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Abstract
Background: There is increasing interest to determine the relative importance of non-additive
genetic benefits as opposed to additive ones for the evolution of mating preferences and
maintenance of genetic variation in sexual ornaments. The 'good-genes-as-heterozygosity'
hypothesis predicts that females should prefer to mate with more heterozygous males to gain more
heterozygous (and less inbred) offspring. Heterozygosity increases males' sexual ornamentation,
mating success and reproduction success, yet few experiments have tested whether females are
preferentially attracted to heterozygous males, and none have tested whether females' own
heterozygosity influences their preferences. Outbred females might have the luxury of being more
choosey, but on the other hand, inbred females might have more to gain by mating with
heterozygous males. We manipulated heterozygosity in wild-derived house mice (Mus musculus
musculus) through inbreeding and tested whether the females are more attracted to the scent of
outbred versus inbred males, and whether females' own inbreeding status affects their preferences.
We also tested whether infecting both inbred and outbred males with Salmonella would magnify
females' preferences for outbred males.

Results: Females showed a significant preference for outbred males, and this preference was more
pronounced among inbred females. We found no evidence that Salmonella infection increased the
relative attractiveness of outbred versus inbred males; however, we found no evidence that
inbreeding affected males' disease resistance in this study.

Conclusion: Our findings support the idea that females are more attracted to outbred males, and
they suggest that such preferences may be stronger among inbred than outbred females, which is
consistent with the 'good-genes-as-heterozygosity' hypothesis. It is unclear whether this odour
preference reflects females' actual mating preferences, though it suggests that future studies should
consider females' as well as males' heterozygosity. Our study has implications for efforts to
understand how mate choice can provide genetic benefits without eroding genetic diversity (lek
paradox), and also conservation efforts to determine the fitness consequences of inbreeding and
the maintenance of genetic diversity in small, inbred populations.
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Background
After considering the potential benefits of mate choice,
Jerram Brown [1] decided he would "put aside the idea
that there is a best male and that he is best for every
female," and instead concluded that females should prefer
males that genetically complement themselves, as a way
to increase offspring heterozygosity or genetic diversity,
which he called the "heterozygosity theory" of mate
choice. Actually, Trivers [2] first suggested that females
should choose mates to enhance their genetic compatibil-
ity, and this hypothesis has been supported in a variety of
species [3-6]. Mating preferences for genetic compatibil-
ity, however, cannot explain why in many species females
prefer males with extravagant secondary sexual traits. In
another version of this model, Brown also suggested that
when a "best" male is found, his superiority may be due
to heterozygosity at one or more loci, and females may
prefer to mate with such males to increase their offspring
heterozygosity or diversity [1]. This version of the "good-
genes-as-heterozygosity" hypothesis [7] has received
increasing theoretical [8-13] and empirical attention
[reviewed in [14]].

The main problem has been trying to explain how mating
with heterozygous males could possibility provide genetic
benefits. Several studies have found positive correlations
between parent and offspring heterozgosity (e.g. [15-17])
and inbreeding coefficient, f [18], and therefore, these
findings suggest that apparent non-additive genetic varia-
tion can be heritable. Such correlations arise when the fre-
quencies of the alternative homozygous male genotypes
in a population are uneven, because in such conditions
homozygous females are able to increase the proportion
of heterozygous offspring by mating with heterozygous
males [10,12,15]. However, previous theoretical models
have not explicitly addressed how females' own heterozy-
gosity might influence their mating preferences, and have
overlooked the fact that only homozygous females can
increase the heterozygosity of their offspring by mating
with heterozygous males (e.g., see Table 2 in [12]). Thus,
females' mating preferences need not be absolute and can
be conditional, depending upon their own heterozygos-
ity. Our aims were to manipulate heterozygosity in wild
house mice (Mus musculus musculus) through inbreeding,
as this reduces genome-wide heterozygosity [19,20] by
increasing the proportion of homologous alleles that are
identical by descent [21,22], and test whether females are
more attracted to outbred versus inbred males, and
whether females' preferences depend upon their being
inbred versus outbred.

Several studies have shown that heterozygosity plays a
role in sexual selection [reviewed in [14]]. Male mating
and reproductive success are enhanced by heterozygosity
and reduced by inbreeding due to direct male-male com-

petition [23-28]. For example, inbreeding in house mice
reduces male fitness partly because it impairs males' abil-
ity to become socially dominant and maintain territories
necessary to obtain mates [28-30]. Also, inbreeding may
affect sperm competition as it impairs males' testicle size
and sperm concentration [31,32] and decreasing hetero-
zygosity lowers sperm quality [33], but see [34] for criti-
cisms.

Another way that heterozygosity influences male mating
success is through female preferences for heterozygous
males, and a few studies support this idea [reviewed in
[14]]. Maynard Smith [35], for example, found that
female fruitflies (Drosophila subobscura) are less likely to
mate with inbred than outbred males due to poor per-
formance of inbred males during courtship. Subsequent
work confirms that inbreeding or homozygosity reduces
male courtship behaviour [27,36-38] and the expression
of other secondary sexual traits [7,39-42], although it is
unclear how inbreeding or heterozygosity affects males'
attractiveness to females. Female fur seals (Arctocephalus
gazelle) appear to seek out more heterozygous males,
which they might assess through males' body size, condi-
tion, dominance behaviors, or territory quality [16] but
see also [43] for criticisms. One study in Arctic charr (Sal-
velinus alpinus) suggests that heterozygous males are
favored by cryptic female choice (sperm selection) [44].
Most studies have failed to find statistically significant evi-
dence that females prefer heterozygous males [reviewed in
[14]], but it is unclear whether the number of genetic
markers used in these studies are sufficient to accurately
assess overall heterozygosity [45]. Therefore, studies are
needed that experimentally manipulate males' overall
heterozygosity to test how this affects their sexual attrac-
tiveness and mating success.

Although several studies have investigated the effect of
heterozygosity on male secondary sexual traits and mating
success, none to our knowledge have examined whether
females' own heterozygosity affects their preferences for het-
erozygous males. Several studies suggest that females'
mating preferences can be condition-dependent [46-48],
but only two studies, both in fish, have considered
whether inbreeding affects females' mating preferences in
general: the first one found that inbred females were
choosier than oubred ones regarding the fluctuating
asymmetry of computer-animated males [49], whereas
the second found no evidence that inbreeding affects
females' inbreeding avoidance [50]. Thus, inbred females
may be choosier also about males' heterozygosity than
outbred ones, as one would expect if they gain genetic
benefits by mating with heterozygous males (e.g. see
Table 2 in [12]). Inbred females may also stand more to
gain in terms of direct benefits than outbred females by
mating with high quality, heterozygous males as a way to
Page 2 of 10
(page number not for citation purposes)



BMC Evolutionary Biology 2009, 9:104 http://www.biomedcentral.com/1471-2148/9/104
compensate for their own poor parental quality [51-54].
On the other hand, inbred females in poor condition may
not be able to afford the costs of being choosy [46-48].
Thus, studies are also needed that experimentally manip-
ulate females' heterozygosity to test how this affects their
preferences for heterozygous males.

We trapped wild house mice and inbred (sib-sib mating)
the F2 generation to manipulate heterozygosity of males,
and tested whether this treatment reduces their attractive-
ness to females in comparison to outbred males in an
olfactory preference assay. Females were presented with
males' scent-marks, which are a testosterone-mediated,
condition-dependent secondary sexual trait used in court-
ship [55]. We also manipulated the heterozygosity of
females through inbreeding to test whether this affects
their preferences for outbred males. Often, the detrimen-
tal effects of inbreeding only become apparent after expo-
sure to infectious agents, social competition, or other
stressful conditions [27,28,30,56]. Therefore, in each trial,
we tested females' preferences for inbred versus outbred
males when both males had been experimentally infected
with Salmonella or both were sham-infected. The infection
treatment was performed to make a negative result more
conclusive, and if inbreeding reduces males' attractiveness
due to their relatively poor health and condition, then we
predicted that infection would magnify the differences
between males. In fact, Salmonella infection has been
found to magnify the fitness differences between inbred
versus outbred males [30]. We found that females show a
strong and clear preference for the scent of outbred males,
regardless of whether the both of the males were experi-
mentally infected or not, and this preference was some-
what stronger among the inbred females.

Methods
Animals and housing
We trapped wild house mice from a single population
(Safaripark, Gänserndorf) near Vienna, Austria and bred
the F2 generation to produce full-sib inbred (sister-
brother-mating; Wright's inbreeding coefficient; f = 0.25)
and outbred mice (matings between unrelated individu-
als; f = 0.00). At weaning, we housed the offspring singly
in acrylic cages, half of the inbred and outbred males in
type I cages (22 × 16 × 14 cm) and the other half in type
IIL cages (32.5 × 16 × 14 cm, IVC). The females were
housed in type IIL cages. The cages contained pine bed-
ding and wood-wool for environmental enrichment. All
the mice were provided food (Altromin rodent diet 1324)
and water ad libitum and kept under a 12:12 h dark:light
cycle. For the odour preference test, we chose 52 triplets
(one inbred male, one outbred male and one female) in
which the three mice were closely age-matched, unrelated
and unfamiliar to each other. All mice were sexually
mature. Experimental protocol was approved by the Aus-

trian Federal Ministry of Science and Research' Animal
Care and Use Committee (BMWF-66.015/0023-c/GT/
2007).

Experimental infections
The 52 males (26 inbred and 26 outbred males) of the
infection group were experimentally infected with 30 μl of
Salmonella enterica serovar Typhimurium [strain SRI – 11,
106 colony forming units (cfu)/ml] orally, which is a nat-
ural infection route. S. enterica serovar Typhimurium is an
enteric mouse pathogen that becomes systemic by invad-
ing the intestinal mucosa and by replicating intracellularly
within host macrophages [57]. Host resistance to Salmo-
nella is under genetic control and influenced by nramp,
major histocompatibility complex and other immune
resistance loci [58], and requires both innate and acquired
arms of the immune system [59]. We used Salmonella as
an experimental pathogen as our previous work found
that inbreeding increases the susceptibility of mice to Sal-
monella [30], and Salmonella infection reduces male scent-
marking and the attractiveness of males' scent to females
[55]. Therefore, we predicted that female preferences for
outbred versus inbred males would be more pronounced
when both of the males were experimentally infected with
Salmonella (and if the results were negative, this treatment
would allow us to conclude that this result was not an
artefact of the males not being infected or otherwise chal-
lenged, as occurs in more normal ecological circum-
stances). The bacteria (stored as frozen stocks at -80°C)
were cultured in 15 ml of heart-brain infusion at 37°C for
12 h while shaking at 170 rpm. The overnight solution
was diluted to the desired concentration with sterile phos-
phate buffered saline (PBS) and the concentration of via-
ble bacteria was verified by quantitative plate counts in
duplicates. After infection, the mice were housed singly
and euthanized 11-days post inoculation with CO2. The
mice were inspected on a daily basis and the individuals
that showed clear symptoms of severe infection were
euthanized immediately to avoid any unnecessary suffer-
ing. The spleens of the mice were dissected and homoge-
nized in 1 ml of PBS under sterile conditions. 50 μl of
each homogenate was cultured on selective agar plates
and incubated overnight (37°C). The Salmonella loads per
spleen were determined by calculating the number of cfu/
ml of spleen homogenates on the plates (the mean of two
replicate plates per mouse). The mice were restricted from
food and water four hours prior to inoculation to rule out
variation in systemic infection due to food in the gut.
Three of the Salmonella-infected males died before the
scent mark collection and therefore we could not perform
any odour preference tests with these triplets. The 52
males (26 inbred and 26 outbred males) of the control
group were sham-infected by given them equal volume of
sterile PBS. We used a lower Salmonella dosage here than
in a previous study, and therefore, we expected lower mor-
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tality, especially since in a previous study most mortality
occurred only after the mice had been repeatedly chal-
lenged with mixed strain infections over several months
[60]; however, mortality was unexpectedly 10% higher in
this study.

Scent-mark collection
To collect the scent marks, we placed the males into a new
small cage on a sterile filter paper (20.5 × 14.5 cm) for
four hours eight days after inoculation. We collected scent
marks in the morning (8:00–12:00 a.m.). During this
time, males were provided food and water ad libitum.
Males were stimulated with female urine because stimu-
lated males show more scent-marking and females show
a preference for scents of sexually stimulated males [55].
We placed a small piece of filter paper (2 × 2 cm) contain-
ing 10 μl of female urine into the males' cages. We used
mixture of urine from 15 mature females (different from
those used in the odour preference tests), which we col-
lected by placing females on tinfoil, pipetting up the
urine, and storing it at -80°C. The filter papers with male
scent marks were stored individually in Ziploc® plastic
bags (Toppits, Allround Zipper, 3 l) at -80°C until used in
female odour preference tests. The cages of the males were
filled with new bedding after the scent mark collection so
that they felt comfortable in their cages (normal weekly
animal care taking which we connected with the experi-
ments). This way, 46 marked filter papers of infected
males (23 inbred, 23 outbred) and 52 marked filter papers
of sham-infected males (26 inbred, 26 outbred) could be
generated.

Odour preference assays
We tested females during oestrus, determined by examin-
ing vaginal smears under a microscope [61], to ensure
they were sexually active. The Y-maze apparatus for our
odour preference tests was composed of acrylic, and con-
tained a start chamber (5.5 × 12.5 × 5.5 cm), where the
mice were first placed, and two arms of choice chambers.
The start chamber was separated from the first section of
the choice chambers or neutral zone, and the choice
chambers (5.5 × 13.5 × 5.5 cm; without neutral zone)
were separated from the chambers containing the filter
papers (5.5 × 31.5 × 5.5 cm) with wire-mesh dividers. The
dividers prevented the females from touching or chewing
the filter papers. We placed an air pump (Sera Air 110)
and the scent marked filter papers at the end of the cham-
bers to ensure a constant airflow of volatiles through the
maze. The pump was kept constantly on in the colony
room to habituate the females to its sound.

The experiments were conducted in the morning begin-
ning at 8:00 a.m. under dim light, recorded on videotape
(Sony Handycam DCR-SR 30E) and the videos were later
analysed using Observer software (Noldus, Version 3). At

the start of each trial, a female was placed in the start
chamber for 5 min to habituate to the maze, and after this
time the scent-marked filter papers were placed in the
maze. The air pump was turned on and the female was
released into neutral zone of the choice chambers. Based
on preliminary tests, we recorded the females for 5 min
because thereafter they were less active. We recorded the
following behaviours: (1) the number; and (2) the dura-
tion female actively investigated the dividers between the
choice chambers and the chambers containing the filter
papers; and (3) the number of visits; and (4) total time a
female spent on each side of the Y-maze. We predicted a
priori that the two investigatory behaviours (1 and 2)
would be the most informative for female preferences,
because the females actively gather information and show
interest in the odour. The other two behaviours (3 and 4)
were recorded because these are commonly used in pref-
erence tests. We considered any side biases females
showed to indicate an odour preference. After each trial,
the Y-maze was cleaned with ethanol (to remove scents
from previous trial), and we alternated the sides of the
maze in which the filter papers were placed (between
inbred versus outbred males, infected versus sham-
infected pairs of males, and inbred versus outbred
females) to avoid biases due to possible side-preferences.
Each filter paper and each female was tested only once. To
avoid possible experimenter biases, there was only one
observer who recorded the data (videotape playbacks)
and she was blind to the inbreeding and infection status
of the animals.

Statistical analyses
We tested the data for assumptions of normality and
equality of variances before conducting parametric tests
(SPSS version 15.0). For statistical analyses, we used Gen-
eral Linear Model (GLM), repeated measures. The tests of
within-subjects effects was used to test whether there was
a general preference for outbred versus inbred males, and
whether the female inbreeding status or male infection
status (both Salmonella-infected or sham-infected males)
had any influence on female preference. The between-
subjects effect was used to test whether the female
inbreeding status or male infection status influenced
female behaviours. We ran paired samples t-test separately
for inbred and outbred females, but only for the number
of investigations, because the interaction term with
female inbreeding status was statistically significant only
for this variable. Furthermore, all of the four female
behaviours were highly inter-correlated (R > 0.47, N = 49,
P < 0.001, for all pair-wise correlations). We used directed
tests instead of one- or two-tailed tests [62] for the overall
female preference for outbred males over inbred males,
because we had a clear a priori-prediction that females
would prefer the outbred males over the inbred ones,
which is consistent with previous results [14]. We also
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used directed test for testing the effect of male infection
status on female preference because we predicted a priori
that female preference for outbred male is more pro-
nounced when both males are experimentally infected. To
test for differences in the Salmonella loads we used a t-test
(log10-transformed data) and to test for differences in the
prevalence (infected or non-infected) and the mortality
between inbred and outbred males we used Chi-square
tests. We used directed tests because in a previous study it
was found that the outbred males are more resistant to
Salmonella than the inbred ones [30]. We obtained the
critical values for each directed test from the P-values of
the corresponding one-tailed test by using γ/α = 0.8 as a
pragmatic conventional value [62]. Using two-tailed tests
instead of directed tests does not change the interpreta-
tion of our results, except that the observed female prefer-
ence for outbred versus inbred males measured by
duration of investigations becomes only marginally sig-
nificant (P = 0.05).

Results
The results of GLM multivariate analysis showed that
females preferred significantly outbred males over the

inbred ones [Within-subjects effects, outbred (OB) versus
inbred (IB) male: F = 3.0, d.f. = 4, Pdir = 0.02] measured by
average of the four female preference behaviours, whereas
neither the female inbreeding status (interaction term: OB
versus IB male × female inbreeding status: F = 1.6, d.f. = 4,
P = 0.19) or experimental infection (interaction term: OB
vs IB × male infection status: F = 0.2, d.f. = 4, Pdir = 0.59)
had no significant effects on female preference for outbred
males. When using univariate models we found that
females significantly preferred outbred compared to
inbred males, measured by number of investigations
(Table 1, Fig. 1a), duration of investigations (Table 2, Fig.
1b) and number of visits (Table 3, Fig. 1c), but not by
total duration (Table 4, Fig. 1d). Interestingly, we found
that preference for outbred males was somewhat stronger
in inbred females versus outbred females (Figs 1a–d). This
difference between inbred and outbred females was statis-
tically significant for number of investigations (Table 1;
Within-subjects contrasts, interaction term: OB versus IB
male × female inbreeding status), and there was a similar,
but non-significant trend for duration of investigations.
Females' inbreeding status did not influence their prefer-
ences for number of visits (Table 3) or total duration

Female preferences measured as a) number of investigations, b) duration of investigations, c) number of visits and d) total dura-tion separately for outbred (white symbol, n = 25) and inbred females (black symbol, n = 24)Figure 1
Female preferences measured as a) number of investigations, b) duration of investigations, c) number of visits 
and d) total duration separately for outbred (white symbol, n = 25) and inbred females (black symbol, n = 24). 
Data is pooled for trials in which both of the males were sham-infected or both infected, except for 1 c, in which the data is 
shown separately for trials with two sham-infected males (dashed line) and two infected males (solid line).
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(Table 4). When testing the inbred and outbred females
separately, inbred females investigated the scent marks of
outbred males significantly more often compared to the
scent marks of inbred males (paired samples t-test, t =
4.50, d.f. = 23, Pdir = 0.0001), but outbred females did not
show any clear preference (paired samples t-test, t = 0.79,
d.f. = 24, Pdir = 0.44, Fig. 1a).

We found no significant evidence that infecting both the
inbred and outbred males influenced their relative attrac-
tiveness: the females still preferred outbred males, but
contrary to our expectation this preference was not mag-
nified when both of the males were experimentally
infected (Tables 1, 2, 3, 4). Interestingly, the females
showed a tendency to shift the sides within the Y-maze
more often (number of visits, Fig. 1c) when they were pre-
sented with the scents from two infected compared to two
sham-infected males; however, this difference is not sig-
nificant (the between-subjects effects: male infection sta-
tus; Table 3). One possible reason we did not find that
infection would magnify females' preferences for outbred

males is that inbreeding did not appear to affect the males'
resistance to Salmonella infection in this experiment.
There was a statistically non-significant trend for lower
mortality in the outbred males compared to the inbred
ones (27% and 46%, respectively; Chi-square test, χ2 =
2.07, d.f. = 1, Pdir = 0.09). However, among the survivors,
there were no statistically significant differences in Salmo-
nella loads between inbred and outbred males after eleven
days (log10 Salmonella load: 3.00 ± 0.83 and 2.64 ± 0.72,
respectively; Independent samples t-test, t = 0.33, d.f. =
31, Pdir = 0.47). Although many mice completely cleared
the infection, there was no difference in Salmonella prev-
alence (57% and 47%, respectively; Chi-square test, χ2 =
0.31, d.f. = 1, Pdir = 0.36). Thus, our experimental infec-
tion did not increase the females' preferences for outbred
males.

Discussion
We found that female mice were more attracted to the
scent marks of outbred compared to inbred males, as pre-
dicted, and this preference appeared to be more pro-

Table 1: Summary table for the results of GLM repeated measurements analyses for number of investigations.

Tests of Within-Subjects Contrasts d.f. F P

preference OB vs IB (directed) 1 12.5 0.0006
preference OB vs IB × female inbreeding status 1 6.1 0.017
preference OB vs IB × male infection status (directed) 1 0.0 0.56
preference OB vs IB × female inbreeding status × male infection status 1 0.7 0.42
Error (OB vs IB) 45

Tests of Between-Subjects Effects d.f. F P

female inbreeding status 1 0.3 0.57
male infection status 1 0.1 0.78
female inbreeding status × male infection status 1 1.0 0.32
Error 45

(OB = outbred; IB = inbred).

Table 2: Summary table for the results of GLM repeated measurements analyses for duration of investigations.

Tests of Within-Subjects Contrasts d.f. F P

preference OB vs IB (directed) 1 4.0 0.033
preference OB vs IB × female inbreeding status 1 3.3 0.08
preference OB vs IB × male infection status (directed) 1 0.0 0.53
preference OB vs IB × female inbreeding status × male infection status 1 0.1 0.75
Error (OB vs IB) 45

Tests of Between-Subjects Effects d.f. F P

female inbreeding status 1 1.7 0.20
male infection status 1 0.8 0.39
female inbreeding status × male infection status 1 0.2 0.63
Error 45

(OB = outbred; IB = inbred).
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nounced among the inbred females compared to outbred
ones. Our findings suggest that female house mice may
prefer to mate with heterozygous males, and especially so
if they have reduced heterozygosity themselves, which
suggests a novel version of the 'heterozygosity-as-good-
genes' hypothesis. Since we controlled for male-male
interactions, our results cannot be due to outbred males
being more socially dominant, and females simply prefer-
ring dominant males [63]. We suspect that inbreeding
reduced the health and condition of the males, but we
found no evidence that an experimental Salmonella infec-
tion increased the relative attractiveness of the outbred
males. However, we cannot rule out the possibility that
infection or other stressors would magnify the differences
because, surprisingly, inbreeding had no detectable effect
on the males' pathogen clearance in this study. When the
two males in a trial were both infected (experimental
infection-group), we found that the females tended to
move between the males more frequently than when the
males were both uninfected (sham-controls). This differ-
ence was not statistically significant (P = 0.07), but it sug-

gests that the females may have more difficulty
distinguishing the quality of the males when they are both
infected, which is the opposite of what we assumed.

Our findings raise the possibility that inbred,
homozygous females may gain more genetic (fitness)
benefits by mating with heterozygous males compared to
outbred, heterozygous females (see Table 2 in [12]). Most
previous theoretical models do not support the idea that
mating with heterozygous males will increase female fit-
ness, or contribute to maintaining genetic variation in
male traits or female preferences (the so-called 'lek para-
dox') (reviewed in [10]). Some have suggested that the
model might work in fluctuating environments [1,8,9], or
in small populations with genetic drift [10,11]. These con-
ditions might be more realistic than often assumed, and
especially so for species like house mice that live in small
demes consisting of related individuals [64]. Two recent
papers that incorporated finite population size and
genetic drift [12] or populations with spatial genetic struc-
ture [13] found that inbreeding co-efficient (f) or hetero-

Table 3: Summary table for the results of GLM repeated measurements analyses for number of visits.

Tests of Within-Subjects Contrasts d.f. F P

preference OB vs IB (directed) 1 8.0 0.004
preference OB vs IB × female inbreeding status 1 1.9 0.18
preference OB vs IB × male infection status (directed) 1 0.0 0.62
preference OB vs IB × female inbreeding status × male infection status 1 0.0 0.86
Error (OB vs IB) 45

Tests of Between-Subjects Effects d.f. F P

female inbreeding status 1 0.3 0.62
male infection status 1 3.4 0.07
female inbreeding status × male infection status 1 0.3 0.56
Error 45

(OB = outbred; IB = inbred).

Table 4: Summary table for the results of GLM repeated measurements analyses for total duration

Tests of Within-Subjects Contrasts d.f. F P

preference OB vs IB (directed) 1 2.3 0.08
preference OB vs IB × female inbreeding status 1 1.3 0.27
preference OB vs IB × male infection status (directed) 1 0.4 0.32
preference OB vs IB × female inbreeding status × male infection status 1 0.1 0.80
Error (OB vs IB) 45

Tests of Between-Subjects Effects d.f. F P

female inbreeding status 1 0.1 0.72
male infection status 1 1.8 0.19
female inbreeding status × male infection status 1 2.3 0.14
Error 45

(OB = outbred; IB = inbred).
Page 7 of 10
(page number not for citation purposes)



BMC Evolutionary Biology 2009, 9:104 http://www.biomedcentral.com/1471-2148/9/104
zygosity can be inherited, that female mate choice for
outbred or heterozygous males can evolve, and that the
"heritability" of f or heterozygosity, and hence the non-
additive benefits for females, are highest in small popula-
tions. However, like [10], these models assume that heter-
ozygotes have higher fitness due to overdominance,
which is extremely rare (and observations of heterozygote
advantage can be due to dominance rather than overdom-
inance, and experiments support this interpretation [65]),
and therefore, unlikely to provide a general solution. Our
findings suggest that future models should incorporate
the possibility that female preferences may be conditional
depending upon their own heterozygosity. In genetically
structured populations, heterozygous males may be more
likely to carry locally rare and dissimilar alleles, which
could be particularly important for homozygous females
to increase offspring heterozygosity and reduce inbreed-
ing (see also [66] and [18]). Females may gain other types
of genetic benefits by mating with heterozygous males,
such as increasing the within-brood genetic diversity of
offspring [1,67,68], or optimizing the heterozygosity of
offspring [69-71].

On the other hand, mating with heterozygous males may
provide no genetic benefits for females; however, as previ-
ously mentioned, it may provide direct benefits. For exam-
ple, in house mice, outbred males defend territories more
effectively than inbred ones [28], which should reduce the
risks of infanticide and sexual harassment by other males,
and in other species, improve parental care. Such direct
benefits might be relatively more important to inbred
females since they are poorer parents than outbred
females [51-54].

Our findings also raise questions about the proximate
mechanisms controlling males' scent-marking behaviour
and females' odour preferences. They indicate that
inbreeding alters males' scent-marks, either by reducing
the quantity or quality of marks they produce. Condition-
dependent sexually selected traits are thought to be espe-
cially vulnerable to negative inbreeding effects, because
male's overall condition and health is influenced by mul-
tiple genes, and hence provide a large mutational target
[72], which is why outbred, heterozygous, males are
expected to be able to invest more into costly secondary
sexual traits [73]. We suspect that inbred males have lower
androgens than outbred males, and subsequently reduced
scent-marking, androgen-dependent Major Urinary Pro-
teins (MUPs) and sexual pheromones in their urine. This
seems likely since inbreeding impairs males' testicle size
and function [31-33], courtship behaviour [27,36-38] and
the expression of other secondary sexual traits [7,39-42].
It is difficult to understand why low quality males do not
'cheat' and produce more attractive scent-marks, unless
scent-marking is costly and low quality males cannot

afford the costs (handicap or costly signalling hypothe-
sis), or unless it is physiologically impossible for males to
produce compounds in their urine that would disguise
poor health or condition [55,74-76]. The idea that quality
of males' scent marks is influenced by heterozygosity, and
thus potentially allow females to distinguish males with
different levels of genetic diversity and relatedness, is sup-
ported by a recent study in ring-tailed lemurs (Lemur catta)
that found that the chemical composition of males' odour
reflects marker-based heterozygosity [77]. Moreover,
inbred females may be more likely to recognize hetero-
zygous males because, as we previously pointed out, such
males may carry dissimilar and unfamiliar (locally rare)
alleles, at least in genetically structured populations, such
as found in house mice [64]. If female odour preferences
are based on phenotypic matching, it should be an easier
olfactory task for homozygous females to recognize novel
and dissimilar alleles carried by heterozygous males than
for heterozygous females. A recent study found that wild-
derived females prefer to associate with male mice derived
from crosses of laboratory strains that were heterozygous
at markers linked to MUP genes [78], but it is unclear
whether this is due to differences in males' scent. Also, the
males in this study were allowed to interact before the tri-
als, which might explain the results, as females prefer the
scent of dominant males [63]. We would expect that male-
male interactions would magnify differences in the attrac-
tiveness of homozygous versus heterozygous males [28],
but this idea has not been tested. It would be interesting
to know if females' preferences are influenced by their
own MUP heterozygosity, and whether such preferences
are affected by their own condition.

Conclusion
To conclude, our findings provide experimental support
for the 'good-genes-as-heterozygosity'-hypothesis by
showing that female mice prefer outbred males over the
inbred ones. Furthermore, our results imply that this pref-
erence could be stronger among inbred females, which is
in good agreement with predictions that inbred females
have more to gain by preferring heterozygous males. Thus,
there appears to be no 'best' strategy for every female
when choosing among males with different heterozygos-
ity levels. It is unclear from our study whether the females'
preferences for scent-marks predict their actual mating
preferences in the wild, but if so, our results have impor-
tant implications for several issues in behavioural ecol-
ogy, evolutionary biology, and conservation biology.
Firstly, our findings suggest that mating preferences could
help explain why inbred males have such a low reproduc-
tive success when they must compete for mates
[27,28,30]. Secondly, our results contribute to the current
debate on sexual selection theory and, in particular, how
the non-additive genetic benefits could maintain additive
genetic variance in male secondary sexual traits and con-
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sequently directional mating preferences in females,
which has been advocated at least as a partial resolution
to the lek-paradox ([13,16,12,66], but see [43,10] and
[11] for criticisms). Lastly, our results suggest that female
preferences for heterozygous males may provide a selec-
tive factor against inbred males expressing deleterious,
recessive mutations, and thus could help to maintain
genetic diversity in endangered small populations (see
also [17,10,12,79]).

Authors' contributions
PI, GS and DJP conceived and designed the experiments.
GS, MT and PI carried out the experiments, and PI ran the
statistical analyses. PI and DJP wrote the paper. All
authors read and approved the final manuscript.

Acknowledgements
We thank Kerstin Musolf, Attila Hettyey, Franziska Schädelin, Clotilde 
Biard, Sarah Zala and Klaus Reinholt for comments and suggestions, and 
Lutz Fromhage, Hanna Kokko and Jane M. Reid for informative discussions 
and for allowing us to read their unpublished manuscript. Thanks to Iris 
Starnberger for help when conducting the experiments. This study was 
funded by the Austrian Academy of Sciences.

References
1. Brown JL: A theory of mate choice based on heterozygosity.

Behav Ecol 1997, 8:60-65.
2. Trivers RL: Parental investment and sexual selection Chicago: Aldine

Publishing Company; 1972. 
3. Mays HL, Hill GE: Choosing mates: good genes versus genes

that are a good fit.  Trends Ecol Evol 2004, 19:554-559.
4. Neff BD, Pitcher TE: Genetic quality and sexual selection: an

integrated framework for good genes and compatible genes.
Mol Ecol 2005, 14:19-38.

5. Tregenza T, Wedell N: Genetic compatibility, mate choice and
patterns of parentage: invited review.  Mol Ecol 2000,
9:1013-1027.

6. Woelfing B, Traulsen A, Milinski M, Boehm T: Does intra-individual
major histocompatibility complex diversity keep a golden
mean?   Philos Trans R Soc Lond B Biol Sci 2009, 364:117-128.

7. Weatherhead PJ, Dufour KW, Lougheed SC, Eckert CG: A test of
the good-genes-as-heterozygosity hypothesis using red-
winged blackbirds.  Behav Ecol 1999, 10:619-625.

8. Irwin AJ, Taylor PD: Heterozygous advantage and the evolu-
tion of female choice.  Evol Ecol Res 2000, 2:119-128.

9. Reinhold K: Modelling the evolution of female choice strate-
gies under inbreeding conditions.  Genetica 2002, 116:189-195.

10. Lehmann L, Keller LF, Kokko H: Mate choice evolution, domi-
nance effects, and the maintenance of genetic variation.  J
Theor Biol 2007, 244:282-295.

11. Radwan J: Maintenance of genetic variation in sexual orna-
ments: a review of the mechanisms.  Genetica 2008,
134:113-127.

12. Neff BD, Pitcher TE: Mate choice for non-additive genetic ben-
efits: A resolution to the lek paradox.  J Theor Biol 2008,
254:147-155.

13. Fromhage L, Kokko H, Reid JM: Evolution of mate choice for
genome-wide heterozygosity.  Evolution 2009, 63:684-694.

14. Kempenaers B: Mate choice and genetic quality: A review of
the heterozygosity theory.  Adv Stud Behav 2007, 37:189-278.

15. Mitton JB, Schuster WSF, Cothran EG, De Fries JC: The correlation
between the individual heterozygosity of parents and their
offspring.  Heredity 1993, 71:59-63.

16. Hoffman JI, Forcada J, Trathan PN, Amos W: Female fur seals
show active choice for males that are heterozygous and
unrelated.  Nature 2007, 445:912-914.

17. Bensch S, Andren H, Hansson B, Pedersen HC, Sand H, Sejberg D,
Wabakken P, Akesson M, Liberg O: Selection for heterozygosity

gives hope to a wild population of inbred wolves.  PLoS ONE
2006, 1:e72.

18. Reid JM, Arcese P, Keller LF: Intrinsic parent-offspring correla-
tion in inbreeding level in a song sparrow (Melospiza melodia)
population open to immigration.  Am Nat 2006, 168(1):.

19. Dasmahapatra KK, Lacy RC, Amos W: Estimating levels of
inbreeding using AFLP markers.  Heredity 2008, 100:286-295.

20. Alho JS, Lillandt B-G, Jaari S, Merilä J: Multilocus heterozygosity
and inbreeding in the Siberian jay.  Conserv Genet 2008,
10(3):605-609.

21. Falconer DS, Mackay TFS: Introduction to Quantitative Genetics London,
UK: Longman; 1996. 

22. Wright S: Coefficients of inbreeding and relationship.  Am Nat
1922, 56:330-338.

23. Charpentier M, Setchell JM, Prugnolle F, Knapp LA, Wickings EJ, Pei-
gnot P, Hossaert-McKey M: Genetic diversity and reproductive
success in mandrills (Mandrillus sphinx).  Proc Natl Acad Sci USA
2005, 102:16723-16728.

24. Höglund J, Piertney SB, Alatalo RV, Lindell J, Lundberg A, Rintamaki
PT: Inbreeding depression and male fitness in black grouse.
Proc Biol Sci 2002, 269:711-715.

25. Marr AB, Arcese P, Hochachka WM, Reid JM, Keller LF: Interactive
effects of environmental stress and inbreeding on reproduc-
tive traits in a wild bird population.  J Anim Ecol 2006,
75:1406-1415.

26. Sharp PM: The effect of inbreeding on competitive male-mat-
ing ability in Drosophila melanogaster.  Genetics 1984,
106:601-612.

27. Joron M, Brakefield PM: Captivity masks inbreeding effects on
male mating success in butterflies.  Nature 2003, 424:191-194.

28. Meagher S, Penn DJ, Potts WK: Male-male competition magni-
fies inbreeding depression in wild house mice.  Proc Natl Acad
Sci USA 2000, 97:3324-3329.

29. Eklund A: The effects of inbreeding on aggression in wild male
house mice (Mus domesticus).  Behaviour 1996, 133:883-901.

30. Ilmonen P, Penn DJ, Damjanovich K, Clarke J, Lamborn D, Morrison
L, Ghotbi L, Potts WK: Experimental infection magnifies
inbreeding depression in house mice.  J Evol Biol 2008,
21:834-841.

31. Mansfield KG, Land ED: Cryptorchidism in Florida panthers:
prevalence, features, and influence of genetic restoration.  J
Wildl Dis 2002, 38:693-698.

32. Margulis SW, Walsh A: The effects of inbreeding on testicular
sperm concentration in Peromyscus polionotus.  Reprod Fertil
Dev 2002, 14:63-67.

33. Gage MJ, Surridge AK, Tomkins JL, Green E, Wiskin L, Bell DJ, Hewitt
GM: Reduced heterozygosity depresses sperm quality in wild
rabbits, Oryctolagus cuniculus.  Curr Biol 2006, 16:612-617.

34. Slate J, Pemberton J: Does reduced heterozygosity depress
sperm quality in wild rabbits (Oryctolagus cuniculus)?  Curr Biol
2006, 16:R790-R791.

35. Maynard Smith J: Fertility, mating behaviour and sexual selec-
tion in Drosophila subobscura. J. Genet. 1956, 54, 261-279.  J
Genet 1956, 84:17-35.

36. Ahtiainen JJ, Alatalo RV, Mappes J, Vertainen L: Decreased sexual
signalling reveals reduced viability in small populations of the
drumming wolf spider Hygrolycosa rubrofasciata.  Proc R Soc
Lond B 2004, 271:1839-1845.

37. Aspi J: Inbreeding and outbreeding depression in male court-
ship song characters in Drosophila montana.  Heredity 2000,
84:273-282.

38. Hoffman JI, Boyd IL, Amos W: Exploring the relationship
between parental relatedness and male reproductive suc-
cess in the antarctic fur seal Arctocephalus gazella.  Evolution
2004, 58:2087-2099.

39. Marshall RC, Buchanan KL, Catchpole CK: Sexual selection and
individual genetic diversity in a songbird.  Proc R Soc Lond B
2003, 270:S248-S250.

40. van Oosterhout C, Trigg RE, Carvalho GR, Magurran AE, Hauser L,
Shaw PW: Inbreeding depression and genetic load of sexually
selected traits: how the guppy lost its spots.  J Evol Biol 2003,
16:273-281.

41. Reid JM, Arcese P, Cassidy ALEV, Marr AB, Smith JNM, Keller LF:
Hamilton and Zuk meet heterozygosity? Song repertoire
size indicates inbreeding and immunity in song sparrows
(Melospiza melodia).  Proc R Soc B 2005, 272:481-487.
Page 9 of 10
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16701321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16701321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15643948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15643948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10964221
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10964221
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18926972
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18926972
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18926972
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12555777
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12555777
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16979189
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16979189
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17874278
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17874278
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18589454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18589454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19220455
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19220455
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8360078
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8360078
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8360078
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17287726
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17287726
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17287726
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17183704
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17183704
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16685634
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16685634
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17987055
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17987055
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16275917
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11934362
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17032373
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17032373
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17032373
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17246200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12853956
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12853956
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10716731
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10716731
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18312317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18312317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12528434
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12528434
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12051524
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16546087
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16979542
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10762398
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15521464
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14635866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14635866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15799943


BMC Evolutionary Biology 2009, 9:104 http://www.biomedcentral.com/1471-2148/9/104
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

42. Aparicio JM, Cordero PJ, Veiga JP: A test of the hypothesis of
mate choice based on heterozygosity in the spotless starling.
Anim Behav 2001, 62:1001-1006.

43. Kotiaho JS, Lebas NR, Puurtinen M, Tomkins JL: On female choice,
heterozygosity and the lek paradox.  Anim Behav 2008, 75:E1-E3.

44. Skarstein F, Folstad I, Liljedal S, Grahn M: MHC and fertilization
success in the Arctic charr (Salvelinus alpinus).  Behav Ecol Socio-
biol 2005, 57:374-380.

45. Pemberton J: Measuring inbreeding depression in the wild: the
old ways are the best.  Trends Ecol Evol 2004, 19:613-615.

46. Hunt J, Brooks R, Jennions MD: Female mate choice as a condi-
tion-dependent life-history trait.  Am Nat 2005, 166:79-92.

47. Cotton S, Small J, Pomiankowski A: Sexual selection and condi-
tion-dependent mate preferences.  Curr Biol 2006,
16:R755-R765.

48. Burley NT, Foster VS: Variation in female choice of mates: con-
dition influences selectivity.  Anim Behav 2006, 72:713-719.

49. Mazzi D, Kunzler R, Largiader CR, Bakker TCM: Inbreeding affects
female preference for symmetry in computer-animated
sticklebacks.  Behav Genet 2004, 34:417-424.

50. Frommen JG, Bakker TCM: Inbreeding avoidance through non-
random mating in sticklebacks.  Biol Lett 2006, 2:232-235.

51. Reid JM, Arcese P, Keller LF: Inbreeding depresses immune
response in song sparrows (Melospiza melodia): direct and
inter-generational effects.  Proc R Soc B 2003, 270:2151-2157.

52. Margulis SW, Altmann J: Behavioural risk factors in the repro-
duction of inbred and outbred oldfield mice.  Anim Behav 1997,
54:397-408.

53. Lynch CB: Inbreeding effects upon animals derived from a
wild population of Mus musculus.  Evolution 1977, 31:526-537.

54. White JM: Inbreeding effects upon growth and maternal abil-
ity in laboratory mice.  Genetics 1972, 70:307-317.

55. Zala SM, Potts WK, Penn DJ: Scent-marking displays provide
honest signals of health and infection.  Behav Ecol 2004,
15:338-344.

56. Armbruster P, Reed DH: Inbreeding depression in benign and
stressful environments.  Heredity 2005, 95:235-242.

57. Santos RL, Zhang S, Tsolis RM, Kingsley RA, Adams LG, Baumler AJ:
Animal models of Salmonella infections: enteritis versus
typhoid fever.  Microbes Infect 2001, 3:1335-1344.

58. Roy MF, Malo D: Genetic regulation of host responses to Sal-
monella infection in mice.  Genes Immun 2002, 3:381-393.

59. Ravindran R, McSorley SJ: Tracking the dynamics of T-cell acti-
vation in response to Salmonella infection.  Immunology 2005,
114:450-458.

60. Ilmonen P, Kotrschal A, Penn DJ: Telomere attrition due to
infection.  PLoS ONE 2008, 3:e2143.

61. Flowerdew JR: Mammals: Their reproductive biology and population ecol-
ogy London: Edward Arnold; 1987. 

62. Rice WR, Gaines SD: 'Heads I win, tails you lose': testing direc-
tional alternative hypotheses in ecological and evolutionary
research.  Trends Ecol Evol 1994, 9:235-237.

63. Drickamer LC: Oestrous female house mice discriminate
dominant from subordinate males and sons of dominant
from sons of subordinate males by odour cues.  Anim Behav
1992, 43:868-870.

64. Sage RD: Wild Mice.  In The Mouse in Biomedical Research Volume 1.
Edited by: Foster HL, Small JD, Fox JG. New York: Academic Press;
1981:40-90. 

65. Penn DJ: The scent of genetic compatibility: Sexual selection
and the major histocompatibility complex.  Ethology 2002,
108:1-21.

66. Reid JM: Secondary sexual ornamentation and non-additive
genetic benefits of female mate choice.  Proc R Soc B 2007,
274:1395-1402.

67. Yasui Y: Female multiple mating as a genetic bet-hedging
strategy when mate choice criteria are unreliable.  Ecol Res
2001, 16:605-616.

68. Charlesworth B: The evolution of mate choice in a fluctuating
environment.  J Theor Biol 1988, 130:191-204.

69. Penn D, Potts W: The evolution of mating preferences and
major histocompatibility genes.  Am Nat 1999, 153:145-164.

70. Aeschlimann PB, Haberli MA, Reusch TBH, Boehm T, Milinski M:
Female sticklebacks Gasterosteus aculeatus use self-reference
to optimize MHC allele number during mate selection.  Behav
Ecol Sociobiol 2003, 54:119-126.

71. Reusch TBH, Haberli MA, Aeschlimann PB, Milinski M: Female
sticklebacks count alleles in a strategy of sexual selection
explaining MHC polymorphism.  Nature 2001, 414:300-302.

72. Rowe L, Houle D: The lek paradox and the capture of genetic
variance by condition dependent traits.  Proc R Soc Lond B 1996,
263:1415-1421.

73. Tomkins JL, Radwan J, Kotiaho JS, Tregenza T: Genic capture and
resolving the lek paradox.  Trends Ecol Evol 2004, 19:323-328.

74. Penn D, Potts WK: Chemical signals and parasite-mediated
sexual selection.  Trends Ecol Evol 1998, 13:391-396.

75. Radwan J, Chadziñska M, Cichoñ M, Mills SC, Matuła B, Sadowska ET,
Baliga K, Stanisz A, Łopuch S, Koteja P: Metabolic costs of sexual
advertisement in the bank vole (Clethrionomys glareolus).  Evol
Ecol Res 2006, 8:859-869.

76. Gosling LM, Roberts SC, Thornton EA, Andrew MJ: Life history
costs of olfactory status signalling in mice.  Behav Ecol Sociobiol
2000, 48:328-332.

77. Charpentier MJ, Boulet M, Drea CM: Smelling right: the scent of
male lemurs advertises genetic quality and relatedness.  Mol
Ecol 2008, 17:3225-3233.

78. Thom MD, Stockley P, Jury F, Ollier WE, Beynon RJ, Hurst JL: The
Direct Assessment of Genetic Heterozygosity through
Scent in the Mouse.  Curr Biol 2008, 18:619-623.

79. Whitlock MC, Agrawal AF: Purging the genome with sexual
selection: reducing mutation load through selection on
males.  Evolution 2009, 63:569-582.
Page 10 of 10
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16701322
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16701322
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15937791
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15937791
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16950102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16950102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15082939
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15082939
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15082939
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17148370
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17148370
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14561279
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14561279
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9268472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9268472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17248565
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17248565
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16077737
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16077737
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11755423
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11755423
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12424619
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15804280
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15804280
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18478110
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18478110
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17374595
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17374595
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3419180
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3419180
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11713527
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11713527
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11713527
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16701278
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16701278
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18565115
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18565115
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18424142
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18424142
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18424142
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19154364
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19154364
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19154364
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Animals and housing
	Experimental infections
	Scent-mark collection
	Odour preference assays
	Statistical analyses

	Results
	Discussion
	Conclusion
	Authors' contributions
	Acknowledgements
	References

