vs. low-density populations.
This result suggests that there are more opportunities for
multiple mating in high-density populations.

 

Competitive skew

 

Competitive skew is a fundamental parameter in the
estimation of multiple mating. The mean and variance of
competitive skew are unknown in wild mice. In laboratory
mice, Levine (1967) mated single female 

 

Mus domesticus

 

to two males in succession, and found competitive skew
between 0.8 and 0.95. In 

 

Drosophila

 

, competitive skew ranged
between 0.49 and 1.00, with a median of 0.93 (Fiumera

 

et al

 

. 2005). A high competitive skew may be a general
phenomenon among species with sperm competition.

Competitive skew may arise through many factors. One
factor is mating order, which in mammals appears to
provide an advantage to the first male (Levine 1967;
Dewsbury 1984; Lacey 

 

et al

 

. 1997). Others include genetic,
environmental, or interaction factors that give some males
an advantage over others. In 

 

Drosophila

 

, allelic variation
was significantly associated with at least some aspects of
sperm competition (Clark 

 

et al

 

. 1995, 2000; Fiumera 

 

et al

 

.
2005), and it is possible that such associations also exist
in house mice. In mammals, advantageous phenotypes in
sperm competition could take the form of larger ejaculates
(Delbarco-Trillo & Ferkin 2004), larger testes (Harcourt

 

et al

 

. 1981), shorter refractory periods between male re-
mating, incapacitation of sperm from competing males,
copulatory plug formation (Ramm 

 

et al

 

. 2005), behavioural
aspects such as mate guarding (Stockley & Preston 2004),
or morphological features of sperm (Anderson & Dixson
2002; Moore 

 

et al

 

. 2002). The relative frequency of such
strategies in nature remains unknown. There is likely to be
a mosaic of strategies employed by males depending on
natural conditions and population characteristics.

 

Evolutionary consequences of multiple mating

 

Why might females mate multiply with different males
in a single oestrus cycle? Possible explanations include
fertilization assurance (Hunter 

 

et al

 

. 1993; Hoogland 1998),
increased genetic diversity of a litter (Madsen 

 

et al

 

. 1992;
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Zeh & Zeh 2001; Tregenza & Wedell 2002; Head 

 

et al

 

. 2005),
and increased probability of finding genetically compatible
gametes (Colegrave 

 

et al. 2002; Mays & Hill 2004). Females
may mate multiply to conceal true paternity and avoid
infanticide (Wolff & Macdonald 2004), a common behaviour
in house mice, especially during times of dominance
turnover (Silver 1995). Multiple mating in females could
also be driven indirectly, by selection favouring multiple
mating in males (Halliday & Arnold 1987).

In addition, multiple mating may be a strategy by which
females select against selfish DNA elements. Males that
harbour meiotic drivers, such as the well-characterized t
allele in mice (Silver 1993; Lyon 2003), often include sperm
with reduced fitness in their ejaculates. By mating multi-
ply, a female may place ejaculates in competition and
favour fertilization by wild-type sperm (Haig & Bergstrom
1995). The high frequency of multiple mating estimated in
the present study may help explain the low frequency of
the t allele in natural populations of house mice, especially
in high-density populations. Consistent with this hypo-
thesis, Ardlie & Silver (1996) found that three litters with
unusually low transmission of the t allele were multiply
sired.

In addition to affecting the reproductive fitness of an
individual, multiple mating is expected to influence genetic
variation on a population level. Multiple mating by
females increases the effective population size of a species
relative to monogamous and polygynous mating systems,
since more alleles will be represented in the next genera-
tion (Sugg & Chesser 1994). For genes directly involved
in sperm competition, selection may maintain variation
through heterosis or nontransitivity (Prout & Bundgaard
1977; Clark et al. 2000).

Direct evidence for multiple mating exists for other
mammal species. Using genetic and/or behavioural
data, multiple mating has been inferred in marsupials
(Kraaijeveld-Smit et al. 2002), shrews (Tegelström et al. 1991;
Stockley et al. 1993), snowshoe hares (Burton 2002), and
several rodent species (Birdsall & Nash 1973; Hanken &
Sherman 1981; Boellstorff et al. 1994; Lacey et al. 1997; Baker
et al. 1999; Bartmann & Gerlach 2001; Haynie et al. 2003;
Shurtliff et al. 2005). Even in mammals where social pair
bonding occurs, such as marmots, females may participate
in extra-pair mating (Goossens et al. 1998). The present study
adds house mice to this list, lending powerful resources of
this model system to a better understanding of the evolution-
ary patterns and processes of sperm competition.

In the context of sperm competition, achieving fertiliza-
tions is clearly a desirable outcome among competing males.
An especially interesting research avenue is to study com-
petitive skew in natural populations. Of particular interest
is the question of whether natural genetic variation can
be associated with variation in competitive skew among
males. Such studies have been conducted in Drosophila

(Clark et al. 1995; Fiumera et al. 2005) and the results
presented here suggest that such studies may reveal inter-
esting evolutionary patterns in mice.
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