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Male-benefit sexually antagonistic
genotypes show elevated vulnerability to
inbreeding
Karl Grieshop* , David Berger and Göran Arnqvist

Abstract

Background: There is theoretical and empirical evidence for strong sexual selection in males having positive effects
on population viability by serving to purify the genome of its mutation load at a low demographic cost. However,
there is also theoretical and empirical evidence for negative effects of sexual selection on female fitness, and
therefore population viability, known as the gender load. This can take the form of sexually antagonistic (SA)
genetic variation where alleles with a selective advantage in males pose a detriment to female fitness, and vice
versa. Here, using seed beetles, we shed light on a previously unexplored manifestation of the gender load: the
effect of SA genetic variation on tolerance to inbreeding.

Results: We found that genotypes encoding high male, but low female fitness exhibited significantly greater rates of
extinction upon enforced inbreeding relative to genotypes encoding high female but low male fitness. Also, genotypes
encoding low fitness in both sexes exhibited greater rates of extinction relative to generally high-fitness genotypes
(though marginally non-significant), an expected finding attributable to variation in mutation load across genotypes.
Despite follow-up investigations aiming to identify the mechanism(s) underlying these findings, it remains unclear
whether the gender load and the mutation load have independent consequences for tolerance to inbreeding, or
whether these two types of genetic architecture interact epistatically to render male-benefit genetic variation relatively
intolerant to inbreeding.

Conclusions: Regardless of the underlying mechanism(s), our results show that male-benefit/female-detriment SA
genetic variation poses a previously unseen detriment to population viability due to its elevated vulnerability to
inbreeding/homozygosity. This suggests that sexual selection in the context of SA genetic variance for fitness may
enhance the gender load on population viability more than previously appreciated, due to selecting for male-benefit
SA genetic variation that engenders lineages to extinction upon inbreeding. We note that our results imply that SA
alleles that are sexually selected for in males may be underrepresented or even lacking in panels of inbred lines.

Keywords: Antagonistic pleiotropy, Balancing selection, Fitness, Genetic variation, Inbreeding depression, Intralocus
sexual conflict, Mutation load, Sexually antagonistic selection

Background
Sexual selection can purge the genome of its mutation
load on population viability, and at low demographic
costs when via males [1–6]. This requires that deleteri-
ous mutations have sexually concordant (SC) effects,
affecting both sexes similarly, such that the mutations
that are selectively sieved out of a population due to the

detriments they pose to male fitness are the same muta-
tions that would harm population viability by causing
reductions in female offspring production and/or juven-
ile survival [6]. If sexual selection is strong enough, this
process poses a population-level viability advantage over
asexual invaders [6]. In theory, this can counter the two-
fold transmission advantage of asexual genomes, offering
a population-level adaptive explanation for the preva-
lence and maintenance of sexual reproduction in eukary-
otes [6]. This explanation for the maintenance of sex [6]
and some supporting empirical evidence (e.g. [7–11])
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has caused sexual selection to become viewed as a
phenomenon that, if anything, likely elevates population
viability.
However, as SC genetic variation for fitness is eroded

by purifying selection, we expect populations to become
dominated by sexually antagonistic (SA) genetic variance
for fitness [12]. SA genetic variation is characterized by
genotypes encoding high fitness in one sex but low fit-
ness in the other [13–18] and is expected to contribute
disproportionately to genetic variance for fitness in well-
adapted populations [12, 19–21]. Because female off-
spring production is a crucial aspect of population via-
bility, a paradox emerges: while sexual selection in males
may promote population viability by purifying the gen-
ome of its SC mutation load [6], the SA genetic variation
left behind [12] can pose a severe gender load on the
population [15, 22–24]. For example, in a wild-caught
population of the seed beetle Callosobruchus maculatus
dominated by SA genetic variance for fitness [25], we
have shown that genotypes exhibiting high male fitness
exhibit low potential to contribute positively to popula-
tion growth rate [26]. Indeed, Whitlock and Agrawal [6]
point out that the capacity for strong sexual selection in
males to purge a population’s mutation load will depend
critically on what proportion of the genetic variance for
fitness is SA (as well as the degree of phenotypic sexual
conflict), where a strong enough gender load could nul-
lify or even reverse the population-level benefits of sex-
ual selection in males.
Here, using that same population of seed beetle

described above, we evaluate the potential for SA genetic
variation for fitness to pose population-level detriments
via another important component of population viability:
tolerance to inbreeding depression. Inbreeding depres-
sion occurs due to increasing homozygosity for weakly
deleterious mutations throughout the genome, which are
(partially) shielded from purging by virtue of being rare
and partially recessive [27–30]. Indeed, Jarzebowska and
Radwan [9] showed that while sexual selection in males
can act to remove large-effect mutations, posing short-
term tolerance to inbreeding depression, it may be inef-
fective at removing much of the small-effect mutations
that contribute to a mutation load on population viabil-
ity. Thus, even populations dominated by SA genetic
variance for fitness will exhibit a SC mutation load
on population viability, despite their presumed history
of purifying sexual selection, and this mutation load
is expected to cause inbreeding depression upon in-
creasing homozygosity [28–30]. However, it is cur-
rently not clear how this SC mutation load will
interact with SA genetic variation upon increasing
homozygosity.
Because female offspring production plays an obvious

role in buffering the population-level detriments of

inbreeding depression, one general prediction is that
male-benefit/female-detriment genotypes will contribute
greater detriments to populations upon increasing
homozygosity relative to female-benefit/male-detriment
genotypes. Here, we test this prediction by measuring
lineage extinction under enforced inbreeding among
SA genotypes. The population of seed beetle used for
this experiment exhibits predominantly SA genetic
variance for fitness [25, 26] and we have demon-
strated strong sexual selection in males against an in-
duced mutation load on female/population offspring
production in this population [11]. We therefore ex-
pect that this population has experienced a history of
strong sexual selection in males that has contributed
to purging some of its SC mutation load, and there-
fore also contributed to generating its predominantly
SA genetic variance for fitness.
We subjected 20 replicate lineages from each of 41

isofemale lines (~800 lineages at the start) to single-pair
full-sib inbreeding for 10 consecutive generations or
until lineage extinction. We predicted that lineages ori-
ginating from isofemale lines enriched for male-benefit/
female-detriment alleles would exhibit greater rates of
extinction relative to lineages originating from female-
benefit/male-detriment isofemale lines. Further, if
lineage extinction results from increased homozygosity,
then variation in deleterious recessives should cause
lineages from generally low-fitness isofemale lines (i.e.
low-male and low-female fitness) to likewise exhibit
greater extinction rates relative to lineages from gener-
ally high-fitness isofemale lines [28–30]. Our findings
support these predictions, demonstrating an additional
mechanism by which sexual antagonism can impose a
gender load on population viability.

Methods
Study organism
C. maculatus (Coleoptera: Bruchidae) is a pest of legu-
minous crops that has colonized most of the tropical
and subtropical regions of the world [31]. Males and
females are sexually mature upon adult eclosion, and
exhibit a polyandrous mating system [32]. The eggs are
glued onto the surface of dry beans and hatched larvae
bore into the beans, where they complete their life cycle.
C. maculatus are facultatively aphagous; adults require
neither food nor water to reproduce successfully.

Study population
The population of 41 isofemale lines used in our
inbreeding experiment (below) was previously shown to
exhibit significant SA genetic variance for fitness under
normal environmental conditions [25, 26]. The popula-
tion was isolated from Vigna unguiculata seed pods
collected at a small-scale agricultural field close to
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Lomé, Togo (06°10'N 01°13'E) during October and
November, 2010. Seed pods were stripped in the labora-
tory and beans isolated individually. Virgin males and
females hatching out of these beans were paired ran-
domly and each pair founded an isofemale line (n = 41),
each of which was thus derived from a single maternal
and a single paternal genome. The F1 offspring from
each of these pairs/isofemale lines were allowed to
breed with their siblings in order to expand the isofe-
male lines. The isofemale lines were cultured at a
population size of 200–300 adults each generation on
150 ml. of V. unguiculata seeds at 29° C, 55% RH
and a 12 L:12D light regime until the start of
experiments. Thus, inbreeding upon the establishment
of the isofemale lines, as well throughout their
maintenance until the start of experimentation, was
limited to that one original F1 generation. Our
isofemale lines thus exhibit segregating genetic vari-
ation that can be driven to fixation upon inbreeding.
We note that no isofemale line went extinct during
the establishment phase.
Isofemale lines were cultured for 12 generations

prior to the sex-specific fitness assays [25] . These as-
says are described in detail in Berger et al. [25]. Briefly,
for males, a single virgin male from a given isofemale
line was placed in a petri dish (90 mm ∅) containing
ad libitum V. unguiculata seeds together with 2 virgin
irradiated (sterile) males from a standard reference
population (whose sperm function and fertilize eggs,
but whose zygotes die due to lethal mutations) and 3
virgin females from the reference population (a 1:1 sex
ratio). Thus, the male fitness assays included mating
competition and sperm competition. For females, a
single virgin female from a given isofemale line was
placed in a petri dish (90 mm ∅) containing ad libitum
V. unguiculata seeds together with 2 virgin males from
the reference population, challenging a female’s ability
to endure and fend off repeated mating attempts by
males. Male and female fitness assays were placed in
an incubator with the same abiotic conditions de-
scribed above until all of the F1 offspring emerged.
Fitness was defined as the lifetime offspring produc-
tion in these assays. This population of isofemale lines
exhibited a significantly negative intersexual genetic
correlation for fitness (rMF = −0.51; Fig. 1) [25]. Berger
et al. [25], having revealed significant genetic variance
for female fitness, were unable to detect significant
genetic variance for male fitness due to marked envir-
onmental variance in male reproductive success. To
address this issue, 10 generations after the original fit-
ness estimates from Berger et al. [25], the 5 top and 5
bottom lines were re-assayed. This revealed a highly
significant correlation for male fitness between the old
and new estimates (r = 0.80, n = 10, P < 0.001),

demonstrating that this population does indeed exhibit
significant genetic variance for male fitness.

Inbreeding experiment
The inbreeding experiment began after the comple-
tion of the sex-specific fitness assays (see above [25]).
20 replicate lineages of each of the 41 isofemale lines
(with minor exceptions, see Additional file 1: S1)
were initiated by a single virgin mating pair placed in
a petri dish (90 mm ∅) containing ad libitum V.
unguiculata seeds, for a starting total of 804 lineages.
These lineages were placed in incubators with the
same abiotic conditions described above. After these
parents died, egg-laden seeds were selected and
isolated to harvest virgin offspring. Upon emergence,
a random selection of virgin full-sib offspring were
placed in a small empty petri dish (30 mm ∅) until
copulating pairs formed (typically several formed in
< 1 min), and a single pair (while still in copula) was
gently transferred to a fresh petri dish (90 mm ∅)
containing ad libitum V. unguiculata seeds. Thus, a
single virgin full-sib mating pair from each lineage
was used to parent the next generation. This was
repeated for 10 consecutive generations or until the
lineage went extinct. Extinctions were never

Fig. 1 Intersexual genetic correlation for fitness among the 41
isofemale lines used here, demonstrating abundant SA genetic
variance (see [25]), as well as adequate representation throughout
the distribution of all four variables. Derived axes/variables,
antagonism and concordance (see Methods), represent continuums
ranging from extreme female-benefit/male-detriment isofemale lines
(quadrant 2) to extreme male-benefit/female-detriment isofemale
lines (quadrant 4), and from generally low-fitness (i.e. low-male/low-
female) isofemale lines (quadrant 3) to generally high-fitness (i.e.
high-male/high-female) isofemale lines (quadrant 1), respectively.
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attributable to the absence of copulation, as all copu-
lations were witnessed (but see Additional file 1: S2).

Causes of extinction
Determining the proximate causes of extinction is, for
rather obvious reasons, very difficult [33]. Yet, we con-
ducted a follow-up experiment to shed light on the
extent to which patterns of extinction could be attrib-
uted to variation in female fecundity or male fertility per
se across the different isofemale lines of origin. After 10
generations of inbreeding, the 3 isofemale lines with the
most positive, and 3 with the most negative, score along
the first principle component extracted from the bivari-
ate regression of ‘antagonism’ on ‘extinction risk’ (see
Fig. 2a and Statistical analysis, below) were identified as
the 3 most male-benefit/high-extinction isofemale lines
and 3 most female-benefit/low-extinction isofemale
lines, respectively. We note that all 20 replicate lineages
of three of the most male-benefit/high-extinction isofe-
male lines had gone extinct after 10 generations of
inbreeding; thus this follow-up experiment lacks repre-
sentation from some of the most extremely male-
benefit/high-extinction isofemale lines. In these cases,
the isofemale lines with the next-most positive score
along the principle component describe above were
used instead. Two representative extant lineages from
each of these extreme 6 (i.e. 3 ‘male-benefit’ and 3
‘female-benefit’) isofemale lines were randomly se-
lected for use in assays of female fecundity and male
fertility—for some extreme isofemale lines, the 1 or 2
extant lineages remaining were the only available
option.
Representative lineages selected for this follow-up ex-

periment were expanded to a population size of approxi-
mately 200–300 adults that were then kept on 150 ml.
of V. unguiculata seeds at the same abiotic conditions
described above. Parents of these populations were

allowed to oviposit for 2 days, at which point egg-laden
seeds were isolated to harvest virgin offspring. Virgin
male and female focal individuals from representative
lineages were mated to virgin individuals from an out-
bred base population established at the same time, and
from the same population, as the isofemale lines (see
above). For logistic purposes, the base population was
cultured in temporally staggered cohorts. The base
population cohort to which focal individuals were
mated was recorded. Mated pairs (i.e. focal females
crossed to base population males, and focal males
crossed to base population females) were placed in a
petri dish (90 mm ∅) containing ad libitum V. ungui-
culata seeds and these assays were placed in an incu-
bator exhibiting the same abiotic conditions described
above, thus mimicking the protocol for the inbreeding
experiment but in a fashion capable of revealing dif-
ferences in lifetime offspring production attributable
to either female fecundity or male fertility within ex-
treme lineages.
In addition to this follow up experiment, three add-

itional efforts were made to provide further insight
regarding extinction patterns across isofemale lines.
First, we performed a demographic simulation based
solely on estimates of female fecundity from Berger et al.
[25]. This simulation provided an expected proportion
of lineage extinction per isofemale line attributable to
females having little or no fecundity (in which either no
offspring, or offspring of only one sex, emerged) at any
point during 10 consecutive generations of single-pair
matings (see Additional file 1: S3 for details). Second, we
calculated the expected proportion of lineage extinction
per isofemale line based solely on linear projections of
their extinction rates exhibited in the first generation
(i.e. upon the establishment of their ~20 replicate line-
ages). This calculation provides the expected proportion
of lineages going extinct for each isofemale line after 10

Fig. 2 Each isofemale line’s intercept as a random effect in a null Cox regression (“Extinction Risk”) plotted against (a) Antagonism and (b)
Concordance (see Methods and Fig. 1), demonstrating, respectively, that male-benefit/female-detriment and generally low-fitness
(i.e. low-male/low-female) isofemale lines were more sensitive to inbreeding relative to their respective opposite extremes. Linear relationships
(for visual purposes only) provided by ordinary least squares regression.
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consecutive generations of single-pair matings without
any further inbreeding (see Additional file 1: S4 for de-
tails). Lastly, the apparent mode of extinction (e.g. no eggs
laid, unhatched eggs, only one sex emerging, etc.) for each
lineage going extinct was recorded and later converted to
quantitative data that were analyzed in a variety of ways
aiming to gain mechanistic insight to patterns of extinc-
tion (see Additional file 1: S5 for details). These analyses
on the mode of extinction were inconclusive regarding
any mechanistic insight to the observed patterns of extinc-
tion beyond that reported in the Results section below.
Thus, we report and discuss the results of the mode of
extinction analyses in Additional file 1: S5.

Statistical analysis
In order to acquire the derived variables, antagonism and
concordance (see Fig. 1), we rotated the coordinate system
of the intersexual genetic correlation clockwise 45° as in
Berger et al. [25]. This rotation was performed on log-
transformed mean fitness for males and females of each
isofemale line (collected by [25]), which was variance-
standardized (and thus zero-centered) within each sex
separately. The resultant antagonism and concordance
variables pass through the origin with slopes of −1 and 1
on the original coordinate system, respectively (Fig. 1).
A mixed effects Cox regression was used to analyze vari-

ation in extinction risk across isofemale lines (a random
effect) in relation to isofemale line values for antagonism
and concordance. We also present an alternative mixed ef-
fects Cox regression using isofemale line values for female
fitness and male fitness (rather than antagonism and con-
cordance) to aid the interpretation of our results. Analyses
were performed using the ‘coxme’ package (v.2.2-5, [34])
in R (v.3.2.1, [35]). One extremely male-benefit isofemale
line, > 3 SD from the mean for antagonism (Additional file
1: Figure S1a), was a potential outlier in our analyses.
There is currently no way, in theory or in practice, to
extract residuals or similar from mixed-effects Cox regres-
sions [34], making the assessment of outliers difficult.
Thus, the potential outlier was assessed by examining the
frequency distribution of differences in fit for the beta
coefficients attributable to each datum’s exclusion from a
standard Cox proportional hazards model using the
‘survival’ package (v.2.38 [36]) in R [35] (Additional file 1:
Figure S1b). Note that the ‘survival’ package’s cluster
argument does not properly incorporate random effects
[34, 36]. Nevertheless, this approach revealed a cluster of
observations from the isofemale line in question with a
disproportionate influence on the model (Additional file 1:
Figure S1b). In the proper mixed effects Cox regressions
(from ‘coxme’), removal of this isofemale line provided a
superior improvement of models’ fits relative to their re-
spective null models. Whether it was for the antagonism/
concordance model or the male-fitness/female-fitness

model (since they are the exact same data distributed onto
different variables), when the outlier line was included the
AIC difference between the fitted and null models was
50.39, whereas without the outlier line the AIC difference
was 54.38—the latter being a substantially better fit (i.e.
greater reduction in AIC) relative to their respective null
models. Thus, this outlier isofemale line was excluded
from all analyses (including the follow-up investiga-
tions) and derived variables were recalculated in its ab-
sence (see Additional file 1: Table S1 and S2 for Cox
regressions including this outlier line). Model compari-
son by log-likelihood ratio tests were used to evaluate
whether or not an interaction term should be included
in these models (i.e. antagonism*concordance, or
male*female). Neither model’s fit was significantly
improved by the inclusion of an interaction term
(antagonism/concordance: χ2 = 0.001, P = 0.97; male-/
female-fitness: χ2 = 0.23, P = 0.63).
Female fecundity and male fertility data showed a num-

ber of zeros, but were otherwise normally distributed. The
likelihood of producing zero eggs did not differ between
male-benefit/high-extinction and female-benefit/low-ex-
tinction categories in the female fecundity assays
(χ2 = 0.03, P = 0.87) or the male fertility assays
(χ2 = 0.12, P = 0.73). Zero-data were therefore excluded,
and general linear mixed models (producing normally
distributed residuals) were used to analyze differences in
female fecundity (n = 153 male-benefit, n = 109 female-
benefit) and male fertility (n = 157 male-benefit, n = 126
female-benefit) between individuals descended from the
three most female-benefit/low-extinction isofemale lines
and the three most male-benefit/high-extinction isofemale
lines. Here, lifetime offspring production was the response
variable and random effects included isofemale line,
lineage nested within isofemale line, and date of the assay.
Fixed effects included category (i.e. male-benefit or
female-benefit) and base population cohort. These
analyses were performed using the ‘lme4’ package (v.1.1-8,
[37]) in R [35].

Results
Inbreeding experiment
Antagonism was significantly associated with extinction
risk (Table 1). Lineages derived from isofemale lines

Table 1 Results of a mixed effects Cox regression of extinction
risk, with antagonism and concordance as fixed effects, and
isofemale line as a random effect

Fixed effects: Coef. s.e. z P

Antagonism 0.20 0.07 2.69 0.007

Concordance −0.14 0.07 −1.95 0.051

Random effects: Variance

Isofemale line 0.14
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toward the male-benefit/female-detriment end of the
spectrum were significantly more likely to go extinct as
they became more inbred, and did so more rapidly, rela-
tive to lineages derived from isofemale lines toward the
female-benefit/male-detriment end of the spectrum
(Fig. 2a). Concordance was marginally non-significantly
related to extinction risk (Table 1), with a trend toward
lineages derived from generally low-fitness (i.e. low-male
and low-female fitness) isofemale lines exhibiting greater
extinction upon becoming more inbred relative to those
derived from generally high-fitness (i.e. high-male and
high-female fitness) isofemale lines (Fig. 2b). When in-
stead analyzing sex-specific fitness, female fitness was
significantly negatively associated with extinction risk,
but there was no significant relationship between male
fitness and extinction risk (Table 2).

Causes of extinction
There were no significant differences in female fecundity
(χ21 = 0.55, P = 0.46) or male fertility (χ21 = 1.50, P = 0.22)
between female-benefit and male-benefit categories. There
were also no differences between categories in the
likelihood of producing zero eggs (female fecundity assays:
χ2 = 0.03, P = 0.87; male fertility assays: χ2 = 0.12, P = 0.73).
Simulations of the expected proportion of extinction

across isofemale lines, based solely on the female fe-
cundity of each isofemale line, revealed a pattern of ex-
tinction across isofemale lines that was qualitatively
similar to that observed (Additional file 1: Figure S2).
However, the simulation predicted that only 18.2% of
the ~800 lineages would have gone extinct after 10 gen-
erations of single pair matings, whereas 77.8% of the lin-
eages actually went extinct. Similarly, calculating the
proportion of lineages per isofemale line expected to go
extinct based on linear projections of their extinction
rates exhibited in the first generation of single-pair (but
not full-sib) matings predicted only 19.9% of lineages go-
ing extinct (Additional file 1: Figure S2). Both of these
efforts to forecast the pattern of extinction that would
ensue during this experiment in the absence of contin-
ued inbreeding leave ~75% of the observed extinction
unaccounted for. These efforts show that inbreeding per
se must have played a major role in generating the
observed patterns of extinction across isofemale lines.

Discussion
The last decade has seen a renewed interest in the
effects of sexual selection on population viability, a
long-standing issue [38]. While it is currently clear
that sexual selection may in theory have both posi-
tive [1–6, 39, 40] and negative [22, 41–47] effects,
the net effect on a population and whether different
effects might interact is much less clear. Our work
shows that although strong sexual selection in males
may act to purify the genome of SC mutation load,
the overall load on population viability may be
greater than currently anticipated due to the
interaction between the SA gender load and residual
SC mutation load, both of which are expected to be
left in the wake of strong purifying sexual selection
[6, 9, 12]. Specifically, we have shown that male-
benefit SA genotypes (isofemale lines) are at greater
risk of extinction under inbreeding. Thus, sexual se-
lection may pose two related and interacting costs to
populations: (1) the gender load, expected to cause a
general depression of population fitness [15, 22–24],
and (2) the interaction between gender load and mu-
tation load, for which the present study provides the
first empirical insights. There are potentially two rea-
sons for the latter cost being (at least partly) attrib-
utable to sexual selection in conventional mating
systems [48]: (1) if sexual selection in males does
purify some of the SC mutation load and leave be-
hind mostly SA genetic variance for fitness as well as
some residual SC mutation load, an evolutionary his-
tory of strong sexual selection in males would set the
stage for the present findings, and (2) continued sex-
ual selection in males in the context of SA genetic
variance for fitness will enrich populations for male-
benefit/female-detriment alleles, which, as suggested
by the present findings, would render populations
more prone to extinction from inbreeding. By this
process, sexual selection would tend to prevent the
population-level detriments of male-benefit/female-
detriment alleles from being canceled out by the
population-level benefits of female-benefit/male-detri-
ment alleles. However, even if alternative allelic vari-
ants at SA loci across the genome were typically in
near equal frequencies and their effects on
inbreeding depression might cancel out, (small) sub-
populations owing to fragmentation or founder
effects may still sometimes be enriched for male-
benefit/female-detriment allelic variation by chance
and therefore suffer enhanced vulnerability to extinc-
tion from inbreeding. The mechanistic explanation of
how this type of genetic variation may elevate
vulnerability to inbreeding remains unclear, but
below we discuss some non-mutually exclusive possi-
bilities, and their implications.

Table 2 Results of a mixed effects Cox regression of extinction
risk, with female and male fitness as fixed effects, and isofemale
line as a random effect

Fixed effects: Coef. s.e. z P

Female fitness −0.24 0.08 −3.18 0.002

Male fitness <0.01 0.08 0.04 0.960

Random effects: Variance

Isofemale line 0.14
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Potential causes of extinction
Female fecundity is a major contributor to population
viability in most species with separate sexes [49] and
seed beetles are no exception to this rule [24, 50]. At
first it may seem that our findings reinforce this notion
in that female fitness, but not male fitness, significantly
explains variation in extinction from inbreeding (Table 2).
However, this difference may be due to the marked en-
vironmental variance in male fitness (see Methods).
With male and female fitness being highly correlated,
our model is likely biased toward finding covariation be-
tween extinction and female (rather than male) fitness as
it was measured with less error (see Methods and [25]).
Nevertheless, one intuitive explanation would be that
our results were generated by the demographic conse-
quence of low fecundity exhibited by females from male-
benefit/female-detriment genotypes. That is, the risk of
lineage extinction should increase with decreasing fe-
male fecundity simply due to the risk in low numbers of
offspring being all the same sex. However, our simula-
tion of this effect, based solely on fecundity differences
across isofemale lines (i.e. without the effects of inbreed-
ing), showed that this would only have generated about
one quarter of the extinction we observed. Likewise, a
linear continuation of the extinction observed in the first
generation of inbreeding (i.e. with very little input from
inbreeding yet), would also have generated only about
one quarter of the extinction we observed. Even if these
two efforts to forecast the expected extinction rates
among isofemale lines over 10 consecutive generations
of single-pair (but not full-sib) matings represent entirely
different mechanisms, then their combined/additive ef-
fects would still only have generated about half of the
observed extinction, indicating that inbreeding must
have played a major role in generating the pattern of ex-
tinction we observed. It would of course seem plausible
that a risk of extinction posed by the demographic con-
sequences of low fecundity could become exaggerated
with increasing homozygosity for SA loci and/or dele-
terious recessives, and we address this in our explana-
tions below. However, if that were the case, one might
expect that extant lineages from the most female-
detriment/high-extinction isofemale lines would have
lower fecundity than the extant lineages from the most
female-benefit/low-extinction isofemale lines after 10
consecutive generations of inbreeding, but this predic-
tion was not supported by our follow-up experiment.
Note that our follow-up experiment suffered from a
complete lack of estimates from some of the most
female-detriment/high-extinction isofemale lines, as all
20 of their replicate lineages were extinct after 10 gener-
ations of inbreeding, a testament to the difficulty of
identifying the proximate causes of extinction [33]. We
suggest three additional effects that may have

contributed to the increased risk of extinction seen in
male-benefit/female-detriment genotypes.
First, our isofemale lines were genetically diverse and

male-benefit/female-detriment isofemale lines should,
across many loci, harbor higher allele frequencies of
male-benefit/female-detriment alleles at SA loci (and the
opposite case for female-benefit/male-detriment isofe-
male lines). This implies that the risk of fixation of
male-benefit/female-detriment alleles during inbreeding
is higher in male-benefit/female-detriment isofemale
lines, and the opposite for female-benefit/male-detri-
ment isofemale lines. With the male-benefit SA isofe-
male lines of this population already having relatively
low female fecundity and population productivity [26],
fixation of such alleles via inbreeding would likely fur-
ther depress female-specific fitness and increase the risk
of extinction. We note that this effect would not involve
a conventional genetic load maintained by mutation-
selection balance [29, 30] but rather a gender load
maintained by balancing selection at SA loci. Under this
scenario, our analyses (Table 1) would be interpreted as
showing independent effects of a SC mutation load, as
revealed by the ‘concordance’ dimension, and a SA
gender load, as revealed by the ‘antagonism’ dimension,
upon the increasing homozygosity that follows from
inbreeding. The relative contribution of these different
sources of inbreeding depression (mutation load versus
loci under balancing selection) has fundamental implica-
tions for the classic evolutionary paradox of what main-
tains genetic variance for fitness [28]. If inbreeding
depression is attributable more so to homozygosity for
mutation load than to homozygosity for loci under bal-
ancing selection, the implication would be that mutation
selection balance (a constant influx of mutations and
weak selection against them) plays a greater role in
maintaining genetic variance for fitness relative to balan-
cing selection at loci of major effect [28]. Oppositely, if
inbreeding depression is attributable more so to homo-
zygosity for loci under balancing selection, such loci
would be implicated as greater contributors to the main-
tenance of genetic variance for fitness [28]. Granted our
population’s genetic variance for fitness was already
known to be dominated by balancing selection at SA loci
(recall that this is the theoretical expectation for well-
adapted populations at equilibrium, [12, 21]), our ana-
lyses would imply that inbreeding depression (and there-
fore genetic variance for fitness) may to a relatively large
extent be attributed to (homozygosity at) loci under bal-
ancing selection, a possibility acknowledged early on [51,
52] due the relatively large fitness effects of such loci.
Second, the effective genetic load may differ between

the sexes, and this may interact epistatically with SA
genetic variation for fitness. Sex differences in the effect-
ive genetic load could result from, for example,
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differences in the number or types of genes that contrib-
ute to sex-specific fitness. Immonen et al. [53] recently
showed that more than 50% of all genes are differentially
expressed in the abdomen of male and female C. macu-
latus, so sex-specificity in the genetic architecture of in-
breeding depression is certainly possible. Remarkably,
females have previously been shown to be much more
affected by inbreeding than males in this species, both in
terms of reduced body size [54] and life span [55, 56],
congruent with recent findings in Drosophila [57]. This
suggests that the genetic load across loci encoding for
male-specific fitness may be lower, perhaps due to more
efficient purging via stronger selection [11, 48] and/or
sex-linked mutations being exposed unconditionally in
the heterogametic sex [57]. If there is a greater effective
load on female-specific function relative to male-specific
function, then females with male-benefit SA genotypes
(i.e. those starting out with already lower female-specific
function) might suffer greater detriments upon inbreed-
ing/homozygosity relative to males with female-benefit
genotypes. This sort of epistatic interaction between sex-
specific effective mutation load and SA genetic variation
could have generated the asymmetric pattern of extinc-
tion we observed along the ‘antagonism’ dimension.
Lastly, there could actually be more mutation load

linked to male-benefit SA genetic variation than to
female-benefit SA genetic variation. Connallon and Jordan
[58] have recently shown that, in theory, SA selection
should generate female-harming mutations near male-
benefit SA alleles, and vice versa. This process would gen-
erate a similar mutation load linked to male- and female-
benefit SA genetic variation, and would therefore not ex-
plain the asymmetric pattern of extinction we observed
along the ‘antagonism’ dimension. However, Connallon
and Jordan [58] also showed that male-biased mutation
rates (a common and widespread phenomenon) should
interact with SA selection to generate an increased muta-
tion load on male-benefit haplotypes relative to female-
benefit haplotypes. If there is a greater mutation load
linked to male-benefit (relative to female-benefit) SA gen-
etic variation in our population, this could explain our ob-
servation that male-benefit SA genotypes exhibited
greater extinction rates upon inbreeding/homozygosity
relative to female-benefit genotypes.

Conclusions
Independent of the precise causes of extinction, our
experiments reveal a previously unappreciated manifest-
ation of the gender load that may result from sexual selec-
tion. Whether strong sexual selection in males will tend to
increase the relative frequency of SA genotypes in a popula-
tion depends critically on the extent to which sexual selec-
tion favors SC or SA genotypes [6, 12]. Nevertheless,
whether due to the purifying capacity of sexual selection [6]

or other forms of SC purifying selection, we expect well-
adapted populations to exhibit predominantly SA genetic
variance for fitness [12, 21], in which case continued sexual
selection would favor male-benefit/female-detriment alleles
[6, 16]. We have shown here that this male-benefit/female-
detriment genetic variation favored by sexual selection in
males incites greater inbreeding depression than female-
benefit/male-detriment genetic variation. Depending on the
underlying mechanism (see above), this means that male-
benefit SA genetic architecture, its phenotypic effects, or
both pose an additional threat to population viability that
has not yet been recognized. Further, in addition to select-
ing for female-detriment alleles that are sensitive to in-
breeding depression, strong sexual selection in males
should also decrease effective population size [22, 28, 59].
Thus, under certain conditions, sexual selection may set off
an extinction vortex whereby these mechanisms reinforce
one another.
Whether strong sexual selection in males poses greater

net benefits or detriments to population viability will de-
pend on many interacting factors [6, 59]. Our findings
add resolution to the role of SA genetic variation for fit-
ness in determining that outcome. Although we expect
natural populations to exhibit mostly SA genetic vari-
ance for fitness [12, 19–21], such as the population we
used here, we note that other populations of C. macula-
tus show less SA genetic variance [25]. Empirical evi-
dence suggests that natural populations exhibit variable
but potentially abundant levels of SA genetic variance
for fitness [15, 23, 25, 56, 60–66]. Perhaps owing to
these varying levels sexual antagonism, or to the varying
methodologies across studies, empirical estimates of the
effects of sexual selection on populations show a range
of effects, from positive (e.g. [7–11]), to ineffectual (e.g.
[67, 68]), and even negative (e.g. [47, 68, 69]; reviewed in
[6, 19]). Indeed, Whitlock and Agrawal [6], among
others, warn that strong sexual selection in males in the
context of SA genetic variance for fitness could have
neutral or even negative effects on populations. Our
findings add merit to this possibility, showing that in a
population exhibiting SA genetic variance for fitness,
continued sexual selection for male-benefit/female-detri-
ment genotypes could enhance a population’s risk of
extinction under inbreeding depression. This may
weaken the general potential for strong sexual selection
in males to account for the two-fold cost of sex [1–6].
As a final cautionary note, we have shown here that

when constructing inbred lines, a non-random pattern
of extinction occurs with regard to sex-specific fitness.
Thus, a panel of inbred lines will exhibit a non-random
representation of segregating genetic variation for fit-
ness. Specifically, SA alleles that are sexually selected in
males may be underrepresented or even lacking from
panels of inbred lines, such as the Drosophila genetic
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reference panel (DGRP [70]). It remains unclear how far
this result can be extrapolated, especially with reference
to loci under other forms of balancing selection. Never-
theless, this raises the issue of what types of questions
regarding genetic architecture we can expect to validly
address using inbred lines. At the very least, our results
suggest that we should exercise caution when drawing
conclusions based on such panels. One strategy to com-
bat this issue, of course, would be to characterize how
populations’ genetic variance for fitness is distributed
across genotypes prior to inbreeding them, so as to de-
tect the type of genetic architecture expected to be un-
derrepresented or lacking in a resultant panel of inbred
lines.

Additional files

Additional file 1: Figure S1. Exceptions to sample size per isofemale
line—explanation of deviations from a perfectly balanced number of
lineages per isofemale line in the inbreeding experiment. Figure S2.
Special-case extinction criteria—details of the protocol of the inbreeding
experiment. Figure S3. Simulating expected fecundity-based extinction—-
details of the follow-up simulation. Figure S4. Calculating expected
extinction based on first generation—details of the follow-up calculation.
Figure S5. Modes of extinction—details of the investigation of the varied
ways in which lineages went extinct during the inbreeding experiment.
(DOC 377 kb)

Acknowledgements
We thank Johanna Liljestrand Rönn for help with experiments.

Funding
This research was supported by the European Research Council (GENCON
AdG-294333; to GA), the Swedish Research Council (621-2010-5266;
621-2014-4523; to GA), the Stiftelsen för Zoologisk Forskning (to KG), and
the Liljewalch's Resestipendier (to KG).

Availability of data and materials
The data sets supporting the results of this article are available in the Dryad
Digital Repository, [http://dx.doi.org/10.5061/dryad.cv4h2] [71].

Authors’ contributions
All authors contributed to the experiment design. KG carried out all
experiments, analyses and writing, with the guidance and supervision of DB
and GA. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval
Not applicable for invertebrate animals.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 21 March 2017 Accepted: 25 May 2017

References
1. Manning JT. Males and the advantage of sex. J Theor Biol. 1984;108:215–20.

2. Agrawal AF. Sexual selection and the maintenance of sexual reproduction.
Nature. 2001;411:692–5.

3. Siller S. Sexual selection and the maintenance of sex. Nature. 2001;411:689–92.
4. Whitlock MC. Selection, load and inbreeding depression in a large

metapopulation. Genetics. 2002;160:1191–202.
5. Lorch PD, Proulx S, Rowe L, Day T. Condition-dependent sexual selection

can accelerate adaptation. Evol Ecol Res. 2003;5:867–81.
6. Whitlock MC, Agrawal AF. Purging the genome with sexual selection: reducing

mutation load through selection on males. Evolution. 2009;63:569–82.
7. Radwan J. Effectiveness of sexual selection in removing mutations induced

with ionizing radiation. Ecol Lett. 2004;7:1149–54.
8. Hollis B, Fierst JL, Houle D. Sexual selection accelerates the elimination of a

deleterious mutant in Drosophila melanogaster. Evolution. 2009;63:324–33.
9. Jarzebowska M, Radwan J. Sexual selection counteracts extinction of small

populations of the bulb mites. Evolution. 2010;64:1283–9.
10. Lumley AJ, Michalczyk Ł, Kitson JJ, Spurgin LG, Morrison CA, Godwin JL,

Dickinson ME, Martin OY, Emerson BC, Chapman T, Gage MJ. Sexual
selection protects against extinction. Nature. 2015;522:470–3.

11. Grieshop K, Stångberg J, Martinossi‐Allibert I, Arnqvist G, Berger D. Strong
sexual selection in males against a mutation load that reduces offspring
production in seed beetles. J Evol Biol. 2016;29:1201–10.

12. Connallon T, Clark AG. A general population genetic framework for
antagonistic selection that accounts for demography and recurrent
mutation. Genetics. 2012;190:1477–89.

13. Lande R. Sexual dimorphism, sexual selection, and adaptation in polygenic
characters. Evolution. 1980;34:292–305.

14. Rice WR, Chippindale AK. Intersexual ontogenetic conflict. J Evol Biol. 2001;
14:685–93.

15. Chippindale AK, Gibson JR, Rice WR. Negative genetic correlation for adult
fitness between sexes reveals ontogenetic conflict in Drosophila. Proc Natl
Acad Sci. 2001;98:1671–5.

16. Arnqvist G, Rowe L. Sexual conflict. Princeton: Princeton University Press; 2005.
17. Bonduriansky R, Chenoweth SF. Intralocus sexual conflict. Trends Ecol Evol.

2009;24:280–8.
18. Van Doorn GS. Intralocus sexual conflict. Ann N Y Acad Sci. 2009;1168:52–71.
19. Connallon T, Cox RM, Calsbeek R. Fitness consequences of sex-specific

selection. Evolution. 2010;64:1671–82.
20. Stewart AD, Pischedda A, Rice WR. Resolving intralocus sexual conflict:

genetic mechanisms and time frame. J Hered. 2010;101 Suppl 1:S94–9.
21. Connallon T, Clark AG. Evolutionary inevitability of sexual antagonism. Proc

R Soc Lond B Biol Sci. 2014;281:20132123.
22. Kokko H, Brooks R. Sexy to die for? Sexual selection and the risk of

extinction. Ann Zool Fenn. 2003;40:207–19. Finnish Zoological and Botanical
Publishing Board.

23. Pischedda A, Chippindale AK. Intralocus sexual conflict diminishes the
benefits of sexual selection. Plos Biol. 2006;4:2099–103.

24. Arnqvist G, Tuda M. Sexual conflict and the gender load: correlated
evolution between population fitness and sexual dimorphism in seed
beetles. Proc R Soc Lond B Biol Sci. 2009;277:1345–52.

25. Berger D, Grieshop K, Lind MI, Goenaga J, Maklakov AA, Arnqvist G. Intralocus
sexual conflict and environmental stress. Evolution. 2014;68:2184–96.

26. Berger D, Martinossi-Allibert I, Grieshop K, Lind MI, Maklakov AA, Arnqvist G.
Intralocus sexual conflict and the tragedy of the commons in seed beetles.
Am Nat. 2016;188:E98–E112.

27. Hartl DL, Clark AG, Clark AG. Principles of population genetics. Sunderland:
Sinauer Associates; 1997.

28. Lynch M, Walsh B. Genetics and analysis of quantitative traits. Sunderland:
Sinauer associates; 1998.

29. Charlesworth B, Charlesworth D. The genetic basis of inbreeding depression.
Genet Res. 1999;74:329–40.

30. Charlesworth D, Willis JH. The genetics of inbreeding depression. Nat Rev
Genet. 2009;10:783–96.

31. Southgate BJ. Biology of the Bruchidae. Annu Rev Entomol. 1979;24:449–73.
32. Miyatake T, Matsumura F. Intra-specific variation in female remating in

Callosobruchus chinensis and C. maculatus. J Insect Physiol. 2004;50:403–8.
33. Simberloff D. The proximate causes of extinction. In: Fisher DC, editor. Patterns

and processes in the history of life. Berlin: Springer; 1986. p. 259–76.
34. Therneau T. Mixed effects Cox models. R package version 2.2-5. 2015. http://

CRAN.R-project.org/package=coxme.
35. R Core Team. R: a language and environment for statistical computing. Vienna:

R Foundation for Statistical Computation; 2015. http://www.R-project.org/.

Grieshop et al. BMC Evolutionary Biology  (2017) 17:134 Page 9 of 10

dx.doi.org/10.1186/s12862-017-0981-4
http://dx.doi.org/10.5061/dryad.cv4h2
http://cran.r-project.org/package=coxme
http://cran.r-project.org/package=coxme
http://www.r-project.org/


36. Therneau T. A package for survival analysis in S. R package version 2.38.
2014. http://CRAN.R-project.org/package=survival.

37. Bates D, Maechler M, Bolker B, Walker S. Fitting linear mixed-effects models
using lme4. J Stat Soft. 2015;67:1–48.

38. Huxley JS. The present standing of the theory of sexual selection. In: deBeer,
GR, editor. Evolution. Oxford: Clarendon Press; 1938. p. 11-42.

39. Rowe L, Houle D. The lek paradox and the capture of genetic variance by
condition dependent traits. Proc R Soc Lond B Biol Sci. 1996;263:1415–21.

40. Houle D, Kondrashov AS. Coevolution of costly mate choice and condition-
dependent display of good genes. Proc R Soc Lond B Biol Sci. 2002;269:97–104.

41. Holland B, Rice WR. Experimental removal of sexual selection reverses
intersexual antagonistic coevolution and removes a reproductive load. Proc
Natl Acad Sci. 1999;96:5083–8.

42. Rankin DJ, López‐Sepulcre A. Can adaptation lead to extinction? Oikos.
2005;111:616–9.

43. Eldakar OT, Wilson DS, Dlugos MJ, Pepper JW. The role of multilevel
selection in the evolution of sexual conflict in the water strider Aquarius
remigis. Evolution. 2010;64:3183–9.

44. Rankin DJ, Dieckmann U, Kokko H. Sexual conflict and the tragedy of the
commons. Am Nat. 2011;177:780–91.

45. Plesnar-Bielak A, Skrzynecka AM, Prokop ZM, Radwan J. Mating system
affects population performance and extinction risk under environmental
challenge. Proc R Soc Lond B Biol Sci. 2012;279:4661–7.

46. Takahashi Y, Kagawa K, Svensson EI, Kawata M. Evolution of increased
phenotypic diversity enhances population performance by reducing sexual
harassment in damselflies. Nat Commun. 2014; doi:10.1038/ncomms5468.

47. Chenoweth SF, Appleton NC, Allen SL, Rundle HD. Genomic evidence that
sexual selection impedes adaptation to a novel environment. Curr Biol.
2015;25:1860–6.

48. Janicke T, Häderer IK, Lajeunesse MJ, Anthes N. Darwinian sex roles
confirmed across the animal kingdom. Sci Adv. 2016; doi:10.1126/sciadv.
1500983.

49. Stearns SC. The evolution of life histories. Oxford: Oxford University Press; 1992.
50. Rankin DJ, Arnqvist G. Sexual dimorphism is associated with population fitness

in the seed beetle Callosobruchus maculatus. Evolution. 2008;62:622–30.
51. Crow JF. Alternative hypotheses of hybrid vigor. Genetics. 1948;33:477–87.
52. Crow JF. Dominance and overdominance. In: Gowen JE, editor. Heterosis.

Ames: Iowa State College Press; 1952. p. 282–97.
53. Immonen E, Sayadi A, Bayram H, Arnqvist G. Mating changes sexually

dimorphic gene expression in the seed beetle Callosobruchus maculatus.
Genome Biol Evol. 2017; doi:10.1093/GBE/evx029.

54. Tran B, Credland PF. Consequences of inbreeding for the cowpea seed
beetle, Callosobruchus maculatus (F.)(Coleoptera: Bruchidae). Biol J Linn Soc.
1995;56:483–503.

55. Fox CW, Scheibly KL, Wallin WG, Hitchcock LJ, Stillwell RC, Smith BP. The
genetic architecture of life span and mortality rates: gender and species
differences in inbreeding load of two seed-feeding beetles. Genetics. 2006;
174:763–73.

56. Bilde T, Maklakov AA, Meisner K, la Guardia L, Friberg U. Sex differences in
the genetic architecture of lifespan in a seed beetle: extreme inbreeding
extends male lifespan. BMC Evol Biol. 2009;9:33.

57. Carazo P, Green J, Sepil I, Pizzari T, Wigby S. Inbreeding removes sex
differences in lifespan in a population of Drosophila melanogaster. Biol Lett.
2016; doi:10.1098/rsbl.2016.0337.

58. Connallon T, Jordan CY. Accumulation of deleterious mutations near
sexually antagonistic genes. G3: Genes| Genomes|. Genetics. 2016;6:2273–84.

59. Martínez‐Ruiz C, Knell RJ. Sexual selection can both increase and decrease
extinction probability: reconciling demographic and evolutionary factors. J
Anim Ecol. 2017;86:117–27.

60. Fedorka KM, Mousseau TA. Female mating bias results in conflicting
sex-specific offspring fitness. Nature. 2004;429:65–7.

61. Brommer JE, Kirkpatrick M, Qvarnström A, Gustafsson L. The intersexual
genetic correlation for lifetime fitness in the wild and its implications for
sexual selection. Plos One. 2007. doi:10.1371/journal.pone.0000744.

62. Foerster K, Coulson T, Sheldon BC, Pemberton JM, Clutton-Brock TH, Kruuk
LE. Sexually antagonistic genetic variation for fitness in red deer. Nature.
2007;447:1107–10.

63. Mainguy J, Côté SD, Festa-Bianchet M, Coltman DW. Father–offspring
phenotypic correlations suggest intralocus sexual conflict for a fitness-linked
trait in a wild sexually dimorphic mammal. Proc R Soc Lond B Biol Sci. 2009;
276:4067–75.

64. Svensson EI, McAdam AG, Sinervo B. Intralocus sexual conflict over immune
defense, gender load, and sex‐specific signaling in a natural lizard
population. Evolution. 2009;63:3124–35.

65. Tarka M, Åkesson M, Hasselquist D, Hansson B. Intralocus sexual conflict
over wing length in a wild migratory bird. Am Nat. 2013;183:62–73.

66. Barson NJ, Aykanat T, Hindar K, Baranski M, Bolstad GH, Fiske P, Jacq C,
Jensen AJ, Johnston SE, Karlsson S, Kent M. Sex-dependent dominance at a
single locus maintains variation in age at maturity in salmon. Nature. 2015;
doi:10.1038/nature16062.

67. Mcguigan K, Petfield D, Blows MW. Reducing mutation load through sexual
selection on males. Evolution. 2011;65:2816–29.

68. Arbuthnott D, Rundle HD. Sexual selection is ineffectual or inhibits the
purging of deleterious mutations in Drosophila melanogaster. Evolution.
2012;66:2127–37.

69. Hollis B, Houle D. Populations with elevated mutation load do not benefit
from the operation of sexual selection. J Evol Biol. 2011;24:1918–26.

70. MacKay TF, Richards S, Stone EA, Barbadilla A, Ayroles JF, Zhu D, Casillas S,
Han Y, Magwire MM, Cridland JM, Richardson MF. The Drosophila
melanogaster genetic reference panel. Nature. 2012;482:173–8.

71. Grieshop K, Berger D, Arnqvist G. (2017) Data from: Male-benefit sexually
antagonistic genotypes show elevated vulnerability to inbreeding. Dryad
Digital Repository. http://dx.doi.org/10.5061/dryad.cv4h2.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Grieshop et al. BMC Evolutionary Biology  (2017) 17:134 Page 10 of 10

http://cran.r-project.org/package=survival
http://dx.doi.org/10.1038/ncomms5468
http://dx.doi.org/10.1126/sciadv.1500983
http://dx.doi.org/10.1126/sciadv.1500983
http://dx.doi.org/10.1093/GBE/evx029
http://dx.doi.org/10.1098/rsbl.2016.0337
http://dx.doi.org/10.1371/journal.pone.0000744
http://dx.doi.org/10.1038/nature16062
http://dx.doi.org/10.5061/dryad.cv4h2

	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Study organism
	Study population
	Inbreeding experiment
	Causes of extinction
	Statistical analysis

	Results
	Inbreeding experiment
	Causes of extinction

	Discussion
	Potential causes of extinction

	Conclusions
	Additional files
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval
	Publisher’s Note
	References

