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Abstract

A major unsolved question in evolutionary biology concerns the relation-

ship between natural and sexual selection. Sexual selection might augment

natural selection, for example if mutations that harm female fecundity also

reduce male mating success. Conversely, sexual selection might favour traits

that impair naturally selected fitness components. We induced detrimental

mutations in Callosobruchus maculatus beetles using X-ray irradiation and

then experimentally measured the effect of precopulatory sexual selection

on offspring number and survival rate. Sexual selection treatment had a

negative effect on egg-to-adult survivorship, although the number of prog-

eny reaching adulthood was unaffected, perhaps because eggs and juveniles

that failed to develop lessened competition on the survivors. We hypothe-

size that the negative effect of sexual selection arose because sexually com-

petitive males transmitted a smaller nuptial gift or carried alleles that

conferred reduced survival. Although we found no evidence that sexual

selection on males can purge alleles that are detrimental to naturally

selected fitness components, such benefits might exist in other environmen-

tal or genetic contexts.

Introduction

Sexual selection can be defined as selection arising from

competition for mates or their gametes. Sexual selection

has long been hypothesized to complement natural

selection and assist in the clearance of mutations that

harm naturally selected fitness components (e.g. Dar-

win, 1859; Agrawal, 2001; Siller, 2001; Whitlock &

Agrawal, 2009). Sexual selection allows females to ben-

efit from a genome that has been purged of mutations

as a result of competition among males, potentially

increasing population mean fitness (Whitlock & Agra-

wal, 2009; Holman & Kokko, 2013) and elevating the

rate of adaptation (Lorch et al., 2003; Fricke & Arnqvist,

2007; Candolin & Heuschele, 2008; Plesnar-Bielak et al.,

2012). A key assumption of this argument is that there

is a net positive correlation between alleles’ fitness

effects in the context of natural and sexual selection;

for example, mutations that reduce survival or female

fecundity also tend to decrease success in competition

for mates or their gametes.

There is substantial support for this idea, although

most comes from studies of Drosophila (reviewed in

Whitlock & Agrawal, 2009; Holman & Kokko, 2013).

For example, eight D. melanogaster mutations were

selected against by both natural and sexual selection,

with sexual selection being stronger than natural selec-

tion (Sharp & Agrawal, 2008). Studies of Drosophila

mutation accumulation lines suggest that many muta-

tions that negatively affect male mating success also

negatively affect female fecundity, consistent with the

idea that natural selection and sexual selection aug-

ment one another (McGuigan et al., 2011; Sharp &

Agrawal, 2012). However, the evidence is not unani-

mous: in other Drosophila experimental evolution stud-

ies, sexual selection had no effect, or a negative effect,

on naturally selected fitness components (e.g. Holland

& Rice, 1999; Rundle et al., 2006; Hollis & Houle, 2011;

Arbuthnott & Rundle, 2012), and local adaptation did

not improve success in sexual selection (Arbuthnott &

Rundle, 2014).

Such discrepancies may be partly explained by the

various concurrent costs of sexual selection to naturally
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selected fitness components. Males of many species

improve their reproductive success at the expense of

female survival and fecundity, for example via harmful

courtship behaviour, or infanticide of offspring sired by

other males (interlocus sexual conflict; e.g. Arnqvist &

Rowe, 2005; Parker, 2006; Harano et al., 2010; Rankin

et al., 2011; Holman & Kokko, 2013). Individuals (espe-

cially males) sometimes also invest in traits that

increase their mating and fertilization success (e.g.

aggression, large testes) at the expense of traits mediat-

ing survival, fecundity or parental care (e.g. vigilant or

cryptic behaviour, immunity, parental care, high-fidel-

ity DNA copying in gametes) (e.g. Rolff, 2002; Kokko &

Brooks, 2003; Møller & Cuervo, 2003; Skorping & Jen-

sen, 2004; Holman & Kokko, 2013; Maklakov et al.,

2013), and the ‘wastage’ of resources that occurs in the

competition for mates can reduce population mean fit-

ness (see, e.g. Rankin & Kokko, 2007; Kokko & Jen-

nions, 2008; Holman & Kokko, 2013). Intralocus sexual

conflict is another fitness cost that might depend on

sexual selection. There is substantial evidence that

many traits cannot be simultaneously optimized in both

sexes because males and females share a genome,

resulting in a suboptimal compromise that prevents

both sexes from reaching their respective selective

optima (e.g. Bonduriansky & Chenoweth, 2009; Inno-

centi & Morrow, 2010; Lewis et al., 2011; Connallon &

Clark, 2014). Strong sexual selection may increase the

difference between the sexes’ optimum phenotypes, for

example by selecting for adaptations that only benefit

competition for mates in one sex (e.g. horns, bright

feathers), and could thereby exacerbate intralocus sex-

ual conflict.

Given that sexual selection can have multiple posi-

tive and negative effects on fitness, further studies of its

net effect on naturally selected fitness components are

warranted. In particular, few studies have investigated

whether sexual selection is able to clear deleterious

mutations in species other than Drosophila. An excep-

tion is a series of studies of bulb mites (Rhizoglyphus

robini) testing the effects of sexual selection on fitness

(e.g. Radwan, 2004; Radwan et al., 2004; Jarzebowska

& Radwan, 2010). In an intriguing experiment, Radwan

(2004) exposed mites to ionizing radiation, producing

many heritable deleterious mutations. Their descen-

dants were then bred after experimentally permitting

or disallowing sexual selection (by setting up promiscu-

ous mating groups or randomly assigned monogamous

pairs, respectively), and sexual selection was found to

improve embryo viability. Plesnar et al. (2011) per-

formed a similar experiment, but found no effect of

sexual selection on embryo viability. Studies in insects

by Pekkala et al. (2009) and Almbro & Simmons (2013)

showed that radiomutagenesis worsened male sexually

selected traits, consistent with the idea that male com-

petitive trait expression is correlated with mutation

load, and the latter study also found that sexual selec-

tion elevated female fitness.

Here, we empirically measure the effects of sexual

selection on fecundity and survival in a radiomutage-

nized population of the seed beetle Callosobruchus macul-

atus. Adults are short-lived, facilitating measurement of

lifetime reproductive success, and sexual interactions

have been found to have both positive and negative

direct effects on female fitness (Arnqvist et al., 2005;

R€onn et al., 2006). For example, males transfer a nutri-

tious ejaculate that can aid progeny production (Ed-

vardsson, 2007; Ursprung et al., 2009), although mating

and the species’ persistent male courtship behaviour

are thought to be harmful for females (Siva-Jothy &

Crudgington, 2000; Edvardsson & Tregenza, 2005; Gay

et al., 2009). Quantitative genetic studies found some

evidence for intralocus sexual conflict, although several

male and female fitness components were positively

genetically correlated and the degree of conflict is sensi-

tive to environmental conditions, confounding predic-

tions of the net effect of sexual selection on males on

female fitness (Gay et al., 2011; Berger et al., 2014).

We hypothesized that sexual selection might help to

clear mutations that also affect survival and female

fecundity, and thereby augment natural selection.

Alternatively, sexual selection may predominantly pro-

mote different alleles, leading to the prediction that

sexual selection would depress survival and fecundity,

or leave them unaffected. To evaluate these possibili-

ties, we permitted or prevented the operation of sexual

selection and took two measures of female fitness. A

third possibility is that systematic nongenetic differ-

ences between sexual selection treatments, such as the

amount of male-induced harm or nuptial gift size,

might swamp any genetic effects of sexual selection on

fitness. As we were interested in genetic effects, we

standardized the degree of male harm as much as possi-

ble and statistically controlled for copulation duration

(a reliable indicator of the amount of nuptial gift pro-

vided; Edvardsson & Canal, 2006).

Materials and methods

Stock population and general procedures

Beetles were obtained from a large outbred stock popu-

lation derived from a culture held at the Stored Grain

Laboratory at CSIRO (Canberra, ACT, Australia) and

maintained for at least 25 generations at ANU in multi-

ple 15 9 10 9 7 cm plastic boxes on dried, organic

black-eyed beans (Vigna unguiculata) in a controlled

temperature room (30 °C, 12:12 h light cycle). We col-

lected virgin beetles of known age by isolating beans

containing larvae in 1.5 mL Eppendorf tubes (pierced

for ventilation) and checking them daily for eclosing

adults.
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Production of the mutated population by X-ray
irradiation

To elevate mutation load, we subjected beetles to X-ray

radiation using an X-RAD 320 irradiator (Precision

X-Ray, Inc., North Branford, CT, USA). Mutations

induced by low doses of ionizing radiation are typically

single-base substitutions or deletions (Evans & DeMa-

rini, 1999; Sudprasert et al., 2006), and natural radioac-

tivity is thought to contribute to mutagenesis in the

wild (Møller & Mousseau, 2013). We only irradiated

males, because previous work has found that maternal

condition can have large effects on offspring traits (e.g.

Fox et al., 2003), and we wished to minimize any

nongenetic transgenerational effects of irradiation (e.g.

irradiation might stress mothers into producing lower

quality eggs).

As to our knowledge, this is the first study to use

irradiation to induce mutation in C. maculatus, we were

unsure what dose to use. We therefore created off-

spring by mating males exposed to 0.6, 6 or 12 Gy of

X-ray radiation with one female each (n = 33 pairs per

dose: males and females were virgins derived from the

stock population); we did the same with control males

(not exposed to radiation, but collected simultaneously

and handed identically). Beetles were randomly

assigned to the control group and three radiation treat-

ments. Males were irradiated by placing them in groups

of 33 in a 9-cm plastic Petri dish in the irradiation

chamber, which was set to 320 kV with a sample-

to-source distance of 54 cm. Mated females were placed

individually in 9-cm Petri dishes and allowed to ovi-

posit on black-eyed beans provided ad libitum.

Females mated to 6 Gy- or 12 Gy-irradiated males

produced too few offspring to establish a sizeable

irradiated stock population (6 Gy: mean � SE progeny

per fertile female = 7 � 1.2, n = 33; 12 Gy: 12.3 � 5.0,

n = 8: the remaining 25 matings yielded no progeny; dif-

ference to control stock assessed by quasi-Poisson GLM:

P < 0.001). Females mated to 0.6 Gy-irradiated males

and females mated to control (nonirradiated) males pro-

duced similarly high numbers of offspring (control: mean

= 29.1 � 2.9, n = 33; 0.6 Gy: mean = 28.2 � 3.5,

n = 33; P = 0.25), so we established the irradiated stock

population (M1) and the control population (C1) from

the offspring of these pairings (Fig. 1).

Experimental design

Fitness assays
We assayed female fitness using two metrics: number

of adult progeny and egg-to-adult survivorship. To

assess the number of adult progeny, we simply counted

the total number of offspring that eclosed into adults.

Egg-to-adult survivorship was estimated by isolating

beans containing approximately 30 eggs per female

(mean = 29.6 � 0.2) and counting the number of adult

offspring that subsequently eclosed. We also recorded

the sex of all eclosing adults, giving an estimate of the

adult sex ratio. Fitness assays were performed blind to

treatment.

In the eventual data set, egg-to-adult survivorship

was strongly correlated with offspring number (bino-

mial GLM: z = 6.0, n = 78, P < 0.0001), and both mea-

sures were highly variable (Fig. S1; offspring number

range: 1–73; egg-to-adult survivorship range: 25–90%).

There was substantial residual variation in a simple lin-

ear regression of progeny number on egg-to-adult sur-

vivorship (Fig. S1; R2 = 0.23 in a simple linear

regression), implying that the two fitness measures

Fig. 1 Scheme showing creation of two large stocks from irradiated males (three generations of descendants, termed M1–M3) and control

males (C1–C3), as well as replicates 1 and 2 (which derived from the M2 and M3, respectively) of Experiment 2. The M and C stocks were

propagated using a middle-class neighbourhood design to minimize natural selection. Fitness comparisons of C1–C3 and M1–M3, termed

Experiment 1 in the text, are shown in Fig. 2. In each replicate, we collected M2 or M3 virgins of both sexes and then placed one female

with either one male (no sexual selection: SS-) or three males (sexual selection: SS+); mating groups were formed at random. We then

assayed the number of adult progeny as well as egg-to-adult survivorship in these matings.
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were not completely correlated and, hence, that it is

worthwhile analysing them both.

Experiment 1: Assaying the control and mutated stocks
The control and mutated stocks were propagated for

three generations (Fig. 1). To breed the control and

mutated stocks, we mated pairs of virgins in individual

Petri dishes of beans and took one male and one female

offspring from each pair to start the next generation.

These offspring were randomly paired to form the next

generation. This ‘middle-class neighbourhood’ breeding

protocol is expected to preserve all but the most delete-

rious mutations by ensuring that low-fitness pairs con-

tributed just as many offspring to the next generation

as high-fitness pairs (e.g. Shabalina et al., 1997; Morrow

et al., 2008). We term the first, second and third gener-

ations of the control and mutated stocks C1–3 and

M1–3, respectively (Fig. 1); for all of these, we per-

formed fitness assays as described above.

Experiment 2: Manipulation of opportunity for sexual
selection
Beetles from the M2 and M3 stocks were subjected to

two treatments: one in which sexual selection was

allowed to act (SS+) and one in which we removed it

by creating monogamous pairs at random (SS�)

(Fig. 1). In the SS+ treatment, we placed three virgin

males and one virgin female in a 5-cm Petri dish. As

soon as mating occurred, the two unsuccessful males

were immediately removed. We recorded the duration

of copulation (in seconds) and removed the male after

copulation was complete. In the SS� treatment, we

similarly mated pairs of virgins, but females were only

provided with a single male (who was again removed

after the cessation of copulation). Thus, precopulatory

sexual selection was present in the SS+ treatment but

not the SS� treatment, and post-copulatory sexual

selection was absent in both. This protocol ensured that

effective population size was equal and all offspring

were full siblings in the SS+ and SS� treatments.

Females had only slightly more contact with males in

the SS+ treatment, as males were removed from the

Petri dishes at the earliest opportunity. This protocol

should minimize the difference in the amount of harm-

ful courtship experienced by females in the two treat-

ments and thus give the experiment the best possible

chance of detecting any fitness benefits of sexual selec-

tion. Mated SS+ and SS� females were allowed to ovi-

posit in individual 9-cm Petri dishes with ad libitum

beans, and we assayed their fitness by counting the

number and egg-to-adult survival of their progeny.

Experiment 2 was performed in two replicates: once

using beetles from the M2 and once using beetles from

the M3. In all cases, the sample size was 20 families per

treatment (SS+ and SS�), so we assayed the fitness of a

total of 78 families across replicates 1 and 2 (2/80

females died before laying eggs).

Statistical analyses

We used generalized linear models (GLMs) to test for

the effects of the fixed factors ‘sexual selection treat-

ment’ (SS+ or SS�) and ‘replicate’ (M2 and M3) on

each component of fitness. We assumed Poisson-distrib-

uted errors for count data (progeny counts) and bino-

mial errors for proportion data (egg-to-adult

survivorship and sex ratio). As overdispersion was pres-

ent, we used quasi-likelihood estimation.

We analysed the sexual selection experiments using

model averaging. Data were first mean-centred and

divided by two standard deviations using the standardize

function in the arm package for R 3.0.1 (Gelman, 2008;

Grueber et al., 2011). We then ranked all possible mod-

els, from the null model to our specified full model

(which contained the treatment 9 replicate interaction

and the associated main effects, as well as the main

effect copulation duration), by their QAIC scores (as we

were using quasi-likelihood estimation) using the dredge

function in the MuMIn package. We then calculated

model-averaged estimates for each parameter (plus the

associated 95% confidence intervals) from all the mod-

els using the model.avg function in the MuMIn package

(following Grueber et al., 2011). Model averaging

avoids the limitation of relying on any particular

model, which is advantageous for our data set because

multiple models were similarly well supported (i.e.

their QAIC scores were similar). We also calculated the

importance of each predictor by summing the Akaike

weights (which are equivalent to the probability that

the focal model is the best one in the set) of all the

models in which the focal predictor appears. Impor-

tance values close to the maximum value of one

suggest that the predictor is commonly found in the

best-supported models in the set being evaluated,

whereas low importance values suggest that the predic-

tor is predominantly found in poorly supported models

(Symonds & Moussalli, 2011).

Results

Experiment 1: Radiomutagenesis reduced fitness

We first tested whether irradiation produced heritable

deleterious mutations by comparing the fitness of the

F1, F2 and F3 progeny of irradiated and control males

(termed the M1–M3 and C1–C3; Fig. 1). For egg-

to-adult survivorship, there was a significant interaction

between generation and radiation treatment, showing

that radiation treatment had a more deleterious effect

when comparing the M1 and C1, relative to M2 vs. C2

(contrast from quasi-binomial GLM: z104 = 3.88,

P = 0.0002) or M3 vs. C3 (z104 = 2.93, P = 0.004)

(Fig. 2). Despite this reduced egg-to-adult survival rate,

there was no significant effect of radiation treatment

(likelihood ratio test: P > 0.85), generation (P = 0.065)

ª 20 1 5 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B I OL . 2 8 ( 2 0 15 ) 1 03 9 – 1 04 8

JOURNAL OF EVOLUT IONARY B IOLOGY ª 2015 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

1042 D. J. POWER AND L. HOLMAN



or their interaction (P = 0.64) on the number of prog-

eny produced per female.

These results suggest that irradiation produced muta-

tions that increased the frequency of egg hatching fail-

ure or pre-adult mortality. This added mortality

nevertheless had no detectable effect on the number of

offspring per female that eclosed into adults, perhaps

due to the concomitant reduction in competition on

the survivors. An alternative explanation is that female

descendants of irradiated males laid larger numbers of

eggs, each of which had a lower chance of surviving,

resulting in comparable number of adults (although this

seems less likely).

The persistence of the negative effect of radiation

treatment on survival across multiple generations

(Fig. 2) is consistent with the production of heritable,

deleterious changes to the irradiated beetles’ genes. The

decline in the effect of irradiation treatment on egg-

to-adult survival over successive generations implies

that some of the new deleterious mutations were lost

from the population, in spite of our ‘middle-class neigh-

bourhood’ protocol, which weakens selection.

Experiment 2: Sexual selection reduced egg-to-adult
survival

Sexual selection had a negative effect on egg-to-adult

survivorship (Fig. 3; Table 1; mean � SE survival rate

in SS� treatment: 63.3 � 2.2%; SS+ treatment:

53.3 � 2.1%). There was also an evidence for a nega-

tive correlation between copulation duration and egg-

to-adult survivorship, although this relationship

depended on a large outlier (one pair of beetles mated

for 26 min, and the average was 7.8 � 0.4). There was

no effect of experimental replicate on egg-to-adult sur-

vivorship and no replicate 9 treatment interaction.

By contrast, sexual selection did not significantly

affect the number of progeny eclosing as adults (Fig. 3;

Table 2; mean � SE progeny number in SS� treatment:

44.10 � 2.14; SS+ treatment: 44.05 � 2.21). Although

productivity was somewhat lower in the SS+ treatment

in Replicate 1 (Fig. 3), overall the data suggested no

effect of sexual selection treatment. Productivity was

significantly lower in Replicate 2 than Replicate 1,

although there was no effect of copulation duration or

the replicate 9 treatment interaction.

The contrasting results regarding the effects of sexual

selection on egg-to-adult survival and number of eclos-

ing adult data imply either (i) SS+ females laid more

eggs, although their eggs had poorer survival, or (ii)

the elevated death rate of juveniles in the SS+ treat-

ment lessened competition on the remaining juveniles,

improving their survival. In either case, we found that

sexual selection was associated with elevated juvenile

mortality, but that this did not translate into reduced

offspring numbers for females in the SS+ treatment.

Copulation duration was not significantly different in

the SS+ and SS� treatments (SS+: 471 � 34s; SS�:

463 � 30s; Mann–Whitney U test: W = 815, P = 0.59),

further suggesting that a difference in copulation dura-

tion (and associated differences in nuptial gift size or

other direct effects of copulation on females) did not

explain the observed treatment effect.

Offspring sex ratio was unrelated to any variables we

measured. The top-ranked model was the null model

(DQAIC = 1.21), and the model-averaged estimates of

all parameters had confidence intervals overlapping

zero (Table S1).

Discussion

Experiment 1 strongly suggested that irradiation

induced heritable deleterious mutations, which persisted

into the M2 and M3. Experiment 2 (which used beetles

from the M2 and M3) found no evidence that sexual

selection helps to purge mutations that harm naturally

selected components of fitness, namely egg-to-adult sur-

vival and progeny production. Instead, females exposed

briefly to three males (the SS+ treatment) produced eggs

with a lower probability of survival relative to females

exposed to a single male (SS�). The number of offspring

reaching adulthood was nevertheless not significantly

affected by sexual selection treatment, perhaps because

offspring that die early in development lessen competi-

tion on their surviving siblings.
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Fig. 2 The egg-to-adult survivorship of the progeny of the F1, F2

and F3 descendants of irradiated males was lower than that of the

corresponding descendants of nonirradiated males. The boxes

illustrate the 1st, 2nd and 3rd quartiles; the whiskers show the

farthest point from the 1st or 3rd quartile that is within 1.59 the

interquartile range, and the points denote outliers outside this

distance (n = 105).
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The harmful effects of sexual selection on offspring

survival are interesting. It is possible, but perhaps unli-

kely, that the effect of treatment on egg-to-adult sur-

vival could have resulted from contact with three males

(as in the SS+ treatment), rather than contact with one

male (SS�). However, contact with males was brief: in

the SS+ treatment, we removed the two unsuccessful

males as soon as the female began to mate with the

third male, and copulations typically occurred within

seconds or minutes of introducing the males and

females. Thus, females in the SS+ treatment had scar-

cely more contact with males than did SS� females, so

Table 1 Effects of each predictor on fitness as measured by egg-to-adult survival probability. The table shows the model-averaged

estimates for each predictor after averaging all models in the model set. The models were quasi-binomial GLMs with egg-to-adult survival

probability as the response variable (coded as a two-column matrix of the number of eggs surviving to adulthood and the number not

surviving, in our sample of eggs – typically 30 per female; n = 78 fitness measurements). Sexual selection treatment had a statistically

significant effect (shown in bold; a = 0.05) and was over-represented in the top-ranked models (‘Importance’ column).

Predictor Estimate SE 95% confidence limits Importance

Intercept 0.36 0.060 0.23 to 0.48

Treatment �0.45 0.12 �0.69 to �0.21 > 0.99

Replicate 0.006 0.12 �0.24 to 0.25 0.39

Copulation duration �0.25 0.12 �0.49 to �0.0010 0.74

Treatment 9 Replicate 0.27 0.25 �0.21 to 0.76 0.16

(a)  Egg-to-adult survivorship (%) (b)  Progeny number

40
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20

40
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Replicate 1 Replicate 2 Replicate 1 Replicate 2

V
al
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Fig. 3 Sexual selection treatment

negatively affected fitness as measured

by egg-to-adult survivorship(a), but did

not significantly affect the number of

progeny reaching adulthood(b). The

sample size was 78 (39 females per

treatment, summed across replicates),

and box plots depict the same summary

statistics as in Fig. 2.

Table 2 Effects of each predictor on fitness as measured by progeny number. The table shows the model-averaged estimates for each

predictor after averaging all models in the model set. The models were quasi-Poisson GLMs with progeny number as the response variable

(n = 78 fitness measurements). Because we standardized the variables prior to running the model, the estimates are in unit of one-half

standard deviation. Replicate had a statistically significant effect (shown in bold; a = 0.05) and was over-represented in the top-ranked

models (‘Importance’ column).

Predictor Estimate SE 95% confidence limits Importance

Intercept 3.78 0.034 3.71 to 3.85

Treatment �0.0033 0.069 �0.14 to 0.13 0.35

Replicate �0.16 0.069 �0.30 to �0.023 0.85

Copulation duration �0.0056 0.071 �0.15 to 0.14 0.27

Treatment 9 Replicate 0.11 0.14 �0.16 to 0.39 0.1
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the amount of male harassment (see, e.g., Gay et al.,

2008; den Hollander & Gwynne, 2009) they experi-

enced was presumably similar. Another possibility is

that males that are particularly successful at attaining a

mating under competitive conditions also tend to

induce more copulation-induced harm (although there

seems to be no evidence for this; Ronn & Hotzy, 2012),

or provide smaller nuptial gifts in their seminal fluid

(although we detected no difference in copulation

duration, which counts against this hypothesis). A third

possibility is that males facultatively adjust their mating

behaviour in response to the presence of rival males

(Bretman et al., 2011), although we observed no differ-

ence in copulation duration. A previous study found

that males transferred their ejaculate more quickly

when mating in the presence of rivals, although the

overall mass of the ejaculate was the same, hinting at

differences in mating behaviour based on social context

(Wilson et al., 2014). Finally, sexually competitive

males might on average transmit genes that negatively

affect egg-to-adult survival, for example because of

antagonistic pleiotropy. There is an evidence from

C. maculatus that sexually competitive males tend to

carry genes that result in lower female fitness (at least

in benign conditions), implying the existence of genetic

trade-offs between some naturally and sexually selected

traits (Berger et al., 2014), which provides some indirect

support for this hypothesis.

A previous study of Drosophila montana flies found

that the sons of irradiated males had reduced mating

success and altered mating behaviour, although the

effects were weak (Pekkala et al., 2009). The authors

hypothesized that because the radiation-induced muta-

tions were generally inherited in single copy, as mat-

ings were outbred as in the present study, mutations

had little effect on fitness because of recessivity. Thus,

even if sexual selection did purge some mutations, the

fitness effects might be subtle and undetectable, at least

across a single mating episode. In dung beetles, Almbro

& Simmons (2013) found no differences in male sexu-

ally selected traits between the sons of irradiated males

and control males, although males in subsequent gen-

erations (in which some mutant homozygotes were

likely present) were stronger and had nonsignificantly

higher testis mass, again implying that the recessivity of

mutations may reduce the fitness benefits of sexual

selection in outbred matings (i.e. in matings where

partners tend to carry different recessive mutations).

In the light of these results, we hypothesize that sex-

ual selection might have stronger benefits when the

mutations carried by prospective mates are often identi-

cal by decent to those carried by the focal individual.

That is, there may be only a weak benefit to avoiding a

mutation-laden mate whose mutations are all different

to one’s own (as in our experiment), because most del-

eterious mutations are recessive (e.g. Houle et al., 1997;

Lynch et al., 1998). A small number of studies have

tested whether the effects of sexual selection on males

change with the level of genetic similarity between

mates. Duffy et al. (2014) measured the intersexual

genetic correlation (rmf) for fitness, where male fitness

was scored as success in pre- and post-copulatory sex-

ual selection and female fitness as productivity, under

three different inbreeding levels. rmf was positive under

low inbreeding and significantly declined to become flat

or negative under high inbreeding. These results illus-

trate that homozygosity and the nature of current

genetic variation (e.g. the relative frequency, polymor-

phism and fitness effects of loci with sexually antago-

nistic vs. concordant fitness effects) can both affect rmf,

although they do not provide a direct measurement of

the effect of inbreeding on the net effect of sexual

selection on fitness. Similarly, female multiple mating

(which potentially strengthens sexual selection) pro-

vided fitness benefits in inbred populations of Tribolium

beetles but not in outbred ones (Michalczyk et al.,

2011); this is consistent with the hypothesis that sexual

selection is more beneficial when the available males

tend to be genetically similar to the female.

The fitness consequences of sexual selection at vary-

ing levels of inbreeding thus seem ripe for study, espe-

cially in the light of evidence that the fitness

consequences of sexual selection depend on the envi-

ronment and the adaptive history of the population

(Long et al., 2012; Berger et al., 2014; Punzalan et al.,

2014). It is also unclear to what extent sexual selection

contributes to genetic purging (but see Jarzebowska &

Radwan, 2010), in which extended bouts of inbreeding

remove deleterious recessive alleles (Crnokrak & Barrett,

2002). Future models of the effects of sexual selection

on mutation load may benefit from considering domi-

nance, homozygosity and inbreeding, and models of

genetic purging could incorporate sexual selection.

Additionally, empiricists seeking to measure ‘good

genes’ benefits of sexual selection should keep inbreed-

ing in mind when designing experiments. For example,

estimates of the genetic benefits of sexual selection

might be biased downwards if experimental matings are

restricted to nonrelatives, as inbreeding is often common

in nature (Crnokrak & Roff, 1999; Walling et al., 2011).

A potential criticism of this and similar studies using

mutagenesis to test for pleiotropy between naturally

and sexually selected fitness components (e.g. Radwan,

2004; Hollis & Houle, 2011; Plesnar et al., 2011; Almbro

& Simmons, 2013) is that the mutagenesis procedure

may create linkage disequilibrium between mutations

that separately affect the focal traits (see Whitlock &

Agrawal, 2009). Therefore, a correlated response in one

trait to selection on the other may be explained by

linkage disequilibrium between separate mutations

affecting the two traits, rather than by pleiotropy. Spe-

cifically, if some individuals by chance receive a larger

dose of radiation/mutagen and thus carry many muta-

tions, their offspring might have a low breeding value
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for naturally and sexually selected fitness components

even if none of the new mutations simultaneously

affect both traits. Linkage disequilibrium between radia-

tion-induced mutations is expected to decay over suc-

cessive generations (Whitlock & Agrawal, 2009), so we

attempted to mitigate this effect by propagating the

mutated stock (under relaxed selection) for one genera-

tion prior to beginning the experiment. We also repli-

cated our experiment, first using the grand-offspring

(Replicate 1) and then the great-grand-offspring (Repli-

cate 2) of the irradiated males. Linkage disequilibrium

between radiation-induced mutations would have been

stronger in Replicate 1, so the strength of the statistical

interaction between treatment and replicate gives an

indication of the role of linkage disequilibrium in gen-

erating our results (namely that sexual selection

reduced survival). This interaction was weak and non-

significant, implying that linkage disequilibrium

between mutations separately affecting naturally and

sexually selected fitness components was minor. If any-

thing, the detrimental effect of sexual selection was

weaker in Replicate 2, which is opposite to the predic-

tion of the linkage disequilibrium hypothesis. We nev-

ertheless recommend that studies using mutagenesis to

examine pleiotropy keep Whitlock & Agrawal (2009)’s

caution in mind.
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