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Abstract

In many species, females exposed to increased sexual activity experience

reductions in longevity. Here, in Drosophila melanogaster, we report an addi-

tional effect on females brought about by sexual interactions, an effect that

spans generations. We subjected females to a sexual treatment consisting of

different levels of sexual activity and then investigated patterns of mortality

in their offspring. We found reduced probabilities of survival, increases in

the rate of senescence and a pattern of reduced mean longevities, for

offspring produced by mothers that experienced higher levels of sexual

interaction. We contend that these effects constitute trans-generational costs

of sexual conflict – the existence or implications of which have rarely been

considered previously. Our results indicate that ongoing exposure by

mothers to male precopulatory interactions is itself sufficient to drive trans-

generational effects on offspring mortality. Thus, we show that increases in

maternal sexual activity can produce trans-generational effects that perme-

ate through to latter life stages in the offspring. This helps to elucidate the

complex interplay between sex and ageing and provides new insights into

the dynamics of adaptation under sexual selection.

Introduction

Much of evolutionary theory is grounded on the princi-

ple that investment in reproduction is costly. For exam-

ple, the cost of reproduction is central to life-history

theory because it drives the fundamental trade-off

between an individual’s investment into current repro-

duction at the expense of future reproductive potential

and survival prospects (Williams, 1966; Reznick, 1985;

Stearns, 1989). Reproductive costs have also been

invoked in classic theories that seek to explain the evo-

lution of ageing, such as the Antagonistic Pleiotropy and

the Disposable Soma theories (Williams, 1957; Kirkwood

& Rose, 1991).

It has become clear that the costs associated with

sexual interactions extend far beyond those that are

directly tied to reproductive investment. In several spe-

cies, the act of mating alone can drive reductions in

female longevity, when controlling for variance in

reproductive rates. Arguably, the best examples come

from the fruit fly Drosophila melanogaster and the seed

beetle Callosobruchus maculatus. In Drosophila melanogas-

ter, the receipt by females of seminal proteins that are

present within the male ejaculate decreases their

longevity, with those females receiving greater loads of

accessory gland proteins living shorter lives (Chapman

et al., 1995). In fact, females experience decreases in

survival simply by co-habiting with males in the

absence of any mating, implying that male precopulato-

ry behaviours are detrimental for female fitness

(Partridge & Fowler, 1990). Experimental evolution

studies have confirmed the sexually antagonistic nature

of male adaptations in D. melanogaster. In one study,

females were prevented from co-evolving with males

by effectively holding the female phenotype static over

numerous generations. Under such conditions, males

rapidly adapted to the opposite sex, and a by-product of

this male adaptation was a reduction in female survi-

vorship (Rice, 1996), although this result was not repli-

cated in a later study using descendants of the same

base population (Jiang et al., 2011). In a subsequent

selection experiment, females mated to promiscuous
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control males (sourced from populations where sexual

selection was free to operate) suffered a longevity cost

compared with females that mated to males sourced

from populations evolving under conditions of enforced

monogamy (Holland & Rice, 1999), demonstrating that

sexual selection may select for male adaptations that

harm females. Other studies in D. melanogaster have

confirmed similar patterns, namely that co-habitation

with males generally results in a reduction in female

fecundity (Linder & Rice, 2005; Lew et al., 2006). In

Callosobruchus maculatus, multiply-mated females live

shorter lives than singly mated (Crudgington & Siva-

Jothy, 2000), and these reductions in longevity seem at

least partly attributable to scar damage (Gay et al.,

2010) induced via male genital spines that puncture

the connective tissue within the female reproductive

tract (R€onn et al., 2007).

The aforementioned examples form part of a portfolio

of evidence, which contends that sexual selection can

routinely favour the evolution of male traits that nega-

tively impact on female life histories (Arnqvist & Rowe,

2005), including components of ageing (Promislow,

2003; Bonduriansky et al., 2008). Of the many traits

involved in sexual interactions, there are numerous

examples of cases in which optimal expression of a trait

in one sex takes the other sex away from its optimum

(Arnqvist & Rowe, 2005). Indeed, the widespread prev-

alence of sex differences in reproductive tactics, paren-

tal investment and potential reproductive rates across

the animal kingdom sets the stage for strong sex

specific and sexually antagonistic selection on traits

involved in sexual reproduction (Chapman et al., 2003;

Arnqvist & Rowe, 2005). As such, sexually antagonistic

selection is expected to be a pervasive force in shaping

evolutionary trajectories under sexual selection.

A longstanding conundrum for evolutionary biolo-

gists is an explanation for why the females of so many

species mate multiply within a given reproductive bout

(i.e. polyandrously). On the one hand, polyandry might

evolve adaptively if females garner direct benefits

(Arnqvist & Nilsson, 2000), or genetic (indirect) bene-

fits for their offspring (Jennions & Petrie, 2000), from

multiple mating. On the other, theory would suggest

that polyandry could result entirely from sexual conflict

over mating patterns (Holland & Rice, 1998; Gavrilets

et al., 2001) and thus be primarily associated with direct

costs. Although the direct fitness benefits to females of

polyandry seem common, at least in the insects when

mating rates are restricted to intermediate levels, fur-

ther increase in mating rates results in diminished

returns on fecundity and longevity (Arnqvist & Nilsson,

2000). Furthermore, there are numerous documented

cases of species for which there are no apparent direct

benefits associated with multiple mating (Jennions &

Petrie, 2000; Arnqvist & Kirkpatrick, 2005). As such,

much attention has focused on whether the direct costs

associated with multiple mating will typically be

compensated by genetic benefits transmitted to the off-

spring (Kirkpatrick & Barton, 1997; Holland & Rice,

1998; Chapman et al., 2003; Cordoba-Aguilar & Contre-

ras-Garduno, 2003; Eberhard & Cordero, 2003; Kokko

et al., 2003; Arnqvist & Kirkpatrick, 2005, 2007; Grif-

fith, 2007). Theory indicates that the direct costs will

outweigh any accrued indirect genetic benefits (Cameron

et al., 2003), and this has been supported by some

(Arnqvist & Nilsson, 2000; Arnqvist & Kirkpatrick,

2005; Orteiza et al., 2005; Stewart et al., 2005, 2008;

Maklakov & Arnqvist, 2009; Brommer et al., 2011), but

not all (Head et al., 2005; Garcia-Gonzalez & Simmons,

2010) empirical studies. Recent studies highlight further

complexity to the debate because they show that multi-

ple mating can result in trans-generational benefits to

offspring that are generated by paternal effects or pater-

nally induced maternal effects (Garc�ıa-Gonz�alez &

Simmons, 2007; Priest et al., 2008b), rather than via

any indirect genetic (principally, good genes) process

traditionally suggested to explain such patterns (Moller

& Alatalo, 1999).

The debate to date has focussed on balancing the

direct costs of polyandry to the potential trans-genera-

tional benefits that females might recoup. However,

two recent studies provide some suggestion that the

trans-generational effects associated with multiple mat-

ing might on occasion manifest themselves as costs

rather than benefits. First, female guppies (Poecilia retic-

ulata), exposed to higher levels of male sexual harass-

ment, produced daughters with smaller bodies and sons

with smaller gonopodia, and this resulted in these sons

exhibiting lowered reproductive success (Gasparini

et al., 2012). Second, a recent study in D. melanogaster

reported that females, subjected to frequent exposure

to males, produced sons with increased fitness, but

grandsons with decreased fitness (Brommer et al.,

2011). This would suggest that the benefits of multiple

mating can be eroded via conflicting effects across

generations.

Here, we contribute a novel insight into this field of

research, by presenting results that indicate that the

previously identified survival costs of heightened sexual

interaction in female D. melanogaster (Chapman et al.,

1995; Rice, 1996; Holland & Rice, 1999) can be rein-

forced by trans-generational reductions in the survival,

and accelerated ageing, of their offspring. These effects

represent putative trans-generational costs to females of

engagement in polyandry or exposure to heightened

male sexual interaction under sexual selection. Further-

more, the trans-generational effects we uncover affect a

fundamental pillar of organismal life history – offspring

mortality trajectories. Although longevity, survival and

ageing are traits that have been studied within a trans-

generational framework in the context of maternal age

effects (i.e. the Lansing effect; Lansing, 1947; Priest

et al., 2002; Fox et al., 2003; Opit & Throne, 2007;

Yilmaz et al., 2008; Bouwhuis et al., 2010), they have

ª 2 01 3 THE AUTHORS . J . E VOL . B I OL . do i : 1 0 . 1 11 1 / j e b . 1 2 27 6

JOURNAL OF EVOLUT IONARY B IOLOGY ª 2013 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

2 D. K. DOWLING ET AL.



generally not been examined in the context of research

into the evolution of polyandry and dynamics of sexual

selection (Priest et al., 2008a). This probably accounts

for why the effects we report here have previously

remained elusive. We discuss how the existence of

trans-generational costs stemming from maternal sexual

interactions could have broad evolutionary implications

and suggest that such costs should be incorporated into

future ‘cost-benefit’ appraisals of the evolutionary

economics of sexual selection, sexual conflict and the

evolution of polyandry.

Materials and methods

Study population

The experiments were performed on an Australian

population of Drosophila melanogaster. This population

had been seeded by 60 wild-caught nonvirgin females,

collected from three localities (20 females per site)

within Coffs Harbour, New South Wales, Australia, in

2010. Ten sons and 10 daughters of each of these

females were added to those of the other females to cre-

ate a single mass-bred population. The population was

thereafter propagated in the laboratory on a 14-day dis-

crete generation life cycle, at 25 °C and a 12 : 12 light–
dark cycle, across numerous 10-dram vials on a potato

dextrose–yeast–agar medium. Each vial in the popula-

tion is propagated by 20 four-day-old pairs over a 20-h

egg-laying period, and all eclosing offspring are admixed

with those of the other vials, each generation, prior to

their sorting into new vials. Larval densities of each vial

are trimmed to a moderate density of 150 eggs per vial.

Previous research has shown that this population

harbours an abundance of functional genetic variance

for numerous life-history traits (Williams et al., 2012).

Experimental design

The prospective mothers entering the experiment were

collected as virgins within 7 h of eclosion and stored in

groups of eight, with ad libitum access to live yeast.

When the mothers were 4 days old, each group was

subjected to a 2-h exposure to a group of twelve 4-day-

old virgin males, during which time virtually all mothers

would have mated once and only once [DKD, BRW; per-

sonal observation on this population, and general to

other populations; see for example (Holland & Rice,

1999)]. The males were then removed from the mating

vials, and each respective group of mothers subjected to

a treatment, comprised of one of three mating levels

(maternal sexual treatment), for the following 10 days.

Prospective mothers assigned to the first level

received no further contact to males over the subse-

quent 10-day period. From here on, we refer to this

level as the baseline, as all females in the experiment

first experienced this 2-h exposure to males prior to

their subsequent assignment to the other levels. Fol-

lowing this baseline level of sexual exposure, the eight

mothers in each of the vials assigned to the second

level of the treatment were immediately exposed to a

new group of 12 virgin males, whose genitals had been

previously cauterized using a fine tungsten wire probe

connected to a 6 V, 1 A power source. This cauteriza-

tion procedure had been extensively pilot-tested within

our laboratory to ensure that it was completely effective

in precluding copulation by the male subjects, without

noticeably impairing their activity levels or desire to

engage in precopulatory sexual behaviours. Thus,

mothers assigned to this level remained mated only

once, but were subjected to ongoing male precopulato-

ry activity (harassment and courtship) over the 10-day

period. From here on, we refer to this level as the

precopulatory only level. Mothers assigned to the third

level were immediately exposed, after the baseline level

of sexual exposure, to a group of 12 virgin males,

whose genitals were fully intact, over the 10-day

period. Prospective mothers assigned to this level will

have in general experienced effects of ongoing male

precopulatory activity, several copulations and post-

copulatory effects associated with the receipt of multiple

ejaculates. From here on, we refer to this level as the

pre- plus post-copulatory level. In total, 10 maternal vials

(i.e. 10 vials, each containing a group of eight mothers)

were allocated to each level of the treatment (thus, 30

maternal vials in total).

Every second day, each group of mothers was trans-

ferred to a fresh vial with ad libitum access to live yeast,

and males that had died or escaped were replaced. On

the fifth and tenth days of the treatment, we collected

the eggs laid by each group of mothers over a 32-h lay-

ing period. Within each maternal age category (5 or

10 days of sexual treatment), these eggs were all of the

same age (within 32 h) regardless of the maternal sex-

ual treatment level from which they were sourced. This

therefore precludes variance in egg-age effects from

confounding our interpretations. The eggs collected

from each ‘maternal vial’ were then placed in new vials

at a maximum density of 25 eggs per vial. These vials,

denoted ‘juvenile vials’, were the vials in which the

focal offspring were reared, prior to their eclosion as

adults and subsequent redistribution into vials of adults

for the ageing assay described below. Given this cap on

larval density in the juvenile vials at very low levels

(less than twenty per cent of typical egg densities of

150 per vial, under which the population has evolved

in the laboratory), and given that we scored the resul-

tant egg-to-adult viability of these vials and can report

that maternal clutch viabilities were unanimously high

across the experiment (mean = 0.94 � 0.005), there

was therefore little scope for density-dependent effects

to influence our interpretations. Nonetheless, as a

further precaution in mitigating the potential for den-

sity-dependent effects at the larval stage to confound
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our interpretations, we also included this parameter

(egg-to-adult viability) as a covariate in our subsequent

statistical analyses.

The focal sons and daughters of these mothers were

then collected from the juvenile vials, as virgins, and

stored by sex in ‘assay vials’, in cohorts that were

capped at a maximum of 30 same-sex individuals

(mean = 22.7 � 0.57). Each cohort of focal flies, from a

given assay vial, shared the same set of eight mothers

that had been exposed to the maternal sexual treat-

ment. When 5 days old, the focal flies entered the

ageing assay, with the sexes assayed separately. At this

point, each cohort of focal flies was exposed to an

equal-sized group of 5-day-old virgin flies of the oppo-

site sex, collected from Coffs Harbour population, and

allowed to mate over a 2-h period during which time

almost all flies would have mated one time only. We

mated focal flies in this way to reconcile two observa-

tions. First, the natural physiological state in which a

female fly would spend the majority of her life is most

likely to be that of a mated rather than a virgin, given

that females are sexually mature within 8 h of their

eclosion to adulthood. Second, the transcriptomes of

multiply-mated and once-mated females are known to

exhibit very similar baseline gene expression profiles,

but these baseline profiles differ substantially from

those of virgin females (Innocenti & Morrow, 2009). At

the end of the mating period, the mates of the focal

flies were removed. From thereon, each cohort of focal

flies was transferred to a fresh vial, with food and

0.001 g of live yeast, every second day, and the num-

ber of deaths recorded at the time of transfer. Each

cohort was monitored until such time that all individu-

als within it had deceased. In total, 2106 offspring were

followed through to death across the three levels of the

treatment.

Statistical analyses

Using the data, we obtained measures of offspring lon-

gevity, ageing rates and survival. We conducted longev-

ity and survival analyses on individual flies (n = 2106

flies, 93 assay vials, 30 maternal vials), using multilevel

models (see Data S1). Multilevel linear models of off-

spring longevity were fitted using the lmer function in

the lme4 (Bates et al., 2012) package in R 2.14.2 (R

Development Core Team, 2012), with maternal sexual

treatment (baseline; precopulatory; pre- plus post-copula-

tory), maternal age at oviposition (5 or 10 days), off-

spring sex (male; female) and their interactions as fixed

effects. The egg-to-adult viability of the juvenile vials

was included as a covariate (see Experimental design

for exact rationale). Survival differences across the

same fixed effect classes were analysed using mixed

effects Cox proportional hazards regression in the coxme

package of R (Therneau, 2012). In both the longevity

and survival analyses, maternal vial replicate (there

were 10 replicate vials per treatment level, thus 30 in

total; denoted replicate ID in Table 1) and assay vial

identity (offspring were scored in vials capped at 30

same-sex individuals, denoted Assay vial ID) were

included in the model as random effects to account for

the multiple levels of data.

As described above, during the ageing assay, cohorts

of flies were monitored in replicated assay vials of on

average 22.73 � 0.57 individuals. We used Winmodest

1.0.2 (Pletcher, 1999) to estimate components of ageing

using Gompertz models (see Data S1), where a is the

Gompertz intercept (also called age-independent mor-

tality rate, or frailty) and b is the rate of increase in

mortality with age (also called age-dependent mortality

Table 1 Effects of maternal sexual history on offspring longevity,

survival and ageing. (a) General linear mixed model (GLMM) of

offspring longevity, with maternal sexual treatment (treatment),

maternal age at oviposition (maternal age) and offspring sex as

fixed effects, the egg-to-adult viability associated with the rearing

vial of the juvenile focal offspring (i.e. the vials that the offspring

developed in) as a covariate, and assay vial ID (of adult offspring

during the assay) and replicate ID (corresponding to maternal vial

within maternal sexual treatment) as random effects (see

Methods). b) Type III GLM of the Gompertz rate of senescence (b),
with model effects as described above for a) and frailty (ln

transformed) as a covariate. Cohorts here represent those of large

membership (see Methods). c) Cox proportional hazards mixed

model regression of survival. Standard deviation (SD) is reported

for random effects. Integrated log-likelihood, v2 = 228.5 and 6 d.f;

and penalized log-likelihood, v2 = 317.9 and 40.79 d.f. Further

details about statistical analyses are reported in the Methods and

Data S1 file.

(a, Offspring Longevity) Df (num,den) L-R v2 P

Maternal Treatment 2, 29.01 5.39 0.068

Maternal Age 1, 72.79 0.01 0.940

Offspring Sex 1, 75.51 84.69 < 0.001

Egg-to-adult viability 1, 110.22 0.60 0.439

SD

Assay vial ID 1.83

Replicate ID 1.41

Residual 12.81

(b, Offspring Ageing) Df Type III SS F P

Maternal Treatment 2 0.009533 5.819 0.032

Offspring Sex 1 0.015017 18.33 0.004

ln(alpha) 1 0.090481 110.46 <0.001

Residual 7 0.005734

(c, Offspring Survival) Df L-R v2 P

Maternal Treatment 2 8.53 0.014

Maternal Age 1 2.22 0.136

Offspring Sex 1 81.08 <0.001

Egg-to-adult viability 1 0.046 0.830

SD

Assay vial ID 0.172

Replicate ID 0.044
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rate, or the rate of senescence of the population)

(Finch, 1990). Such estimates are known to be highly

sensitive to sample sizes (Pletcher, 1999). Given that

the maternal age at oviposition generally had little

effect on longevity or survival patterns in the other

analyses (see Results), we chose to use this factor as a

natural level of biological structure in which to assign

individuals to cohorts of larger membership. To clarify,

for each treatment level and sex, focal flies were pro-

duced that had been reared from eggs that were laid by

mothers whom had been exposed to the maternal sex-

ual treatment for either five or 10 days. Thus, for each

combination of treatment and sex, focal flies produced

by 5-day-old mothers were assigned to one cohort and

those produced by 10-day-old mothers to a second

cohort. The membership of each cohort shared environ-

mental interdependencies, having been produced by

mothers of the same age, and assayed at the same time.

Thus, having collapsed the vials of each treatment by

sex combination into these two cohorts, the mean

number of flies per cohort was 176 � 19.4. We note

that the rate-of-senescence analyses based on cohort

sizes represented at the level of assay vials

(22.73 � 0.57 flies per vial) nonetheless provided quali-

tatively identical results.

We fitted general linear models (GLMs) to the rate-

of-senescence means, in R 2.14.2 (R Development Core

Team, 2012), in which the maternal sexual treatment,

offspring sex and their interactions were modelled as

fixed factors. A negative association typically exists

between the rate of senescence and frailty (Hughes,

1995), and this was the case in our data set. Hence,

rate of senescence was modelled with frailty (ln trans-

formed) as a covariate in the subsequent analyses. We

included the number of deaths per cohort as a weight

statement in the models.

In all of the above models, we omitted nonsignificant

interactions (alpha criterion of 0.05) from the model

one at a time, starting with second-order, then first-

order interactions, then main effects. None of the inter-

actions, in any model, were significant, and thus, here

we report only the test statistics associated with the

main effects. F tests were used to assess statistical signif-

icance for the GLMs of the Gompertz data, and log-like-

lihood ratio tests for the multilevel models of longevity

and Cox models of survival. Tukey’s tests were imple-

mented using the multcomp package in R (Hothorn

et al., 2008).

Data are available for public access, at DataDryad.org

(doi:10.5061/dryad.j3823).

Results

The sexual history experienced by mothers prior to and

during the production of the eggs that yielded the

assayed offspring subsequently affected patterns of sur-

vival and ageing in their offspring. In particular, moth-

ers that mated once only in their lifetime, during a

brief exposure to males, produced offspring that tended

to live longer (Table 1a, P = 0.068, Fig. 1a), that aged

slower (Table 1b, P = 0.032, Fig. 1b) and that exhibited

lower risks of mortality at any given time point

(Table 1c, P = 0.014, Fig. 1c), than mothers exposed to

regimes conducive to incessant male coercion for

matings.

Tukey–Kramer tests revealed that the sole significant

contrast in each analysis was between offspring of

females exposed to the baseline level of sexual activity

and those exposed to precopulatory only male sexual

activity (rate of senescence: P = 0.027, survival:

P < 0.01, whereas the P value associated for this con-

trast in the longevity analysis was P = 0.057). Although

females exposed to male pre- plus post-copulatory activity

produced offspring exhibiting longevities, survival and

rates of senescence that were intermediate between the

baseline and precopulatory only treatment levels (Fig. 1a–
c), these differences were not significant.

Comparison of the risk ratios generated by the

proportional hazards analysis revealed that offspring

produced by mothers exposed to precopulatory only sex-

ual activity experienced a 27% increase in the immedi-

ate risk of death at any given time point, although

offspring whose mothers experienced both pre- plus post-

copulatory sexual activity exhibited a 15% increased risk

of mortality, over offspring of baseline mothers (Fig. 1c).

We also found strong sexual dimorphism for longev-

ity (LS means, males = 43.65 � 0.60, females =
51.80 � 0.47), the rate of senescence (LS means,

males = 0.087 � 0.002, females = 0.073 � 0.002) and

the risk of mortality (Table 1). We found no effect of

maternal age, which encompasses the length of time

mothers were exposed to the treatment, on longevity

or survival in the offspring (Table 1).

Finally, we examined the effect of the maternal sex-

ual treatment on the associated egg-to-adult viability of

the juvenile vials, in which the focal offspring were

reared. Egg-to-adult viability in these vials was high

across all the maternal sexual treatment levels

(F2,47 = 2.43, P = 0.10, baseline: 90.67% � 1.89, precop-

ulatory only: 93.8% � 0.99, pre- and post-copulatory:

94.50% � 0.85: Tukey’s HSD tests indicate no signifi-

cant differences between levels).

Discussion

Here, we show the effects of the maternal sexual

history on offspring survival and components of ageing

in D. melanogaster. We contend that this result could

provide new insights in the ongoing debate amongst

evolutionary ecologists into whether indirect benefits

(in terms of increased offspring fitness) associated with

heightened levels of sexual activity can compensate for

the direct costs experienced by females. Although pre-

vious studies have identified positive trans-generational
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effects on components of offspring reproductive fitness,

attributable to increases in maternal sexual interaction

(Konior et al., 2001; Head et al., 2005; Fisher et al.,

2006; Garc�ıa-Gonz�alez & Simmons, 2007; Rundle et al.,

2007; Priest et al., 2008a,b; Taylor et al., 2008; Garcia-

Gonzalez & Simmons, 2010; Firman & Simmons, 2012),

or little or no such effects (Arnqvist & Kirkpatrick,

2005; Orteiza et al., 2005; Stewart et al., 2005, 2008;

Maklakov & Arnqvist, 2009), little attention has

focused on the possibility of effects to manifest as costs

in the offspring generation (Brommer et al., 2011;

Gasparini et al., 2012). Here, we have experimentally

uncovered negative trans-generational effects on a set

of core life-history traits (survival, ageing, longevity)

that has been rarely studied in a trans-generational

context and generally only in the framework of effects

of maternal age on offspring (Lansing, 1947; Priest

et al., 2002; Fox et al., 2003; Bouwhuis et al., 2010).

The effects we report could plausibly represent a hith-

erto hidden trans-generational cost (or indirect cost) of

multiple mating, affecting a fundamental component of

life history – mortality (Stearns, 1989). Thus, in brief,

our results indicate that the previously identified direct

survival costs to females, upon increased exposure to

sexual interactions (Chapman et al., 1995; Crudgington

& Siva-Jothy, 2000), can be reinforced by survival costs

in the following generation. This implies that a

mother’s sexual history can leave its footprint even on

the latter life stages of her offspring.

An important question raised by our results is

whether the negative trans-generational effects that

we have identified on offspring survival and ageing

parameters indeed reflect a trans-generational cost of

heightened maternal sexual activity, and if so whether

these costs are sizeable enough to warrant consider-

ation in future appraisals of the economics of multiple
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Fig. 1 (a) LS means of longevity (�1SE) in days, (b) LS means of rate-of-senescence and (c) survival curves for offspring produced by

mothers that experienced differing sexual histories. (a) Longevities are LS means calculated from the level of the assay vial (n = 93). (b)

Rates of senescence are LS means calculated from the large cohorts (membership determined by maternal age) assembled for the ageing

analysis, as described in the Methods (n = 12). (c) Survival curves of each level of the treatment are indicated by lines of differing shades.
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mating in females. Comparison of the hazard ratios for

the significant comparisons suggests a large increase in

the chance of mortality at any given time for offspring

produced by precopulatory only mothers relative to the

baseline and around a nine per cent decrease in lon-

gevity. Indeed, it is possible that the maternal sexual

treatment induced a life-history trade-off in the

offspring, resulting in increased early-life reproductive

fitness at the expense of survival (Stearns, 1989),

although we cannot determine whether the trade-off

would be balanced in favour of net trans-generational

benefits or costs, as we did not measure the reproduc-

tive success of the offspring in this study. The exis-

tence of early-life trans-generational fitness benefits in

D. melanogaster have, however, been shown to be

context dependent (Long et al., 2010; Brommer et al.,

2011) and range from negligible (Orteiza et al., 2005;

Stewart et al., 2008) to large (Priest et al., 2008a).

However, whether or not the trans-generational effects

identified here actually represent net fitness costs of

sexual interactions seems tangential to the issue of

whether these effects should be termed trans-genera-

tional costs or not. If we take an evolutionary

economic approach to the issue, then clearly there will

be both estimable benefits and costs that result when

females increase their exposure to sexual activity (i.e.

under polyandry and increased sexual selection). These

benefits and costs can manifest immediately on the

subjects of the sexual interactions (hence be direct), or

on the offspring generation (hence be trans-genera-

tional). Based on our results, we contend that it will

be important for each of these four fitness components

to be measured in future studies that seek to deter-

mine the net fitness consequences (hence adaptive

value) of multiple mating by females. Historically,

however, researchers have primarily focused on the

issue of balancing the direct costs against indirect ben-

efits (Head et al., 2005; Stewart et al., 2008; Garcia-

Gonzalez & Simmons, 2010; Slatyer et al., 2012). We

address this issue in further length within the Data S1

file associated with this article.

Our data show that offspring produced by mothers

exposed to increased male precopulatory sexual activity

exhibited lower survival and faster ageing than off-

spring produced by mothers exposed to a baseline level

of sexual interaction (one initial mating). Contrasts

involving enhanced post-copulatory activity levels were

not significant. Notably, this result indicates that female

exposure to ongoing male precopulatory behaviours is,

by itself, sufficient to drive trans-generational effects on

components of offspring ageing and survival. Such pre-

copulatory effects could arise from the complex male

courtship ritual, which includes male orientation and

courtship song, male foreleg tapping on females,

incessant pursuit and circling of mating-resistant

females, female genital licking and attempted mounting

(Greenspan & Ferveur, 2000).

There was a subtle signal for offspring produced by

mothers experiencing both pre- plus post-copulatory

sexual interaction to exhibit intermediate ageing

parameters to those of the other two treatment levels

(although – as we have stated above – these contrasts

were not statistically significant, and the existence of

these effects therefore cannot be verified, and if present

must be small). Nonetheless, the direction of the

pattern is intriguing, given that it has previously been

shown that the accessory cell proteins (acps), within the

seminal fluid in D. melanogaster, exert negative effects

on female survival (Chapman et al., 1995) and are thus

essentially toxic to female physiology (Wolfner, 2002;

Wigby & Chapman, 2005). In the light of toxic effects

of acps, it might have been reasonably expected that

offspring produced by mothers experiencing both pre-

plus post-copulatory male harassment would have

exhibited lower survival and faster ageing than off-

spring produced by mothers experiencing only precopu-

latory male sexual activity. What might then explain

this seemingly counter-intuitive result?

Although the receipt of multiple doses of seminal

fluid might exert a direct negative effect on the survival

of mothers (Chapman et al., 1995), we suggest that the

seminal fluid could possibly have an indirect nourish-

ing, or hydrating effect, that positively augments survi-

vorship in the offspring generation. Females are known

to mate to hydrate in the seed beetle, C. maculatus

(Edvardsson, 2007), but how plausible is it that the

ejaculate contents could confer antagonistic effects

across generations, harming mothers while benefitting

offspring? Such antagonistic effects were recently docu-

mented by Brommer et al. (2011), who observed that

heightened exposure to male sexual activity resulted in

females producing sons of high fitness, but grandsons

of low fitness (Brommer et al., 2011). Our suggestion

that the ejaculate can induce cross-generational

opposing fitness effects is also consistent with the obser-

vation that multiple mating in D. melanogaster can result

in the offspring exhibiting high early-life fitness in the

absence of sexually selected ‘good genes’ processes

(Garc�ıa-Gonz�alez & Simmons, 2007; Priest et al.,

2008b).

We also acknowledge the possibility of sexual selec-

tion to have influenced the pre- plus post-copulatory

treatment level and contributed a compensatory ‘res-

cue’ effect amongst the offspring. This treatment level

was the only level in which females received multiple

ejaculates, thus enabling multiple paternities of each

female’s ova and invoking strong post-copulatory sex-

ual selection on males. This could have resulted in

selection for offspring genotypes conferring higher fit-

ness and associated higher survival and slower ageing.

If so, offspring of this treatment level would suffer the

indirect costs associated with ongoing male precopula-

tory exposure by their mothers, but this effect could be

moderated by the receipt of genetic benefits in the
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offspring. However, we believe that there is little scope

for this possibility, given that there was no differential

mortality of focal juvenile flies across the treatment,

and indeed, egg-to-adult viability of the focal juvenile

flies (i.e. prior to their eclosion) was unanimously very

high (>90%). Finally, we acknowledge that other less

biologically interesting processes could result in a simi-

lar pattern in offspring survival and ageing, across the

treatment. For instance, it is possible that females

assigned to the pre- plus post-copulatory treatment level

might well have experienced an overall lower level of

male harassment than females assigned to the precopula-

tory only treatment level. This is because females of the

former level would have routinely spent periods of time

in a nonreceptive refractory period, following mating,

whereas females of the precopulatory only level would

have been receptive throughout the duration of the

treatment. It has previously been observed that male

courtship intensity towards nonreceptive females is

lower than towards virgin females (McRobert et al.,

1997). However, it is probable that males in the precop-

ulatory only level would have falsely identified the

females as being ‘multiply mated’, as the cuticular

hydrocarbon profiles of these females will have been

influenced by repeated male contact and the transfer of

male-specific pheromones to the females (Ejima et al.,

2007; Everaerts et al., 2010). Finally, we note the possi-

bility that males of the precopulatory only level may have

generally increased their rate of post-copulatory court-

ship over the duration of the maternal sexual treat-

ment, as a response to their sustained lack of

copulatory success.

Regardless of the underlying finer mechanisms

involved in driving the patterns across the maternal

sexual treatment, clearly the salient conclusion to arise

from our results is that male precopulatory activity

alone was sufficient to drive the trans-generational

effects on offspring life-history expression. Our experi-

mental design enabled us to carefully control for all

known potential confounding sources of environmental

variance, such as egg-age effects, larval densities, vari-

ance in egg-to-adult viability, levels of sexual interac-

tion in the offspring and variance in age in the focal

offspring, parental and grandparental generations. Con-

sequently, the trans-generational effects identified here

can be traced directly to the sexual environments of

the mothers. Thus, the sexual history of mothers can

have effects on offspring survival and components of

ageing. We contend that these effects represent putative

costs that were hitherto unrealized. This suggests that

the focus of the ongoing debate in sexual selection

research, which is currently largely fixed on comparing

direct costs to indirect benefits, should be broadened to

include assessment of cryptic trans-generational costs.

Doing so would require a shift in focus away from

current practice of measuring only the early-life

life-history components in the offspring.
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