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SUMMARY

Intralocus sexual conflict (IaSC) occurs when selection at a given locus favors different
alleles in males and females, placing a fundamental constraint on adaptation. However, the
relative impact of 1aSC on adaptation may become reduced in stressful environments that
expose conditionally deleterious mutations to selection. The genetic correlation for fitness
between males and females (rmg) provides a quantification of 1aSC across the genome. We
compared 1aSC at a benign (29°C) and a stressful (36°C) temperature by estimating rys in
two natural populations of the seed beetle Callosobruchus maculatus using isofemale lines.
In one population, we found substantial 1aSC under benign conditions signified by a negative
rve (-0.51) and, as predicted, a significant reduction of 1aSC under stress signified by a
reversed and positive rve (0.21). The other population displayed low 1aSC at both
temperatures (rwe: 0.38; 0.40). In both populations, isofemale lines harboring alleles
beneficial to males but detrimental to females at benign conditions tended to show overall
low fitness under stress. These results offer support for low 1aSC under stress and suggest
that environmentally sensitive and conditionally deleterious alleles that are sexually selected
in males mediate changes in 1aSC. We discuss implications for adaptive evolution in sexually

reproducing populations.
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INTRODUCTION

Males and females share much of the same genome, but selection is often distinct in the two

sexes. This leads to genetic conflict over sex-specific phenotypic optima where allele

frequency changes at loci conferring a fitness advantage to one sex may bear costs to the

other (Lande 1980, Rice 1984, Arnqvist and Rowe 2005, Bonduriansky and Chenoweth
Q) 2009). Such sexually antagonistic (SA) loci may thus place an ultimate limit on adaptation
(Rice 1992, Chippindale et al. 2001, Arnqgvist and Tuda 2010). This intralocus sexual conflict
(1aSC) is predicted to affect a range of fundamental evolutionary processes, such as the
maintenance of genetic variation and mutation load (Kidwell et al. 1977, Connallon et al.
2010, Fry 2010, Arngvist 2011), population differentiation (Connallon and Clark 2012,

Hesketh et al. 2013) and adaptation to environmental change (Whitlock and Agrawal 2009).

The extent to which 1aSC will limit adaptation within natural populations is determined
primarily by the amount of genetic variation at SA loci relative to those having sexually
concordant fitness effects (Rowe and Houle 1996, Hunt et al. 2004). As a corollary, the
relative amount of SA variation for fitness determines whether the net effect of sexual
selection will increase or decrease the rate of adaptation (Agrawal 2001, Lorch et al. 2003,
Radwan 2004, Morrow et al. 2008, Whitlock and Agrawal 2009, Arngvist and Tuda 2010). If

mutations have concordant effects across the sexes, then strong sexual selection eliminating
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males of poor genetic quality from the mating pool can decrease the mutation load at the
population level without discernible demographic costs (Manning 1984, Agrawal 2001). On
the other hand, if alleles have opposing fitness effects in the sexes then sexual selection in
males would tend to increase the frequency of alleles having deleterious effects in females,

imposing a potentially sizeable gender load on fitness (Chippindale et al. 2001, Bonduriansky
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and Chenoweth 2009, Arngvist and Tuda 2010, Connallon et al. 2010). The relative
contribution of SA loci to standing genetic variance in fitness thus has important implications

for the rate of adaption (Lorch et al. 2003, Whitlock and Agrawal 2009, Long et al. 2012).

1aSC can be estimated through the intersexual genetic correlation for fitness (rwg), using
either quantitative genetic breeding designs or pedigree-based inferences. Estimates from
standing genetic variation in laboratory Drosophila populations have shown negative rygs,
demonstrating 1aSC (e.g. Chippindale et al. 2001, Pischedda and Chippindale 2006, Delcourt
et al. 2012) and data from wildlaSC populations of vertebrates seem to agree with these
results (e.g. Brommer et al. 2007, Foerster et al. 2007, Svensson et al. 2009). However,
because mutations with concordant effects in the sexes should be eliminated (or fixed) by
selection while those with opposing effects may not be (Kidwell et al. 1977, Connallon et al.
2010, Fry 2010), allelic variation at SA loci should be maintained at relatively high
equilibrium frequencies in well-adapted populations (Whitlock and Agrawal 2009, Connallon
et al. 2010, Arngvist 2011). Therefore, inferences based on standing genetic variation could
be biased towards overestimating the impeding effect of 1aSC on adaptation from new
mutation. In support of this expectation, empirical evidence in Drosophila suggests that the
majority of new mutations have deleterious effects across both sexes (e.g. Morrow et al.

2008, Sharp and Agrawal 2013).
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Along the same line, estimates of ryes under benign equilibrium conditions may overestimate
the negative impact of ISC on adaptation from standing genetic variation in novel or stressful
environments. This is because allelic variation with conditional effects might become more
apparent under environmental stress, where it may dominate genetic variance for fitness

(Hoffmann and Merild 1999, Tomkins et al. 2004, Martin & Lenormand 2006, Long et al.
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2013), thus reducing the relative contribution of SA genetic variation (Whitlock and Agrawal
2009, Long et al. 2012). Only a few studies have addressed changes in ryes and the relative
prevalence of 1aSC across different environmental conditions. Long et al. (2012) found, as
expected, that well-adapted D. melanogaster populations had higher relative amounts of SA
genetic variation compared to populations that had experienced an influx of foreign alleles. In
contrast, D. serrata seems to show little consistency in terms of 1aSC across a range of novel
food sources, although differences between environments were not statistically certified
(Delcourt et al. 2009, Punzalan et al. 2013). A possible explanation for these seemingly
incongruent results is that novel environments not only expose previously neutral alleles to
selection, but often change the direction and strength of selection on alleles with important
fitness effects also in the ancestral environment (Martin and Lenormand 2006, Agrawal and
Whitlock 2010, Long et al. 2013). Thus, while theory generally predicts a reduction of 1aSC
in stressful environments through increased sexually concordant selection for overall genetic
quality and stress-resistant phenotypes, it is nevertheless possible that certain novel

environmental conditions may instead intensify 1aSC by changes in SA selection.

Here, we investigate effects of environmental stress on 1aSC by estimating rve at a benign
(29°C) and a stressful (36°C) temperature, using isofemale lines isolated from two natural
populations of the seed beetle Callosobruchus maculatus (Bruchidae). Using temperature to
induce environmental stress is motivated by its well-known effects on ectotherm physiology
through thermodynamic constraints on metabolism (Gillooly et al. 2000, Hochachka and
Somero 2002) and by the current interest and relevance in the face of global climate change.
Beyond a certain limit, warm temperatures decrease fitness and induce stress responses in
both sexes (see Hoffmann and Parsons 1991, Hochacka and Somero 2002, Angilletta 2009).

We predicted that a stressful thermal regime would reduce 1aSC (signified by ryes becoming
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more positive) by aligning selection in males and females through increased selection for
overall genetic quality and stress-resistant phenotypes. We tested whether genetic variance
for fitness was elevated at 36°C compared to 29°C, as might be expected if conditionally
deleterious genetic variation is exposed to selection under stress. We also estimated both
genetic and overall variance in relative fitness across sexes and temperatures as measures of
the opportunity for selection (Crow 1958), to assess if selection had stronger potential to act

in males than in females, and if this putative sex-difference was affected by temperature.

To further describe the dynamics of 1aSC we repartitioned genetic variance for male and
female fitness into a sexually concordant component, describing genetic variation with
identical fitness effects in males and females, and an antagonistic component, describing
genetic variation with opposing fitness effects in the sexes. Using these components of
genetic variance, we tested two explicit predictions. First, we expected positive cross-
environment genetic covariance for sexually concordant fitness, signifying variation for
overall genetic quality. Second, because sexual selection for increased investment into costly
secondary sexual traits is often stronger in males and is expected to trade-off against somatic
maintenance, males should be more sensitive to environmental stress (Sheldon et al. 1998,
Brooks 2000, Tomkins et al. 2004, Bussiere et al. 2008, Kwan et al. 2008, Bellamy et al.
2013, Sharp and Agrawal 2013). We thus predicted that sexually antagonistic genetic
variance encoding high male but low female fitness at benign conditions would tend to show

negative genetic covariance with fitness in both sexes under temperature stress.
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METHODS

Study populations

Callosobruchus maculatus is a pest of leguminous crops that has colonized most of the
tropical and subtropical regions of the world. Females start laying eggs on the day of adult

eclosion. These beetles are capital breeders and lay most of their eggs (80-90%) during the

cle

P — first few days of their life. Hatching success of eggs under benign laboratory conditions is
typically above 95% and larval survival rates are typically above 90% (e.g. Fricke and
Arnqgvist 2004, Fox et al. 2011). The eggs are glued onto the surface of dry beans and
hatched larvae bore into the beans, where they complete their juvenile phase in about 3 weeks
at 29°C (e.g. Fox et al. 2011, Rogell et al. 2013). Although both sexes will mate on their first

day of adulthood and then repeatedly throughout life, males will do so at much higher
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l p potential frequencies. Females are thus often seen resisting male mating attempts by
Q*displaying various resistance behaviours, such as kicking with the hind legs in order to thwart
harassing males. Nevertheless, females typically mate multiply, introducing post-copulatory

sexual selection on males in this species (e.g. Eady 1991, Maklakov & Arngvist 2009). This

CCC

species is facultatively aphagous, i.e. adults do not require food or water to reproduce at high
< rates (Fox 1993). Demographic modelling suggests that C. maculatus colonized human grain
stores during early Holocene (around 12000 years ago; Kebe et al. submitted). Thus, they
have adapted to conditions very similar to laboratory settings for several thousands of
generations making them suitable as a laboratory model system (Fox et al. 2003; Messina et
al. 2009). A temperature of 29°C is considered optimal for this species, while 36°C is clearly
suboptimal with signs of reduced juvenile survival and female fecundity (Giga and Smith

1983, Fox and Stillwell 2009, Rogell et al. 2013, see also figure 1).
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The two study populations were isolated from Vigna unguiculata seed pods collected in the
field during October and November, 2010. The “Lome” population was collected at a small
scale agricultural field close to Lomé, Togo (06°10'N 01°13'E), whereas the “Ofuya”
population was collected at an agricultural field in the Maiduguri area of Borno State, Nigeria
(11°50'N 13°09'E). Average annual temperatures at these locations are 26.6°C (Lome) and
27.5°C (Ofuya) (http://www.worldclimate.com). Annual thermal fluctuations are higher at the
Ofuya location: daily high temperatures regularly reach above 36°C during four months of
the year here (March-June), something which is very rare at the Lome location. Seed pods
were stripped in the laboratory and beans isolated individually. Virgin males and female
hatching out of these beans were paired randomly and each pair founded an isofemale line. In
total, 41 Lome and 32 Ofuya lines were established, each of which thus derived from a single
maternal and a single paternal genome. Lines were immediately expanded (using all F1
offspring produced by the founders of each line) to a population size of approximately 2-300
adults that were then kept on V. unguiculata seeds at 29° C, 50% RH and a 12L:12D light

cycle, for 15 generations prior to the experiments.

Fitness assays

In order to derive relevant sex- and temperature specific estimates of each isofemale line’s
genetic values for fitness, as well as estimates of ryes at both temperatures, we set up
replicated assays of male- and female lifetime reproductive success. Three generations prior
to the start of these assays, we created an outbred reference population each for the Lome and
Ofuya population by taking 10-20 individuals from each isofemale line and letting them
mate at random within each population. Individuals from these reference populations were

then allowed to compete against and mate with the focal beetles originating from the
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isofemale lines (see below). The generation before an experimental block, each isofemale
line, kept at 29°C, was provided with ca. 600 V. unguiculata beans. After 36-48 hours of egg
laying, we isolated 48 randomly selected beans individually from each line and assigned half
of these to each of the two experimental temperatures (29 °C or 36°C). 20-30 days later,
virgin beetles started emerging and these were immediately used in the assays. Similarly, for
the reference populations, we provided each population, consisting of ca. 600 beetles, with
approximately 1500 beans and isolated and assigned these to either 29 °C or 36°C in the same

manner.

To estimate male fitness, a single virgin focal male from an isofemale line was introduced
together with two sterilized virgin males and three virgin females from the reference
population. These six individuals were placed together in a petri-dish (90mm &) containing a
surplus of V. unguiculata beans and kept there for their entire life. Reference males were
sterilized by irradiating them with a 100Gy dose from a cesium-137 source. This sterilization
technique has been shown to cause lasting sterility in male seed beetles while not
compromising male copulation ability and sperm competitive ability (Eady 1991, Maklakov
and Arnqvist 2009). Although males will mate with more than three females if given the
chance, we note that repeated mating with the same female also elevates male reproductive
success in the face of sperm competition in this species. Our protocol therefore captures
variation in both male pre-mating and post-mating reproductive success. For the female
fitness assays, a single virgin focal female was placed in a petri-dish with a surplus of beans
along with two (non-irradiated) virgin reference males for their entire life, ensuring that
females could re-mate at will. We used two males to reduce the risk of variation in female
offspring production due to random variation in fertility among reference males. Using two
males also ensures some male harassment such that a female’s ability to resist male
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persistence forms an element of her fitness, as male interference is known to reduce female
reproductive success in seed beetles (e.g. Yanagi and Miyatake 2003, Maklakov and Arnqvist
2009). Although it is impossible to capture all aspects of fitness variation in any system, our
estimates should be highly relevant in this species. We further note that although male and
female fitness assays differ in the numbers and ratio of same- and opposite sex individuals,

this is unlikely to bias our estimates of variance in temperature- and sex-specific fitness.

Fitness assays were kept at the experimental temperature for a total of 35 days after which
replicates were frozen at -20°C. This ensures that all F1 offspring had emerged. Our measure
of male and female lifetime reproductive success is the total number of adult beetles (i.e.
offspring) hatching from each replicate. We note that the complete effects of treatment
temperature (29 °C or 36°C) on the whole life cycle are included in these estimates through
thermal effects during juvenile development and subsequent adult performance in the
parental generation (focal individuals) as well as any effects on juvenile survival in their F1

offspring.

Split evenly among the two experimental temperatures, we scored in total 1036 female and
993 male assays for the Lome population, and 975 female and 1042 male assays for the
Ofuya population. Each sex x temperature combination was set-up over 5 consecutive
generations in the laboratory, with on average 12-13 and 14-18 individuals scored per line
and combination for Lome and Ofuya, respectively. Sex- and temperature-specific sample

sizes for each isofemale line are reported in S3.
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Isofemale line heritability and rygs

Additive genetic variance for fitness can be approximated as twice the variance between

isofemale lines, and the heritability of fitness is then estimated as (Hoffmann and Parsons

1988):
2
2 _
hw - } _} [1]
t 2

where t is the intraclass correlation across isofemale lines (i.e. Viine / [Viine + Verror]). The

intersexual genetic correlation for fitness (rvg) is then:

_ COVye [2]

B (Vi xVe ]

where COV v is the genetic covariance between male and female fitness, and Vi and Vg are
the sex-specific genetic variances. We set up replicate fitness assays for all lines over 5
consecutive generations, which should minimize any parental and common environment
effects that could otherwise inflate our estimates of genetic (co)variance. Given this, our
estimates are unbiased under the assumptions (i) that inbreeding after isofemale line
expansion was negligible and (ii) that dominance variance is negligible. Although both
inbreeding and dominance can lead to overestimation of heritabilities, the facts that we
maintained our isofemale lines at a large population size and that the heritability from an
isofemale line analysis well approximates the narrow-sense heritability over a wide range of

dominance values (Hoffmann and Parsons 1988, David et al. 2005) suggest that our estimates
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are not significantly biased. We note here that our estimates of heritability (see below) were,
if anything, lower than those reported earlier from both wild (Messina 1993; half-sib breeding

design) and laboratory (Bilde et al. 2008; diallel cross design) populations of C. maculatus.

Opportunity for selection

The total opportunity for (or intensity of) selection (I), defined as the variance in relative
fitness, gives an upper boundary for the efficacy of genetic selection (Crow 1958) and is
often predicted to be greater for males as a result of sexual selection (Bateman 1948, Wade
1979). To complement our estimates of genetic variance in fitness, which had rather low
statistical power (see below), we also calculated | to assess whether the opportunity for
selection was greater in males than in females and greater at stressful temperature, conditions
that would imply strong potential for sexual selection to aid adaptation to temperature stress.

Following Crow (1958):
Vv
=5 [3]

where V equals variance in the number of offspring produced per focal parent and W equals
the mean number of offspring produced per focal parent (Wade 1979). We note that this,
along with all other derived metrics (table 1), is based on log-transformed data. However, we
are here interested in the comparisons across sexes and temperatures and performing the

same calculations on the raw data gave the same qualitative results (not shown here).

Sexually antagonistic and concordant genetic variance for fitness
A relatively simple reassignment of genetic variance in sex-specific fitness can greatly

improve our understanding of the dynamics of 1aSC under different environmental

This article is protected by copyright. All rights reserved.
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conditions. In the two-dimensional space made up by standardized scores of fitness of male
and female genotypes, an axis with a slope of one will describe sexually concordant genetic
variation. A second axis which is orthogonal to the first axis will describe sexually
antagonistic genetic variation. By projecting each genotype on these two axes, one can
convert line scores of male and female fitness to line scores of sexually concordant and
sexually antagonistic fitness (see figure 3 a, b). We achieved this by, for each temperature
and population separately, rotating the two-dimensional Cartesian coordinate system

describing male and female genotypes clockwise by 45°:

X’ =xcos (©)-ysin(©) [4a]

y’=xsin(©)+ycos(©) [4b]

where x* and y’ are the values of sexually antagonistic and concordant fitness, x and y are
male and female fitness and © is the angle by which the coordinate system has been rotated
(i.e. 45°). This conversion was performed on zero-centered and unit variance standardized
data, making the two derived variables analogous to principal components with the difference
being that they are predefined to capture sexually concordant and antagonistic genetic
variation, rather than the major (PC1) and minor (PC2) axis of variation in the original data.

Note that no variance is lost during this procedure.

We first compared the amount of sexually antagonistic and concordant genetic variation at
each temperature, given by the estimated variance between isofemale lines along these two

dimensions. We then calculated correlations of line scores for sexually concordant and
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antagonistic variation across the two temperatures to ask (i) whether line scores on the
concordant axis at the benign temperature were positively correlated to the concordant scores
at the stressful temperature, suggesting variation in overall genetic quality, and (ii) if lines
with high male-benefit scores on the antagonistic fitness axis at 29°C showed low concordant
fitness scores at 36°C, as would be predicted if SA alleles encoding successful males at

benign temperatures represent less stress-resistant genotypes.

Statistical rationale

To estimate genetic (co)variance matrices and test for significant differences in rygs between
environments, we ran general linear mixed models using restricted maximum likelihood
(REML) implemented in the Ime4 package, v.0.999999-2 (Bates et al. 2013) and the asreml-
R package, v.3.0 (Butler 2009), available for the statistical software R, v.3.0.0 (R core team
2013). To calculate P-values we compared log-likelihoods between models where ryes either
were constrained to be equal across environments or estimated in each environment, or

between models where random effects of interest were either excluded or included.

To first validate the results of the REML analyses, we used Bayesian statistics utilizing
Markov Chain Monte Carlo resampling of the data, implemented in the MCMCglmm
package (Hadfield 2010) for R. This approach also provides Bayesian P-values and 95%
credible intervals (the Bayesian equivalent of confidence intervals) for variance components
and correlations. These could then be used to quantify differences in sexually antagonistic
and concordant genetic variance, as well as the total opportunity for selection and genetic
variance, across sexes and temperatures. We set uniform priors for the correlations according

to recommendations in Hadfield (2010). We ran 4,000,000 simulations preceded by a

This article is protected by copyright. All rights reserved.
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400,000 burn-in phase and stored every 4000" iteration to produce 1000 uncorrelated
posterior estimates of the genetic (co)variance matrix from which 95% credible intervals

were calculated (S1 for details).

To confirm that 36°C was indeed a stressful environment compared to 29°C, we tested for
main effects of the temperature treatment on fitness in linear mixed models with temperature,
sex, generation and their interaction as fixed factors. As random factors, we here included

line crossed by temperature and sex, and temperature- and sex-specific effects of set-up date.

To estimate temperature- and sex-specific genetic variance for fitness and test the main
prediction that ryrs should become more positive at 36°C, we first calculated relative fitness
per sex and temperature for each experimental generation. Relative fitness was log-
transformed to improve model fit. The model intercept was included as the only fixed effect
and as random effects we included line crossed by temperature and sex (the statistical unit for

estimates of genetic (co)variances), and temperature- and sex-specific effects of set-up date.

Accepted Article

RESULTS
Effect of temperature on fitness

Relative to 29°C, fitness at 36°C was reduced by 42% in the Lome population (y? = 16.27, df
=1, P < 0.001) and 57% in the Ofuya population (x* = 36.95, df = 1, P < 0.001). This effect

did not differ significantly between male and female assays in either population (Lome: 32 =

This article is protected by copyright. All rights reserved. 15



0.028, df =1, P =0.87; Ofuya: X2 =0.35, P =0.56), confirming that 36°C indeed generally

presented a stressful environment (Fig. 1).

Changes in rygs

We first tested if the sex- and temperature-specific genetic architectures of the two particular
populations used here were different by analyzing the whole dataset with population

incorporated as a fixed effect that was crossed by the random terms (isofemale lines crossed

icle

by temperature and sex). Indeed, there was a significant difference in genetic architecture
between the populations (x% = 22.9, df = 10, P = 0.011) that could mostly be ascribed to
differences in sex-specific genetic architecture at 29°C (Table 1, Fig. 2). Hence, in the

following analyses, the two populations were analyzed separately.

In the Lome population, we found evidence for a significant sex-by-temperature interaction

pted Art

for genetic variance in fitness (P = 0.04, Table 1). A direct test for a change in rygs was
performed by comparing log-likelihoods of a model allowing for different ryes across
temperatures, and an alternative model constraining these correlations to be equal. This
showed that the ryr changed significantly across environments (x? = 5.18, df = 1, P = 0.023),

with a negative ryr at 29°C and a positive ryr at 36°C, thus providing evidence for a reversal

Acce

of the intersexual genetic correlation for fitness across temperatures (Fig. 2a). The negative
rvr at 29°C was significantly different from zero (X2 =3.90, df = 1, P =0.048), whereas the
positive correlation at 36°C was not (x° = 0.23, df = 1, P = 0.63). In the Ofuya population,
there was no significant sex-by-temperature interaction for genetic variance in fitness (P =

0.36, Table 1), and no change in ryr across temperatures (X2 =0.001,df=1,P=0.98). The
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rmeS Were positive at both temperatures (Fig. 2b). These correlations were not significantly
different from zero on their own (29°C: ¥ = 2.67, df= 1, P = 0.10; 36°C: > = 0.997, df = 1, P
= 0.32) but a pooled estimate across both temperatures showed evidence for a significant
positive intersexual genetic correlation for fitness in the Ofuya population (y* = 3.82, df = 1,

P =0.05).

The total opportunity for selection was higher in males and increased under temperature
stress in both populations, as predicted (Table 1). However, we found no support for a higher
absolute level of genetic variance for fitness in males, or a general increase in genetic
(co)variance under stress (Table 1, raw covariance matrices in S1). Additive genetic variance
and heritability of fitness are typically low and thus notoriously difficult to estimate (e.g.
Teplitsky et al. 2009) and our study was no exception (Tables 1 and S1). In particular,
difficulties in partitioning variance in male fitness among the genetic and environmental
component resulted in low statistical power in estimates of genetic correlations across
environments in males. As a result, we could not attain statistical support for sex-differences
in cross-environment genetic correlations (Lome: X2 =0.28,df =1, P =0.59, Ofuya: X2 =
0.20, df = 1, P = 0.66) despite these being seemingly different in the sexes and significantly

positive in females (S1 and S2).

To assess whether low genetic variance in male fitness affected our results regarding
differences in rves, we utilized two complementary methods for comparing correlations.
First, we performed a Bayesian analysis using Markov Chain Monte Carlo simulations to
resample the data and estimate credible limits for model parameters. Second, we calculated

temperature- and sex-specific arithmetic line means on the raw data and compared the ry

This article is protected by copyright. All rights reserved.
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across temperatures using ANCOVA with line identity as a random error term. Reassuringly,
both of these methods yielded results that were qualitatively identical to those from the
REML analysis. The p-value for a difference in ryg across temperatures from the ANCOVA
was again significant for Lome (F; 35 = 9.69, P = 0.004) and non-significant for Ofuya (F; 29 =
0.03, P =0.55). The Bayesian estimates of correlations and their 95% credible limits showed
a more negative rve at 29°C (r =-0.51, CI: -0.77; 0.05) compared to 36°C (r = 0.21, ClI: -0.38;
0.66) for Lome, and no difference between correlations at 29°C (r = 0.38, CI: -0.14; 0.76) and

36°C (r = 0.40, ClI: -0.25; 0.85) for Ofuya (Fig. 2, S1 and S2).

Sexually antagonistic and concordant genetic variation in fitness

Bayesian analyses of predicted isofemale line means for sexually concordant and sexually
antagonistic (SA) fitness (Fig. 3) validated the analyses of changes in rues. In the Lome
population, the proportion of total genetic variance in fitness that was SA was reduced from
76% (Cl: 48; 89) at 29°C to 41% (CI: 16; 68) at 36°C. In the Ofuya population a much
smaller fraction of fitness variation was SA both at 29°C (37%, CI: 12; 52) and 36°C (30%,

Cl: 8; 62).

In the Lome population, the cross-temperature correlation for sexually concordant genetic
variation was weak (0.05, CI: -0.38; 0.54, P = 0.62) (Fig. 3a). In contrast, there was a
positive, albeit non-significant, correlation across temperatures in the Ofuya population (0.51,

CI: -0.03; 0.83, P = 0.11) (Fig 3b).

This article is protected by copyright. All rights reserved. 18



Interestingly, the sexually antagonistic axis of genetic variance for fitness at 29°C was
correlated to the concordant axis at 36°C: alleles beneficial to males and detrimental to
females at 29°C were associated with overall low sex-specific fitness in both sexes at the
stressful 36°C. This correlation was significant in the Lome population (-0.58, CI: -0.81; -
0.04, P = 0.05, fig.3a) and consistent in sign and magnitude in the Ofuya population (-0.46,
Cl: -0.70; 0.19, P = 0.32, fig. 3b), although the latter was not statistically significant in
isolation. We note that the Ofuya population showed a lower amount of sexually antagonistic
genetic variation and was represented by fewer isofemale lines (32 for Ofuya versus 41 for
Lome), lowering the statistical power for this test. There was no difference in this correlation
between the populations (P = 0.53) and pooling them to run the same Bayesian analysis on
the full set of 73 isofemale lines yielded strong support for a consistent correlation across the

populations (-0.57, CI: -0.76; -0.11, P = 0.018).
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DISCUSSION

Allelic variation at loci with sexually antagonistic effects on fitness should be maintained at
relatively high frequencies under mutation-selection balance. Therefore, we predict that a
large proportion of the standing genetic variation in fitness will have opposing effects in
males and females in well-adapted populations (Kidwell et al. 1977, Rice 1984, Connallon et
al. 2010, Arngvist 2011, Long et al. 2012). However, stressful conditions will push
populations off their equilibria: stress may change selection on previously sexually
antagonistic loci and may expose conditionally deleterious mutations to selection, thereby
lowering the relative contribution of SA loci to variance in fitness and reducing the impeding
effects of 1aSC on adaptation (Whitlock and Agrawal 2009, Long et al. 2012). Our study
provides explicit experimental support for this prediction. In the Lome population, the genetic
architecture of fitness at the benign temperature showed clear evidence for 1aSC, signified by
a negative intersexual genetic correlation for fitness. As predicted, this correlation changed
sign and became significantly more positive under temperature stress. In the Ofuya
population, SA genetic variation for fitness was much lower. Here, the genetic architecture of
fitness instead seemed to be dominated by variation in overall genetic quality, as revealed by
positive genetic correlations for fitness across sexes and temperatures. Nevertheless, the fact
that 1aSC was also low under temperature stress in Ofuya is consistent with the general

hypothesis. Furthermore, despite the differences in sex-specific genetic architecture found
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between the two populations, our results show that SA alleles beneficial to males but
detrimental to females under benign conditions were generally detrimental to both sexes
under stressful conditions (Figs. 3 ¢ & d), implying a common mechanism modulating the

environmental sensitivity of 1aSC.
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The significant difference in sex-specific genetic architecture between the two populations is
interesting and likely reflects differences in evolutionary histories (Bonduriansky and
Chenoweth 2009, Connallon and Clark 2012). One possible explanation for the higher level
of sexually concordant genetic variation at 29°C in the Ofuya population could be that the
more fluctuating climate at this geographical site acts to maintain such variation (Hedrick
1986). Alternatively, marked differences in the strength of sexual selection across natural
populations have been documented in other insect species (e.g., Arngvist 1992, Blanckenhorn
et al. 1999) motivating the possibility that sexual selection may generally be weaker in the
Ofuya population. Although the exact reasons remain unknown, our results highlight that
1aSC and the effect of environmental stress on ryes may differ substantially among natural
populations. Specifically, in populations like Ofuya, where the genetic architecture of fitness
is already dominated by variation for overall genetic quality, increased stress may have little
effect on the sign of the rye. In populations like Lome on the other hand, that exhibit less
genetic variance for overall genetic quality under benign conditions, induced stress may have

a greater effect on the ry.

Sexual and viability selection should align if the expression of sexually selected traits has an
underlying condition dependent component (Fisher 1930, Rowe and Houle 1996), such that
genotypes with high breeding values for male reproductive success also show high breeding
values for female lifetime fecundity. However, selection in males for traits such as
persistence, activity rate and ejaculate characteristics may act to increase 1aSC if genetic
variance for these traits is encoded for by alleles regulating allocation to reproductive effort
rather than having an underlying basis that reflects overall genetic quality and resource
acquisition potential (Tomkins et al. 2004, Hunt et al. 2004). We found little variance in

overall genetic quality and instead significant 1aSC in the Lome population at 29°C. At 36°C
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stress may have exposed conditionally deleterious genetic variation underlying condition to
selection (Hoffmann and Merild 1999), as suggested by the increase in genetic variance in
fitness in Lome males (Table 1). Although this is unlikely to alone explain the reversal of the
rvr (see below), it effectively would act to align viability and sexual selection, and to reduce

1aSC.

The opportunity for selection is expected to be greater in males than in females in
polygamous species (Wade 1979) like C. maculatus, and genetic variance in fitness is
expected to increase in stressful environments (Martin and Lenormand 2006, Agrawal and
Whitlock 2010). The total opportunity for selection was indeed greater in males and also
increased under thermal stress in our populations (I in Table 1), indicating potential for
strong sexual selection on males to aid thermal adaptation in this species (Whitlock and
Agrawal 2009). However, we found no consistent differences in the genetic variance in
fitness (Table 1), suggesting that the observed changes in the total opportunity for selection

were mainly driven by the environmental variance component.

P

L

CC

The fact that there was no general support (across sexes and populations) for an increase in
genetic variance for fitness in the stressful thermal environment suggests that expression of
conditionally deleterious alleles underlying genetic quality is not solely responsible for
reduced 1aSC in the Lome population. We suggest that selection on loci with sexually
antagonistic effects on fitness at the benign 29°C may have changed and become more
sexually concordant at stressful 36°C. Traits that may underlie such a change are, for
example, genetically integrated sexually dimorphic life history components. Previous studies
have shown that female C. maculatus have a larger body size, longer lifespan, lower

locomotor activity and a lower metabolic rate than males (Fox et al. 2006, Dowling et al.
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2007, Arngvist and Tuda 2010, Burgevin et al. 2013), and these traits have been implicated in
1aSC under conditions similar to those of our benign environment (Bilde et al. 20094, b,
Arngvist and Tuda 2010, Berg and Maklakov 2012). Plastic and genetic responses in these
traits to hot temperature show some sex-specificity (Hallsson and Bjorklund 2012, Rogell et
al. 2013), in line with the fact that the genetic architecture of these traits is partly sex-specific
(Fox et al. 2006, Fox and Stillwell 2009, Bilde et al. 2009b, Hallsson et al. 2012). However,
male and female responses tend to be in the same direction. These facts suggest that
important life history components may experience SA selection under benign conditions but
sexually concordant selection at stressful temperatures. Similar environment-dependent
changes in the relative strengths of natural and sexual selection may be common across taxa
(e.g. Delph et al. 2011, Robinson et al. 2012), as many of the potential mechanisms offering
stress-resistance act on traits such as body size and resource allocation to maintenance
(Parsons and Hoffmann 1991, Blanckenhorn 2000, Clarke 2003) that often experience SA

selection at benign conditions (Rice and Chippindale 2001, Wedell et al. 2006).

Theory predicts that in mating systems where males compete intensely over matings, male
life history strategies will be optimized by high investment into early reproduction and can be
described by a “live-fast-die-young” strategy relative to females (Trivers 1972, Clutton-
Brock et al. 1992, Bonduriansky et al. 2008, Maklakov and Lummaa 2013). If so, we may

expect males to be more sensitive to environmental stress (Sheldon et al. 1998, Brooks 2000,

Accepted Article

Tomkins et al. 2004, Bussiere et al. 2008, Kwan et al. 2008, Bellamy et al. 2013). This offers
an explanation for why selection on important fitness components may converge in the sexes
in stressful environments. The hypothesis is particularly likely to apply to temperature stress
in ectotherms, as high temperatures increase metabolic rates deterministically to levels that

eventually become detrimental (Huey and Kingsolver 1989, Brown et al. 2004, Angilletta
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2009). In C. maculatus, males have higher activity levels and mass-specific metabolic rate
than females and fast metabolism is associated with high fitness in males and low fitness in
females at benign temperatures (Berg et al., submitted), well aligned with the fact that we

found that SA alleles conferring a benefit to males at benign 29°C were detrimental to both

sexes at stressful 36°C.

A substantial amount of research, mainly utilizing laboratory evolution experiments
comparing presence and removal of sexual selection, has aimed at assessing the net effect of
sexual selection on rates of adaptation (e.g. Holland 2002, Martin and Hosken 2003, Rundle
et al. 2006, Fricke and Arngvist 2007, Hollis et al. 2008, Maklakov et al. 2009; 2010, Hollis
and Houle 2011, McGuigan et al. 2011, Arbuthnott and Rundle 2012). The results are,
however, mixed. One explanation for these discrepancies could be inherent to the approach;
treatments allowing the potential for sexual selection and mate choice to aid adaptation may
at the same time confer negative effects on female fitness from male harassment, making the
net effect of sexual selection to some extent specific to the mating system studied (Whitlock
and Agrawal 2009, Arbuthnott and Rundle 2012, Pennell and Morrow 2013). The mixed
results are also consistent with the fact that although SA selection is common, estimates are
variable across traits and species (Cox and Calsheek 2009), and part of the explanation for
this apparent lack of consistency could be that the relative amount of SA genetic variation

varies across environments and populations, as documented in this study.

There are several reasons for why making universal statements about how environmental
change will affect 1aSC may be difficult, especially if environmental change is not so much
stressful as it is novel. First, as illustrated by our studied populations, differences in genetic

architecture due to evolutionary history are likely to make environmental effects on 1aSC to
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some extent population-specific. Second, idiosyncrasies rooted in species-specific ecology
may affect the manner by which novel conditions change sex-specific selection (Kwan et al.
2008, Agrawal and Whitlock 2010). Third, different types of environments may affect sex-
specific selection in distinct ways (Agrawal and Whitlock 2010) and it is possible that some
are more likely than others to increase SA selection, as has been suggested for evolution
under high compared to low population density (Brommer et al. 2011, but see Sharp and
Agrawal 2008). Fourth, SA genetic variation may increase in novel environments, if
conditionally deleterious mutations expressed only under the novel conditions target
developmental pathways regulating sexual differentiation. This could lead to the failure of
sex-specific expression of SA loci, resulting in reduced sexual dimorphism (Aalberg-Haugen

et al. 2012, Pavlicev and Wagner 2012) and elevated l1aSC.

To predict 1aSC under novel conditions, it may therefore be necessary to understand both the
nature of sex-specific selection on different key fitness components and how and why these
change with particular environmental conditions. Although 1aSC over specific traits under
sexually antagonistic selection have been convincingly identified in a number of species (e.g:
locomotor activity in fruit flies [Long and Rice 2007], dietary preference in field crickets
[Maklakov et al. 2008], longevity/metabolic rate in seed beetles [Bilde et al. 2009b, Berg and
Maklakov 2012, Berg et al. submitted], testosterone levels in bank voles [Mills et al. 2012],
longevity/development time in the Indian meal moth [Lewis et al. 2011], and wing length in
great reed warblers [Tarka et al. 2014]), we still lack a detailed understanding of the
mechanistic basis and dynamics of 1aSC in any system. We know of only two other studies
apart from ours that have directly compared 1aSC across environments. Delcourt et al. (2009)
and Punzalan et al. (2013) estimated the ryr for fitness in a population of Drosophila serrata

reared on an ancestral and a range of novel food sources, but the authors found no consistent
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change in 1aSC across environments. However, statistical power was low for these
comparisons and it is unclear to what extent the environments used were stressful, making a

direct comparison with our study difficult.

Quantitative genetic studies estimating fitness are often hampered by problems associated
with low statistical power. To overcome this obstacle, we employed isofemale lines. Because
isofemale lines are founded following one generation of full-sib mating, dominance variance
might be somewhat inflated. However, we note that isofemale line analyses generally
produce unbiased results over a wide range of dominance values, especially for rare alleles
(Hoffmann and Parsons 1988), and that much more severe inbreeding is needed to produce
noticeable sex-specific effects in this species (Bilde et al. 2009b). Further, such effects would
need to be sex-, temperature- and population-specific in manner aligned with our main

hypothesis in order to contribute to our results.

Conclusion

We provide experimental support for the prediction that natural populations containing high
levels of SA variation should have this 1aSC reduced under environmental stress. Our data
suggest that a main cause for the observed low 1aSC under stress was that SA alleles that
conferred a sexual selection advantage to males under benign conditions were particularly
sensitive to stress, while at the same time, SA alleles beneficial to females at benign
conditions encode stress-resistant phenotypes. Several hypotheses that relate to the
maintenance and expression of genetic variance for fitness across environmental gradients

have been proposed to predict 1aSC under environmental stress, but very few empirical
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studies have actually examined SA genetic variation across environments and populations

with different evolutionary histories. More are needed.

ACKNOWLEDGEMENTS

We thank J. Rénn and L. Shen for invaluable help with logistics; A. Husby and B. Rogell
provided statistical advice; B. Stenerlow at the Division of Biomedical Radiation Sciences,
Uppsala University, provided access to the caesium source; T. Ofuya and I.A. Glitho kindly
provided us with field collected seed pods. This research was made possible by generous
financial support to DB and MIL from the Swedish Research Council, to JG from the

Wenner-Gren Foundation, to AAM from the European Research Council (Starting Grant

Article

2010 AGINGSEXDIFF) and to GA from the European Research Council (AdG-294333) and

the Swedish Research Council (621-2010-5266).

DATA ARCHIVING
doi:10.5061/dryad.m06s2

Accepted

This article is protected by copyright. All rights reserved.

27



ted Article

P

Acce

REFERENCES

Aalberg-Haugen IM, Berger D, Gotthard K. 2012. The evolution of alternative
developmental pathways: footprints of selection on life-history traits in a butterfly. J Evol
Biol 25: 1377-1388.

Agrawal AF. 2001. Sexual selection and the maintenance of sexual reproduction. Nature 411:
692-695.

Agrawal AF, Whitlock MC. 2010. Environmental duress and epistasis: how does stress affect
the strength of selection on new mutations? Trends Ecol Evol 25, 450-458.

Angilletta MJ. 2009. Thermal adaptation: A theoretical and empirical synthesis. Oxford
University Press, Oxford.

Arbuthnott D, Rundle HD. 2012. Sexual selection is ineffectual or inhibits the purging of
deleterious mutations in Drosophila melanogaster. Evolution 66: 2127-2137.

Arngvist G. 1992. Spatial variation in selective regimes: sexual selection in the water strider,
Gerris odontogaster. Evolution 46: 914-929

Arngvist G. 2011. Assortative mating by fitness and sexually antagonistic genetic variation.
Evolution 65: 2111-2116.

Arngvist G. and Rowe L. 2005. Sexual Conflict. Princeton, NJ: Princeton University Press.
Bateman AJ. 1948. Intra-sexual selection in Drosophila. Heredity 2: 349-368.

Arngvist G, Tuda M. 2010. Sexual conflict and the gender load: correlated evolution between
population fitness and sexual dimorphism in seed beetles. Proc R Soc Lond B 277: 1345-
1352.

Bates D, Maechler M, Bolker B. 2011. Ime4: Linear mixed-effects models using S4 classes.

R package version 0.999375-42. http://CRAN.R-project.org/package=Ime4

This article is protected by copyright. All rights reserved.

28


http://CRAN.R-project.org/package

Bellamy L, Chapman N, Fowler K, Pomiankowski A. 2013. Sexual traits are senstive to
genetic stress and predict extinction risk in the stalk-eyed fly, Diasemopsis meigenii.
Evolution 67: 2662-2673.

Berg EC, Maklakov AA. 2012. Sexes suffer from suboptimal lifespan because of genetic
conflict in a seed beetle. Proc R Soc Lond B 279: 4296-4302.

Bilde T, Foged A, Schilling N, Arngvist G. 2009a. Postmating sexual selection favors males
that sire offspring with low fitness. Science 324: 1705-1706.

Bilde T, Friberg U, Maklakov AA, Fry JD, Arngvist G. 2008. The genetic architecture of
fitness in a seed beetle: assessing the potential for indirect genetic benefits of female choice.
BMC Evol Biol 8: 295.

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

Blanckenhorn WU. 2000. The evolution of body size: What keeps organisms small? Q Rev
Biol 75: 385-407.

Blanckenhorn WU, Morf C, Mihlhauser C, Reusch T. 1999. Spatiotemporal variation in
selection on body size in the dung fly Sepsis cynipsea. J Evol Biol 12: 563-576.
Bonduriansky R, Maklakov A, Zajitschek F, Brooks R. 2008. Sexual selection, sexual
conflict and the evolution of ageing and life span. Functional Ecology 22: 443-453.

Bonduriansky R, Chenoweth SF. 2009. Intralocus sexual conflict. Trends Ecol Evol 24: 280-

Accepted Article

288.
Brooks, R. 2000. Negative genetic correlation between male sexual attractiveness and

survival. Nature 406: 67-70.

This article is protected by copyright. All rights reserved.



p—

Q

o

It

ed

~—

L
Q
Q

Brommer, JE, Fricke C, Edward DA, Chapman T. 2011. Interactions between genotype and
sexual conflict environment influence transgenerational fitness in Drosophila melanogaster.
Evolution 66, 517-531.
Brommer JE, Kirkpatrick M, Qvarnstrom A, Gustafsson L. 2007. The intersexual genetic
correlation for lifetime fitness in the wild and its implications for sexual selection. PloS ONE
8, e744.
Brown JH, Gillooly JF, Allen AP, Savage VM, West GB. 2004. Towards metabolic theory of
ecology. Ecology, 85, 1771-1789.
Bussiere LF, Hunt J, St6lting KN, Jennions MD, Brooks R. 2008. Mate choice for genetic
quality when environments vary: suggestions for empirical progress. Genetica 134: 69-78.
Burgevin L, Friberg U, Maklakov AA. 2013. Intersexual correlation for same-sex sexual
behavior in an insect. Anim Behav 85: 759-762.
Butler D. 2009. asreml: asreml() fits the linear mixed model. R

package version 3.0. www.vsni.co.uk
Chippindale AK, Gibson JR, Rice WR. 2001. Negative genetic correlation for adult fitness
between sexes reveals ontogenetic conflict in Drosophila. Proc Natl Acad Sci, USA98, 1671-
1675.
Clarke A. 2003. Costs and consequences of evolutionary temperature adaptation. Trends Ecol
Evol 18: 573-581.
Clutton-Brock TH, Parker GA. 1992. Potential reproductive rates and the operation of sexual
selection. Q Rev Biol 67: 437-456.
Connallon T, Cox RM, Calsbeek R. 2010. Fitness consequences of sex-specific selection.
Evolution 64: 1671-1682.
Connallon T, Clark AG. 2012. A general population genetic framework for antagonistic

selection that accounts for demography and recurrent mutation. Genetics 190: 1477-1489.

This article is protected by copyright. All rights reserved.

30


http://www.vsni.co.uk

le

-
®
H
Sy

d

L

Crow JF. 1958. Some possibilities for measuring selection intensities in man. Human Biology
30: 1-13.

Cox RM, Calsbeek R. 2009. Sexually antagonistic selection, sexual dimorphism, and the
resolution of intralocus sexual conflict. Am Nat 173: 176-187.

David JR, Gibert P, Legout H, Pétavy G, Capy P, Moreteau B. 2005. Isofemale lines in
Drosophila: an empirical approach to quantitative trait analysis in natural populations.
Heredity 94: 3-12.

Delcourt, M., Blows, M. W. and Rundle, H. D. 2009. Sexually antagonistic genetic variance
for fitness in an ancestral and novel environment. Proc R Soc B 276, 2009-2014.

Delcourt M, Blows MV, Aguirre JD, Rundle HD. 2012. Evolutionary optimum for male
sexual traits characterized using multivariate Robertson-Price identity. Proc Natl Acad Sci
109, 10414-10419.

Delph LP, Andicoechea J, Steven JC, Herlihy CR, Scarpino SV, Bell DL. 2011 Environment-

dependent intralocus sexual conflict in a dioecious plant. New Phytologist 192: 542-552.

4—) Eady PE. 1991. Sperm competition in Callosobruchus maculatus (Coleoptera: Bruchidae): a

Qcomparison of two methods used to estimate paternity. Ecol Entomol 16: 45-53.

L
Q
Q

Fisher RA. 1930. Sexual reproduction and sexual selection. Ch. 6 in: The Genetical Theory of
Natural Selection. Clarendon.

Foerster K, Coulson T, Sheldon BC, Pemberton JM, Clutton-Brock TH, Kruuk LEB. 2007.
Sexually antagonistic variation for fitness in Red deer. Nature 447, 1107-1109.

Fox CW. 1993. A quantitative genetic analysis of oviposition preference and larval
performance on two hosts in the bruchid beetle, Callosobruchus maculatus. Evolution 47:
166-175.

Fox CW, Bush ML, Wallin WG. 2003. Maternal age effects offspring lifespan of the seed

beelte, Callosobruchus maculatus. Funct Ecol 17: 811-820.

This article is protected by copyright. All rights reserved.

31



Fox CW, Scheibly KL, Wallin WG, Hitchcock LJ, Stillwell C, Smith B. 2006. The genetic
architecture of life span and mortality rates: gender and species differences in inbreeding load
of two seed-feeding beetles. Genetics 174: 763-773.

Fox CW, Stillwell RC. 2009. Environmental effects on sex differences in the genetic load for
adult lifespan in a seed-feeding beetle. Heredity 103: 62-72.

Fox CW, Stillwell RC, Wallin WG, Curtis CL, Reed DH. 2011. Inbreeding-environment
interactions for fitness: complex relationships between inbreeding depression and
temperature stress in a seed-feeding beetle. Evol Ecol 25: 25-43.

Fricke C, Arngvist G. 2004. Divergence in replicated phylogenies: the evolution of partial
post-mating prezygotic isolation in bean weevils. J Evol Biol 17: 1345-1354.

Fricke C, Arngvist A. 2007. Rapid evolution to a novel host in a seed beetle (Callosobruchus
maculatus): the role of sexual selection. Evolution 61: 440-454.

Giga DP, Smith RH. 1983. Comparative life-history studies in four Callosobruchus species
infesting cowpeas with special reference to Callosobruchus rhodesianus (Pic) (Coleoptera:
Bruchidae). J Stored Prod Res 19: 189-198.

Hadfield J. 2010. MCMC methods for Multi-response generalized linear mixed models: The
MCMCglmm R Package. J Stat Software 33: 1-22.

Hallsson LR, Bjorklund M. 2012. Selection in a fluctuating environment and the evolution of
sexual dimorphism in the seed beetle Callosobruchus maculatus. J Evol Biol 25: 1564-1575.

Hedrick PW. 1986. Genetic-polymorphism in heterogenous environments — A decade later.

Accepted Article

Annu Rev Ecol Syst 17: 535-566.
Hesketh J, Fowler K, Reuter M. 2013. Genetic drift in antagonistic genes leads to divergence
in sex-specific fitness between experimental populations of Drosophila melanogaster.

Evolution 67: 1503-1510.

This article is protected by copyright. All rights reserved.

32



Accepted Article

Hochachka PW, Somero GN. 2002. Biochemical adaptation: Mechanism and process in
physiological evolution. Oxford University Press, Oxford.

Hoffmann AA, Merila J. 1999. Heritable variation and evolution under favourable and
unfavourable conditions. Trends Ecol Evol 14: 96-101.

Hoffmann AA, Parsons PA. 1988. The analysis of quantitative genetic variation in natural
populations with isofemale strains. Genet Sel Evol 20: 87-98.

Hoffmann AA, Parsons PA. 1991. Evolutionary Genetics and Environmental Stress. Oxford
University Press, Oxford.

Holland B. 2002. Sexual selection fails to promote adaptation to a new environment.
Evolution 56: 721-730.

Hollis B, Fierst JL, Houle D. 2008. Sexual selection accelerates the elimination of a
deleterious mutant in Drosophila melanogaster. Evolution 63: 324-333.

Hollis B, Houle D. 2011. Populations with elevated mutation load do not benefit from the
operation of sexual selection. J Evol Biol 24: 1918-1926.

Hunt J, Bussiere LF, Jennions MD, Brooks R. 2004. What is genetic quality? Trends Ecol
Evol 19: 329-333.

Kidwell, JF, Clegg MT, Stewart FM, Prout T. 1977. Regions of stable equilibria for models
of differential selection in two sexes under random mating. Genetics 85: 171-183.

Kwan L, Bedhomme S, Prasas NG, Chippindale AK. 2008 Sexual conflict and environmental
change: trade-offs within and between the sexes during the evolution of dessication
resistance. J Genet 87, 383-394.

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

Long TAF, Agrawal AF, Rowe L. 2012. The effect of sexual selection on offspring fitness

depends on the nature of genetic variation. Curr Biol 22, 204-208.

This article is protected by copyright. All rights reserved.

33



Long TAF, Rice WR. 2007. Adult locomotor activity mediates intralocus sexual conflict in a
laboratory-adapted population of Drosophila melanogaster. Proceedings of the Royal Society
of London, series-B. 274: 3105-3112.
Long TAF, Rowe L, Agrawal AF. 2013. The effects of selective history and environmental
heterogeneity on inbreeding depression in experimental populations of Drosophila
melanogaster. Am Nat 181: 532-544.
S Lorch PD, Proulx S, Rowe L, Day T. 2003. Condition-dependent sexual selection can
O accelerate adaptation. Evol Ecol Res 5: 867-881.
A Maklakov AA, Arngvist G. 2009. Testing for direct and indirect effects of mate choice by
%_4 manipulating female choosiness. Current Biology 19: 1903-1906.
Maklakov AA, Cayetano L, Brooks RS, Bonduriansky R. 2010. The roles of life-history
selection and sexual selection in the adaptive evolution of mating behavior in a beetle.

Evolution 64: 1273-1282.

d

Q) Maklakov AA, Bonduriansky R, Brooks RS. 2009. Sex differences, sexual selection and
4_) ageing: an experimental evolution approach. Evolution 63: 2491-2503.
Maklakov AA, Lummaa V. 2013. Evolution of sex differences in lifespan and aging: Causes
Q) and constraints. BioEssays 35: 717-724.
O Maklakov AA, Simpson SJ, Zajitschek F, Hall MD, Dessmann J, Clissold F, Raubenheimer
O D, Bonduriansky R, Brooks RC. 2008 Sex-specific fitness effects of nutrient intake on
reproduction and lifespan. Curr Biol 18: 1062-1066.
Manning JT. 1984. Males and the advantage of sex. J Theor Biol 108: 215-220.
Martin OY, Hosken DJ. 2003. Costs and benefits of evolving under experimentally enforced
polyandry or monogamy. Evolution 57: 2765-2772.
Martin G, Lenormand T. 2006. The fitness effects of mutations across environments: a survey

in light of fitness landscape models. Evolution 60: 2413-2427.

This article is protected by copyright. All rights reserved.



McGuigan K, Petfield D, Blows MW. 2011. Reducing mutation load through sexual selection

on males. Evolution 65: 2816-2829.

Messina FJ. 1993. Heritability and ‘evolvability’ of fitness componenets in Callosobruchus
maculatus. Heredity 71: 623-629.

Messina FJ, Jones JC, Mendenhall M, Muller A. 2009. Genetic modification of host
acceptance by a seed beetle, Callosobruchus maculatus (Coleoptera: Bruchidae). Behavior
102: 181-188.

Mills SC, Koskela E, Mappes T. 2012. Intralocus sexual conflict for fitness: sexually
antagonistic alleles for testosterone. Proc R Soc B 279, 1889-1895.

Morrow EH, Stewart AD, Rice WR. 2008. Assessing the extent of genome-wide intralocus
sexual conflict via experimentally enforced gender-limited selection. 21: 1046-1054.
Pavlicev M, Wagner GP. 2012. A model of developmental evolution: selection, pleiotropy
and compensation. Trends Ecol Evol 27, 316-322.

Pennell TM, Morrow EH. 2013. Two sexes, one genome: the evolutionary dynamics of
intralocus sexual conflict. Ecology and Evolution 3: 1819-1834.

Pischedda A, Chippendale AK. 2006. Intralocus sexual conflict diminishes the benefits of
sexual selection. PloS Biol 4, e356.

Punzalan D, Delcourt M, Rundle HD. 2013. Comparing the intersex genetic correlation for

doi:10.1038/hdy.2013.85.

Accepted Article

Radwan J. 2004. Effectivness of sexual selection in removing mutations induced with
ionizing radiation. Ecol Lett 7: 1149-1154.
Rice WR. 1984. Sex chromosomes and the evolution of sexual dimorphism. Evolution 38:

753-742.

This article is protected by copyright. All rights reserved.

fitness across novel environments in the fruit fly, Drosophila serrata. Heredity early access:

35



Rice WR. 1992. Sexually antagonistic genes: experimental evidence. Science 256: 1436-
1439.

Robinson MR, van Doorn GS, Gustafsson L, Qvarnstrom A. 2012. Environment-dependent
selection on mate choice in a natural population of birds. Ecol Lett 15: 611-618.

Rogell B, Widegren W, Hallsson LR, Berger D, Bjorklund M, Maklakov AA. 2013. Sex-
dependent evolution of life-history traits following adaptation to climate warming. Funct
Ecol, DOI: 10.1111/1365-2435.12179

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

Rundle HD, Chenoweth SF, Blows MW. 2006. The roles of natural and sexual selection
during adaptation to a novel environment. Evolution 60: 2218-2225.

Sharp NP, Agrawal AF. 2008 Mating density and the strength of sexual selection in
Drosophila melanogaster. Evolution 62, 857-867.

Sharp NP, Agrawal AF. 2013. Male-biased fitness effects of spontaneous mutations in
Drosophila melanogaster. Evolution 67: 1189-1195.

Sheldon BC, Merild J, Lindgren G, Ellegren H. 1998. Gender and environmental sensitivity

epted Article

in nestling collared flycatchers. Ecology 79: 1939-1948.

O Svensson El, McAdam AG, Sinervo B. 2009. Intralocus sexual conflict over immune

O defense, gender load, and sex-specific signaling in a natural lizard population. Evolution 63:

3124-3135.

Tarka M, Akesson M, Hasselquist D, Hansson B. 2014. Intralocus sexual confclit over wing
length in a wild migratory bird. Am Nat 183: 62-73.

Teplitsky C, Mills JA, Yarrall JW, Merild J. 2009. Heritability of fitness components in a

wild bird population. Evolution 63: 716-726.

This article is protected by copyright. All rights reserved. 36



rticle

Accepted A

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

Trivers RL. 1972. Parental investment and sexual selection. Ch. 7, pp 136-179, In: Sexual
selection and the descent of man 1871-1971. Ed. Bill Champbell, Aldine Publishing
Company, Chicago, Illinois.

Wade MJ. 1979. Sexual selection and variance in reproductive success. Am Nat 114: 742-
7147,

Wedell N, Kvarnemo C, Lessells CM, Tregenza T. 2006. Sexual conflict and life histories.
Anim Behav 71: 999-1011.

Whitlock MC, Agrawal AF. 2009. Purging the genome with sexual selection: reducing
mutation load through selection on males. Evolution 63: 569-582.

Yanagi S, Miyatake T. 2003. Costs of mating and egg production in female Callosobruchus

chinensis. J Insect Physiol. 49: 823-827.

This article is protected by copyright. All rights reserved.

37



Table 1: Genetic components of temperature-specific male and female fitness. The left

panel shows significance tests of random effects using REML model comparisons and a type-

[I SS approach. The right part shows variance estimates per sex and temperature from the

Bayesian analyses.

P
]
O pop effect X2 df P group Vg Ve h? I
® Mll Lome | line 341 1 0.065 29F 0.056 0.14 0.29  0.21(0.18-0.24)
H line:sex 1145 1  0.003 29M 0.018 0.56 0.03  0.58(0.52-0.66)
line:temp 088 1 0.348 36F 0.042 0.40 0.10  0.47 (0.40-0.51)
< line:temp:sex 421 1 0.040 36M 0.090 0.81 0.10 0.93 (0.81-1.04)
@ Ofuya | line 1841 1 <0.001 29F 0.032 0.23 0.12  0.28(0.24-0.31)
line:sex 6.12 1 0.047 29M 0.083 0.50 0.14  0.63(0.53-0.68)
Q) line:temp 696 1 0.008 36F 0.120 0.65 0.16  0.80(0.70-0.92)
line:temp:sex 083 1  0.363 36M 0.042 0.92 0.04 0.99 (0.87-1.11)

P

Acce

credibility interval)
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« = genetic variance, Vg = environmental variance, h” = heritability, | = total opportunity for selection (95%
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Figure 1: Mean number of offspring produced per individual in the female and male fitness

assays under benign (29°C) and stressful (36°C) temperatures.
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Figure 2: Intersexual genetic correlations (ryes) for fitness at the benign (29°C) and stressful
(36°C) temperature, based on the best posterior estimates from the Bayesian mixed model
analyses. Ellipses depict 95% of the predicted distribution of isofemale line scores for male

and female fitness at each temperature.
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Figure 3: Genotypes with a male-bias along the axis of sexually antagonistic genetic
variation under benign conditions showed lowest overall fitness under thermal stress.
Shown in panels (a) and (b) are standardized Bayesian posterior estimates of sex-specific
fitness ordinated in the two-dimensional space of isofemale line scores for fitness at 29°C.
Line scores along the axis of sexually concordant genetic variance for fitness at 36°C are
given as color intensity. Dark colors indicate a low score and light color indicates a high
score for fitness at 36°C. Arrows depict the axes of sexually concordant (C) and antagonistic
(A) fitness at 29°C. Ar and Ay denote female- and male biased fitness scores along the
antagonistic axis and Cy and C, indicate high and low sexually concordant fitness scores. In
Lome, there was low concordant variation at 29°C and a weak correlation between
concordant fitness scores across temperatures. In Ofuya, lines that did overall well at 29°C
also tended to do well under stress. Generally, lines that harbored SA alleles with beneficial
effects in males but detrimental effects in females at 29°C had low sexually concordant
fitness at 36°C, with both male and female genotypes doing poorly. This effect is illustrated

in panels (c) and (d).
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