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Abstract

Males and females rarely express the same length of life. Here, we studied how sociosexual exposure shapes male and female age-specific
mortality rates in Drosophila melanogaster. \We maintained focal females and males within large, replicated cohorts throughout life with
individuals of the same or opposite sex. Consistent with previous works, we found that females kept throughout their lives with males
had only half the lifespan of those maintained throughout life at the same density in same-sex cohorts. In contrast, only a small lifespan
decrease was observed in the corresponding male treatments and the reduction in male lifespan following exposure throughout life to other
males or females was similar. Deconvolution of underlying aging parameters revealed that changes in lifespan were underpinned by oppos-
ing effects on actuarial aging in males versus females. Exposure to the opposite or same sex increased initial mortality rate in both sexes.
However, in females, increasing exposure to males increased the rate of aging, while increasing exposure to females actually decreased it.
The effects were in the opposite direction in males and were much smaller in magnitude. Overall, the findings were consistent with reports
suggesting that exposure to the same versus opposite sex can affect survival differently in males and females. However, they also reveal
a new insight—that overall lifespan can be underpinned by key differences in actuarial senescence in each sex. The findings suggest that
responses to same or opposite sex exposure may have fundamentally and qualitatively different physiological consequences for health in
males and females.
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Sex Differences in Lifespan lifespan that is the same for both sexes cannot resolve these
conflicting strategies. An extension of this idea is that via
SDL, each sex can adopt a different, fitness-maximizing life
history and hence also reduce sexual conflict (14,15,28,29).
Indeed, a study in which sex-specific selection was experimen-
tally imposed showed that SDL can either widen or evolve
into sexual monomorphism in lifespan in just 20 generations
(17). Selection on age at reproduction can also result in the
adaptive evolution in one sex affecting senescence in the other
(30). If such sexual conflict effects are common and large in
magnitude it would suggest that the portion of sex-specific
lifespan they influence could be missed in experiments con-
ducted on individuals maintained throughout all or most of
their lives on their own or in single sex environments.

That exposure to the same or other sex can affect lifes-
pan in males and females is well known (14,15,28,29,31).
Sex-specific survival costs of reproduction can arise due to
variation in reproductive investment (in eggs and ejaculates),
direct interactions or indirect perception of the same or other
sex (32-37). Experimental studies in Drosophila melanogas-
ter have delineated these different effects (38-42) showing
that female lifespan is reduced by elevated mating, receipt of

In organisms with separate sexes, male and female lifespans
are often characteristically different. Sex differences in lifes-
pan (SDL) can vary in direction and magnitude across species
(1-4) and can also show plasticity within species in response
to variation in diet and reproductive activity (5-12). However,
much about the determination of sex-specific lifespan remains
unclear (3,13). One leading explanation for variation in
lifespan in males and females within and across species cen-
ters on sexual selection, in which SDL occurs because each
sex is selected to increase its own fitness by adopting sex-
specific life histories that can be manifested as differing trade-
offs (eg, between reproduction and lifespan) and thus costs
of reproduction (14-20). The sex-specific selection hypoth-
esis was developed from observations of the association
between length of life in males and females with different
mating systems (8,21-23). The underlying idea is that, as a
consequence of anisogamy, males and females have different
routes to maximize their fitness, resulting in selection for sex-
specific life histories (2,16,24,25). This may necessarily result
in different lengths of life because the optimal resolutions
of life-history trade-offs differ between the sexes (26,27). A
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seminal fluid proteins from males during mating (43-49) ele-
vated egg production (50,51), and physical courtship interac-
tions (46). Female survival costs arising from mating appear
to outweigh those associated with the production of eggs per
se (52,53). Whether such survival costs of mating in female
parents are balanced by potential fitness benefits to their off-
spring is not clear, with evidence both for (42) and against
(54) this possibility. Similar studies on males show mini-
mal impacts on survival of mating (55), and suggest instead
that energetic costs of courtship activity are significant (56)
though surprisingly limited in extent (57). That such costs
predominate for males is also suggested by the finding that
male survival is decreased significantly by exposure to other
males (31,58,59). Physiological survival costs of male repro-
ductive system activation per se are suggested by the finding
that serial lengthy matings in D melanogaster can decrease
male survival and late-life fertility (60). There is also increas-
ing interest in sex-specific effects of same sex exposure on
lifespan, particularly given recent findings that exposure of
older to younger individuals in D melanogaster can extend
lifespan of both sexes (61). It has been shown experimentally
that the survival of males can be reduced to a greater degree
by exposure to same sex individuals than is true for corre-
sponding groups of females in different insects (31). However,
the effects on age-specific mortality rates have not yet been
investigated in this context. Exactly how the potentially dif-
fering impacts of same and opposite sex exposure affect male
and female lifespan via different mortality rates is the new
topic of investigation here.

Direct comparisons of survival in each sex under varying
sociosexual exposures are often hampered by the use of vary-
ing experimental frameworks across studies. Only common
set-ups can allow the magnitude of lifespan effects to be esti-
mated and to avoid potential confounds arising from sex-
specific responses to diet and other environmental factors. The
potential for confusion is exemplified in studies of D melano-
gaster. Sex differences in lifespan are widely reported (62-64)
but are not always observed (65,66). Variation in which sex
lives longest is also rife and affected by several key factors.
One is the sensitivity of female lifespan in particular to mat-
ing status (45,48,64,67). For example, single matings at the
start of life have minimal effects on female lifespan (4,46),
yet intermittent or continual exposure to males can shorten it
dramatically (45,48). Female lifespan also shows heightened
sensitivity to dietary variation (6,18,68). There are variable
and apparently sex-specific effects of social groupings on male
and female lifespan (31,64). That there are likely to be differ-
ing magnitudes of effects of same versus opposite sex expo-
sure on lifespan in males and females is indicated by these and
many other studies. However, as such effects are rarely tested
for within the same study or experimental set-up, the strength
of the selective forces shaping sex-specific lifespan remains
unknown. One example in which a common experimental
set-up was used for both sexes is the study of Iliadi et al.
(64) in D melanogaster. This showed that lifespan differences
between 2 strains, and which sex lived longer overall, was
altered by social exposure (virgin, single sex, or mixed-sex
groupings). Strain differences in survival were also low in flies
held in mixed-sex treatments (64) consistent with previous
findings (69,70). Even more rare are studies like these of both
sexes within the same framework that also include measures
of actuarial aging (30,64,71,72). These are highly useful as
they can document the trajectory of aging (when it starts and

how fast it proceeds) and are crucial to understanding the
mechanisms of sex differences in aging (64). Their omission
is likely due to the large sample sizes required to reliably esti-
mate underlying aging parameters (73).

Our main aim was to address the knowledge gaps identified
above by testing the key hypothesis that there are qualitatively
and quantitatively different effects of same versus opposite
sex exposure on survival in males and females (16,43). We did
this by measuring the effects of sociosexual exposure in each
sex in the same experimental set-up and with sufficient power
to permit the derivation of parameters of actuarial aging.

Method

Experimental Rearing Conditions

Experiments were conducted in a 25°C humidified room
held under a 12-hour light:12-hour dark cycle. Wild-type
Dahomey flies were used throughout. This wild-type stock
has been maintained at large population sizes in overlapping
generations in cage culture since the 1970s on sugar-yeast-
agar (SYA) medium (100 g Brewer’s yeast, 50 g sucrose,
15 g agar, 30 mL Nipagin (10% solution), 3 mL propionic
acid, and 0.97 L water per liter of medium), which was used
throughout. Flies were sampled from the population cages by
allowing females to oviposit on agar-grape juice plates (50 g
agar, 600 mL red grape juice, 42 mL Nipagin (10% solution),
1.1 L water). Larvae were collected from these plates and
reared under a controlled density of 100 per vial. All adults
were collected and separated by sex within 8 hour of eclosion
and stored in groups of 20 in vials (75 x 25 mm). To enable
identification of focal versus nonfocal individuals, nonfocal
flies of each sex were created by clipping the wing tips of
1-day-old adults under CO, anesthesia.

Set-up of Same and Opposite Sex Social Exposure
Treatments

We set up 3 replicate cages (192 x 128 x 10.6 mm) for each of
4 social treatments for each sex (5 x 4 x 2 = 40 cages in total).
The 4 social exposure treatments were:

(i) Focals alone: Focal males or females held throughout
life in single sex groups (17 = 200 focal individuals per
cage x 5 replicate cages x 2 sexes). Cage density = 200
focals per replicate cage.

(i) Intermittent (opposite sex) exposure: Focal males or fe-
males intermittently exposed throughout life to young
individuals of the opposite sex (17 =200 focals + 200
nonfocals of the opposite sex present for 1 day out
of every 4 x 5 replicate cages x 2 sexes). Cage densi-
ty = 200 focals + 200 nonfocals (400 flies) per replicate
cage.

(iii)  Continuous (opposite sex) exposure: Focal males or fe-
males continuously exposed throughout life to young
individuals of the opposite sex (7 =200 focals + 200
nonfocals of the opposite sex x 5 replicate cages x 2
sexes). Cage density = 200 focals + 200 nonfocals (400
flies) per replicate cage.

(iv) Continuous (same sex) exposure: Focal males or fe-
males continuously exposed throughout life to young
individuals of the same sex (7 =200 focals and 200
nonfocals of the same sex; 5 replicate cages x 2 sexes).
Cage density = 200 focals + 200 nonfocals (400 flies)
per replicate cage.
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Each cage was supplied with food through the side with 3
vials (75 high x 25 mm diameter), each containing 7 mL SYA
medium. Food vials were renewed twice every 4 days in a
repeating 1 + 3 day cycle. To keep levels of activity high, all
nonfocal individuals of each sex in treatments (ii-iv) were
replaced with new young 3-7-day-old nonfocal individuals
every 4 days by using CO, anesthesia, with completely new
sets of nonfocals being introduced every second 4-day cycle.
We always controlled for CO, exposure by similarly anes-
thetizing with CO, all cages (including the focal alone treat-
ments) to the same extent regardless of whether there were
any nonfocal flies to remove or replace. Note that the density
of the focals alone treatment (i) was initially half that of the
continuous social treatments (iii and iv) and that the density
of the intermittent treatment varied periodically between the
two, depending upon the phase of the experiment. Higher
densities could have a negative effect on lifespan and thus
potentially decrease our ability to detect lifespan differences
between treatments (61,74) if they were present. However, we
also note that even the highest initial densities of flies can be
considered low because of the large cages used. Comparisons
between the continuous treatments ((iii) and (iv) above) are
also controlled for density. Thus, any variation in density
across treatments was expected to have minimal confound-
ing effects on survival in this experimental set-up. Lifespan
of focal males and females was recorded daily until all focal
individuals were dead. Dead individuals were removed from
the cages every 1-2 days by aspiration (inserting an aspiration
tube into the cage through a side opening). For mixed-sex
treatments the sex ratio was held at 1:1, by removing using
aspiration a nonfocal individual if a focal individual had died.

We set up the experiments for each sex separately under
exactly the same conditions, in series. Female and male exper-
iments were conducted separately due to logistical constraints
and the need to generate the large sample sizes required. Five
replicate cages of 200 focal individuals of each sex and 4
social treatments were set up (5 x 200 x4 =4 000 females
and 4 000 males set up and scored in total).

Statistical Analysis

Analyses for focal females and males proceeded separately.
Due to nonindependence for individual-level data (cage effect)
and nonproportionality in hazards across treatments, gener-
alized survival models (GSMs) (75) were fitted to age-specific
individual mortality to allow both the inclusion of the additive
random effect of replicate population (by including a frailty
term) and time dependence in the hazard ratios. Generalized
survival models were implemented using the stpm2() function
in the R package rstpm2 (76). We determined the appropriate
time dependence for both the baseline hazard (for the focal
sex alone treatment) and the treatment coefficients by fitting
models with different degrees of freedom on the relevant nat-
ural cubic spline terms and comparing them using the Akaike
Information Criterion (AIC). Given the nonproportionality of
hazards (Figure 1), 2 further approaches were used to comple-
ment the GSM fitting. First, average Cox proportional hazard
ratios were determined using the coxphw() function in the
coxphw package (77). Second, we employed Restricted Mean
Survival Time (RMST) as an alternative to the hazard ratio
(78). Modeled mean individual survival for each treatment
was derived using GSM-predicted Restricted Mean Survival
Times (RMST_,,). Further analysis of mean survival at the
population level was facilitated by using the rmst() function
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Figure 1. Marginal hazard ratios, for each same or opposite sex
exposure treatment relative to the baseline female (F) or male (M) focal
alone groups, against age in days. Shown are the plots of the best-fit
generalized survival models (GSM) (with 95% confidence intervals)

for (A) Females and (B) Males. Treatments are Focal alone (females or
males kept in single sex groups throughout life); FC/MC (females or
males exposed continuously to young nonfocals of the opposite sex
throughout life); FI/MI (females or males exposed intermittently to young
nonfocals of the opposite sex throughout life); FF/MM (females or males
exposed continuously to young nonfocals of the same sex throughout
life). Hazard ratios were all nonproportional (not flat) in the best-fit female
model. Thus, in females, the hazard ratios varied significantly across the
lifetime and in different ways in the different exposure treatments. For
males, the pattern was different, with the hazard ratio of MC treatment
males continuously exposed to females being the only one that was
nonproportional through time.
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in the RISCA package (79) to calculate nonparametric RMST
via the trapezoidal rule (area under the Kaplan-Meier sur-
vival curves), hereafter RMST, |, and subjecting the outputs
to simple ANOVA using aov() in the car package (80).

Actuarial aging was investigated at the population level by
fitting age-specific mortality data for each focal sex within
each population to a series of 2-parameter parametric aging
models (Supplementary Table 1). Comparisons using AIC
showed that overall, the Gompertz mortality function was the
best fit to the female data set and, for consistency, was applied
to both female and male populations for subsequent descrip-
tion and analysis. Under this model mortality is fitted as:

h(x) = aeP”

where x is age (days), p(x) is age-specific mortality, « is back-
ground mortality, and § is rate of mortality increase per day.
As aging parameters were negatively correlated, we modeled
their response to treatments using a multivariate framework as
follows. We used a nonparametric (permutational) MANOVA
(81) as implemented by the adonis2() function in the “vegan”
package (82). Order-of-magnitude differences in mean and
variance between a and 8 parameters were minimized by scal-
ing each response prior to analysis and Euclidean pairwise
distances were calculated prior to permutation significance
tests with pseudo-F ratios.

For both female and male GSMs, there was strong evidence
for nonproportionality in the hazard ratios across treatments
(Figure 1) with the best-fit models, according to AIC, having
time-varying components. For both female and male GSMs,
the baseline hazards (ie, focal sex alone treatment) were flexi-
bly fit with a natural cubic spline basis degree of freedom = 6.
Using AIC there was strong evidence for including replicate
population as a random effect (using Gamma shared frailties)
and nonproportionality in the hazard ratios across treatments
(Figure 1) with the best-fit models having time-varying com-
ponents. In the model for female data, all treatments showed
hazard ratios that varied over time in comparison to the base-
line (focal female alone) control (Figure 1A). For the male
data model, the hazard ratio of the continuous male exposure

Table 1. Summary Statistics for Lifespan and Actuarial Aging

treatment similarly varied over time in comparison to the
baseline (focal male alone) control, whereas the hazard ratios
for the intermittent female and continuous female exposure
treatments were proportional to the baseline control (Figure
1B). This motivated the subsequent use of weighted pro-
portional hazards as summary statistics to indicate average
effects over lifespan (Table 1).

Results

Female Lifespan and Actuarial Aging Patterns

Focal “alone” female lifespan was longer than for males
(RMST,,, females = 44.0 days [bootstrapped 95% CI = 41.9,
46.0]; RMST ,, males = 29.1 days [28.2, 30.0]; Table 1). The
lifespan of these females also exhibited a long tail, with the
oldest females living in excess of 90 days (Figure 2A). As
expected, exposure of focal females continuously to non-
focal males caused a large and significant decrease in sur-
vival (RMST,,,, ANOVA; Fj, = 81.1,p<.001; all post hoc
contrasts significant after Benjamini-Hochberg correction,
p < .05). The individual mean lifespan of females continually
exposed to males was less than half (RMST ,, =19.1 days
[17.8, 20.4]) that of “alone” focal females (RMST ,, = 44.0
days [41.9, 46.0]). The lifespan of the intermittent (opposite
sex) treatment females exposed to males intermittently fell in
the middle (RMST ,, = 30.3 days [28.5, 32.1]). Interestingly,
females held continuously with nonfocal females also had
shorter lifespans (RMST ,, = 36.9 days [33.6, 40.2]) than
the baseline alone focal females (post hoc RMST, |, contrast
t=4.29, p <.001). Part of the reason for the shorter lifes-
pan of the continuous (same sex) females, in comparison to
“alone” treatment females could be a density effect—each
replicate of the focal alone comprised 200 focals per cage
and all other treatments had 200 focals + 200 nonfocals.
However, the demographic survival patterns aren’t consistent
with this idea—for example, that of the continuous (same
sex) treatment females (constant survival loss) was markedly
different to that of females from all other treatments that
varied across the 2 densities (a survival plateau followed by

Focal Treatment Mean Lifespan: Weighted HR cf Focal Alone ~ Gompertz Aging Parameters
S RMST days = CI F h +CI
x csm (days ) rom coxphw() (xC1) Initial Mortality (a) Rate of Increase of
x10~* (= CI) Mortality (B)
x102 (xCI)
Female  Alone focal 9 44.0 (41.9-46.0) — 7.09 (1.94-13.59) 11.31 (9.12-13.43)
Intermittent (opposite sex)  30.3 (28.5-32.1) 4.09 (3.68-4.55) 16.56 (6.17-27.18) 13.30 (11.16-15.73)
exposure of focal @ to &
Continuous (opposite sex) 19.1 (17.8-20.4) 13.68 (11.95-15.65) 48.86 (26.37-78.65) 16.98 (14.73-19.62)
exposure of focal @ to &
Continuous (same sex) 36.9 (33.6-40.2) 2.04 (1.81-2.29) 73.81 (46.12-97.00) 4.77 (3.76-6.07)
exposure of focal @ to @
Male  Alone focal & 29.1 (28.2-30.0) — 42.57 (32.62-51.30)  9.39 (8.77-10.04)
Intermittent (opposite sex)  28.6 (27.7-29.4) 1.09 (0.99-1.21) 48.24 (41.47-54.04) 9.10 (8.60-9.82)
exposure of focal @ to Q@
Continuous (opposite sex) ~ 22.0 (21.1-22.9) 2.34 (2.11-2.59) 115.88 (94.07-143.56)  8.01 (7.15-9.00)
exposure of focal 3 to @
Continuous (same sex) 25.1 (24.3-25.8) 1.54 (1.40-1.70) 46.73 (39.11-54.41)  10.96 (9.99-11.75)

exposure of focal 3 to &

Note: HR = Hazard ratio; RMST,

GSM

= GSM-predicted Restricted Mean Survival Times.
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Figure 2. Survival curves for (A) females and (B) males held

under different sociosexual exposures. There were 5 replicate
populations for each of the following treatment in each of the

female and male experiments. Each treatment consisted of 5

replicate populations of n =200 focal individuals. Focal alone = 200

focal flies; Focal + Intermittent = 200 focals + 200 nonfocals of the
opposite sex placed in the cage for 1 day in every 4 throughout life;

Focal + Continuous = 200 focals + 200 young nonfocals of the opposite
or same sex continuously throughout life. Nonfocals were swapped for
fresh individuals of the same cohort every 4 days and exchanged for new
young nonfocal flies every 8 days i.e. second after every 4-day cycle).
Thin lines represent individual replicate cage population trajectories; thick
lines average survival trajectory for each treatment.

drop off in survival probability). We also compared directly
the effects of males on female survival for the treatments that
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Figure 3. Initial mortality and aging rate parameters for females and
males held under different sociosexual exposures. Shown are the

fitted Gompertz aging parameters for both females (circles) and males
(triangles), with the same or opposite sex exposure treatments indicated.
Each point represents the mean fitted Gompertz parameter estimates
for the social environmental treatment (+ bootstrapped 95% Cl). Black
arrows indicate the effect of increasing exposure to the opposite sex,
while purple arrows indicate effect of increased exposure to same sex
(ie, increased density). Green contours show the Gompertz-predicted
median lifespan in days for the parameter space (6 days between

each contour line). Movement up and to the right results in decreased
median lifespan, while to the bottom and left results in increased median
lifespan.

were initiated at the same densities, ie, continuous (same sex)
treatment females in comparison to intermittent (opposite
sex) and continuous (opposite sex) treatment females (post
hoc RMST, , [cont. same sex—interm. opposite sex| contrast
t=3.62,p =.002; and [cont. same sex—interm. opposite sex]
contrast ¢ =10.75, p <.001, respectively). This shows that
the deleterious impact of males on shortening female lifespan
occurs over and above any simple initial density effects.

Analysis of aging parameters (Figure 3, Table 1) illumi-
nated these patterns further. Female aging parameters (a,
B) were significantly affected by social environment (per-
mutational MANOVA; F; - = 11.31, p <.001; all post hoc
contrasts significant after Benjamini—-Hochberg correction,
p < .05). Different aging patterns (arrows in Figure 3) were
found depending on the nonfocal sex to which females were
exposed, even within treatments set up at the same initial den-
sity. With increasing exposure to males, females experienced
increases along both axes of aging parameters. Thus, expo-
sure to males increased both the initial (background) rate of
mortality (a) and the acceleration of mortality with age ().
In contrast, while females continuously exposed to younger
nonfocal females showed a similar increase in background
mortality rate (a), the acceleration of mortality with age was
smaller (long purple arrow points downward), which par-
tially mitigated the longevity loss.

Male Lifespan and Actuarial Aging Patterns

In contrast to the survival patterns observed for females, the
variation in male lifespan was much less marked upon exposure

202 1990}20 GZ UO Jasn 000€6 Aq 88G/92./0€2Z/Z1/8./2191E/ABOj0jUOIEBPaLIOIG/W0D dNo"dlWapEd.//:SARY WOI) POPEOJUMOQ



Journals of Gerontology: BIOLOGICAL SCIENCES, 2023, Vol. 78, No. 12 2235

to females or to other males, and there were no marked qual-
itative differences in the shape of lifespan decrease between
any treatments (Figure 2B). Male survival was affected by
exposure to nonfocal individuals (RMST, , ANOVA; F,
= 32.65, p <.001) and the largest effect was observed in
individuals exposed continuously to the opposite sex. Male
lifespan was much less affected by the social environment
manipulations (Figure 2, Table 1). The difference in lifespan
between alone versus continuous exposure to the opposite
sex treatments was almost 4 times smaller in males (post hoc
RMST, |, contrast = 7.0 days, ¢ =8.93, p <.001) than it was
in females (“alone” females versus continuous exposure to
males, post hoc RMST, |, contrast =25.3 days, ¢=15.04,
p <.001). There were no marked qualitative differences in
the shape of lifespan decrease between any treatments (Figure
2B) and, as in females, initial density differences between
treatments did not appear to influence the survival patterns
to any great extent. Overall, males exposed to females only
intermittently (RMST ,, = 28.6 days [27.7, 29.4]) had sim-
ilar lifespans (post hoc RMST, , contrast ¢ =1.06, p =.31)
to the focal “alone” treatment males (RMST ., = 29.1 days
[28.2, 30.0]), suggesting negligible costs of mating. As with
continuous exposure to females, continuous exposure to
young nonfocal males significantly reduced male lifespan,
but by a much smaller magnitude (“alone” focal males versus
continuous exposure to nonfocal males, post hoc RMST,
contrast = 3.7 days, #=4.68, p <.001). Comparing across
treatments initiated at the same densities showed that males
continually exposed to females showed slightly shorter lifes-
pans than did males exposed to nonfocal males (post hoc
RMST, |, contrast = 3.3 days, t = 4.24, p <.001), supporting
the idea that overall survival patterns were not confounded
by initial density differences.

When plotted on the same axes, the data on the aging
parameters for males showed much smaller between-
treatment variation in comparison to females (Figure 3, Table
1). Nevertheless, male aging was still significantly affected
by social environment (permutational MANOVA; F,, =
11.61, p <.001). All post hoc contrasts were significant after
Benjamini-Hochberg correction (apart from alone focal
males versus intermittent (opposite sex) males, p = .66). As
in the female experiment, different aging effects were found
depending on the identity of the nonfocal sex. With increasing
exposure to females, we found that males experienced a size-
able increase in initial (background) rate of mortality (a) with
a small drop in the acceleration of mortality with age (8). In
contrast, males exposed to young nonfocal males showed no
increase in background mortality rate («), but a small increase
in the acceleration of mortality parameter (f3).

Comparing the survival patterns of males to females, we
observed that, in single sex groups, males lived much shorter
lives than females. However, under continuous exposure to
young individuals of the opposite sex, males had a very simi-
lar lifespan to that of the corresponding females, reversing the
difference in sexual dimorphism for lifespan (RMST_,, con-
tinuously exposed males = 25.1 days [24.3-25.8], RMST
continuously exposed females = 19.1 days [17.8-20.4]). This
confirms that the impact of exposure to the opposite sex was
much greater for females than for males (Figure 1A and B).
This, together with the very different pattern of survival of
focal alone (F) versus focal + nonfocal (FF) females, and the
corresponding groups of M versus MM males, confirms dif-
ferent types of lifespan responses across the sexes.

Discussion

Our main aim was to test the hypothesis that there are qual-
itatively and quantitatively different effects of same versus
opposite sex exposure on mortality rates in males and females.
The findings support this idea and provide new results show-
ing opposing effects of same versus opposite sex exposure
on survival and actuarial senescence in males and females.
The results support existing research showing that the impact
of each sex upon the survival of the other can be markedly
different (14,15,28,29,31). For example, continual exposure
to males reduced female lifespan by 50%, whereas continual
exposure to females had little impact on male lifespan. We
were also able to compare the effects of same sex exposure,
which were also contrasting across males and females, with
elevated same sex exposure in females causing a persistent loss
of survival across the whole lifespan, yet very little impact of
the same social environment in males. Increased exposure to
the same or opposite sex increased the initial mortality rate in
both sexes. However, increased exposure to the opposite sex
markedly increased the rate of aging in females and decreased
it slightly in males. In contrast, increased exposure to the
same sex appeared to decrease the rate of aging in females,
while slightly elevating it in males. These findings show that
exposure to the same versus opposite sex led to differences
in the rate of aging itself in opposing patterns in females ver-
sus males. This has potentially significant ramifications (83)
and supports the idea that the nature and impact of same or
opposite sex interactions are sex-specific, and can contribute
to observed sex differences in lifespan. Therefore, studies that
do not consider the impact of this sex-specificity may over-
look important components of lifespan determination.

Contribution of Opposite Sex Exposure to Sex
Differences in Lifespan

The results indicate that any given interaction with the oppo-
site sex is likely to have a much greater impact upon female
survival, mortality rate, and potential fitness, than is true
for males. This is consistent with a large body of previous
research findings (14,15,28,29,38-51,64). In addition, the
findings support Promislow’s prediction (15)—that sexual
conflict between the sexes, arising from sex-specific costs,
can be a significant predictor of sex differences in lifespan
(84). Here, we used large cohorts to detect robust differences
in aging rate parameters, as in Refs (64,85). Therefore, we
have only a composite measure of the contribution of both
pre- and postmating interactions of each sex to the survival
patterns of the other. The relative importance of those effects
could differ for each sex and may include the extent to which
costs arise from “perception” versus actual energy alloca-
tion costs (34,86,87). These results are important because
many experimental studies that seek to explain the genetic
and environmental contributions to lifespan determination
focus on nonreproductive or once-mated individuals sepa-
rated from the other sex after early age. Such studies would
overlook the impact on survival that is mediated by biotic
interactions with the other sex (20,64,88) including those
arising from sexual conflict (15), which themselves may also
interact with other factors such as diet (89). The extent to
which the impact of each sex upon survival and aging of the
other is due to perception versus energy allocation decisions,
and whether this also differs between the sexes, is also an
interesting question for future studies (34,86,87).
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The results in terms of the differences observed in aging
parameters are potentially important. Studies that vary the
environment of individuals by varying diets or same/oppo-
site sex exposure and that deconvolute the patterns into
aging parameters have often observed changes primarily to
initial mortality rates rather than to the rate of aging itself
(64,90,91). Here, we observed variation in both parameters,
and in particular, the rate of aging in females increased upon
elevated exposure to males, an effect that was not observed
in males. Changes in both aging parameters have been
observed in experiments in which the shape of the life history
is selected, eg, upon selection for age at reproduction (91)
and in response to environmental variation in temperature
(92). Future analyses of these types of survival patterns using
a pace-shape framework for aging (93) might be useful, as the
results for the females do suggest the presence of underlying
changes in the shape of aging.

Contribution of Same Sex Exposure to Sex
Differences in Lifespan

Continual exposure of females to young nonfocal individ-
uals of the same sex induced qualitative and quantitative
differences in survival in comparison to focal females held
together without this exposure. There were again opposing
effects in males. These findings fit within a growing body of
research showing sex-specific effects of the sociosexual envi-
ronment on lifespan (20,61,83,94,95), including studies that
show effects on lifespan arising due to the age of the social
partners with which focal individuals are kept (61,95). Here,
we found that the impact of exposure to young individu-
als of the same sex throughout life caused a significant loss
of lifespan in females but to a much lesser extent than was
found for exposure to males (for both intermittent and con-
tinuous exposure to male treatments). In males, the effect of
exposure to nonfocal younger males was much smaller and
equivalent in terms of loss in length of life to the effect of
exposure to the opposite sex, in line with previous studies in
other species (31).

The survival trajectory in the same sex exposure treatments
was different for each sex, and evident as a relatively “flat”
survival curve in females exposed to young nonfocal females,
but not in males exposed to nonfocal males. The flat curve
in females suggests that there was a constant loss of mortal-
ity in females with time. Why females continuously exposed
to nonfocal individuals of the same sex should experience
a relatively constant probability of death throughout life is
unclear. It could reflect a general level of continual extrinsic
stress experienced by the focal females. However, food was
provided ad libitum, and it seems unlikely that females were
nutritionally stressed. Nor were any of these cages typified by
high numbers of same sex interactions (in comparison to the
frequent intersexual interactions observed in cages containing
both sexes). Hence, it appears that some aspect of exposure
to young individuals of the same sex had a deleterious impact
upon female lifespan. The exact mechanisms involved will be
interesting to probe further (83).

Summary

Overall, our results contribute to understanding sex differences
in lifespan and show the significant impacts of sex-specific
reproductive costs on lifespan and actuarial senescence.
They show the importance of considering the varying nature

of social exposures and the constant expression of reproduc-
tive costs in each sex. We suggest that the results highlight
important determinants of aging itself that need to be con-
sidered more widely. The results also contribute knowledge
to a debate about actuarial aging (91). For example, it has
been suggested that phenotypic manipulations of the exter-
nal environment (environmental toxins (90), temperature
(92)) can predominately impact the rate of aging, whereas
phenotypic manipulations of the social and mating envi-
ronment alter instead the baseline level of mortality (64).
However, exactly how rigorous hypothesis is and whether it
holds for both sexes, has not yet been resolved. Our findings
here help, by showing that sociosexual exposure can affect
both parameters of aging but differently in each sex, with
changes to the rate of aging being a notable feature of sur-
vival effects in females. This fits with previous findings that
survival costs of reproduction in males, but not females can
be reversed (41,96), implying that a key factor for variation
in male survival is instantaneous risk, and in females is aging
rate.

Supplementary Material

Supplementary data are available at The Journals of
Gerontology, Series A: Biological Sciences and Medical
Sciences online.

Funding

The authors thank the Natural Environment Research
Council (NERC) (UK) (research grants NE/K004697/1, NE/
R010056/1) for funding.

Conflicts of Interest

The authors declare no conflicts of interest.

Author Contributions

T.C. conceived the work, W.G.R. supervised the research pro-
gram, W.G.R., J.S.M., and N.W. conducted the experiments.
W.G.R. analyzed the data, T.C., A.A.M. and W.G.R. drafted
the manuscript and all authors edited and revised it.

Data Deposition

Data are deposited in the Figshare data depository (10.6084/
m9.figshare.24018867).

References

1. Regan JC, Partridge L. Gender and longevity: why do men die ear-
lier than women? Comparative and experimental evidence. Best
Pract Res Clin Endocrinol Metab. 2013;27:467-479. https://doi.
0rg/10.1016/j.beem.2013.05.016

2. Maklakov AA, Lummaa V. Evolution of sex differences in lifespan
and aging: causes and constraints. Bioessays. 2013;35:717-724.
https://doi.org/10.1002/bies.201300021

3. Austad SN, Fischer KE. Sex differences in lifespan. Cell Metab.
2016;23:1022-1033. https://doi.org/10.1016/j.cmet.2016.05.019

4. Hoffman JM, Dudeck SK, Patterson HK, Austad SN. Sex, mat-
ing and repeatability of Drosophila melanogaster longevity. Proc
Roy Soc Open Sci. 2021;8(8):210273. https://doi.org/10.1098/
rs0s.210273

202 1990}20 GZ UO Jasn 000€6 Aq 88G/92./0€2Z/Z1/8./2191E/ABOj0jUOIEBPaLIOIG/W0D dNo"dlWapEd.//:SARY WOI) POPEOJUMOQ


https://doi.org/10.1016/j.beem.2013.05.016
https://doi.org/10.1016/j.beem.2013.05.016
https://doi.org/10.1002/bies.201300021
https://doi.org/10.1016/j.cmet.2016.05.019
https://doi.org/10.1098/rsos.210273
https://doi.org/10.1098/rsos.210273

Journals of Gerontology: BIOLOGICAL SCIENCES, 2023, Vol. 78, No. 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Chapman T, Partridge L. Female fitness in Drosophila melanogas-
ter: an interaction between the effect of nutrition and of encounter
rate with males. Proc Roy Soc B. 1996;263:755-759. https://doi.
0rg/10.1098/rspb.1996.0113

Magwere T, Chapman T, Partridge L. Sex differences in the effect
of dietary restriction on lifespan and mortality rates in female and
male Drosophila melanogaster. | Gerontol A Biol Sci Med Sci.
2004;59A:3-9. https://doi.org/10.1093/gerona/59.1.B3

Maklakov AA, Simpson S], Zajitschek F, et al. Sex-specific fitness
effects of nutrient intake on reproduction and lifespan. Curr Biol.
2008;18:1062-1066. https://doi.org/10.1016/j.cub.2008.06.059
Maklakov AA, Bonduriansky R, Brooks RC. Sex differences, sex-
ual selection, and ageing: an experimental evolution approach.
Evolution. 2009;63:2491-2503. https://doi.org/10.1111/j.1558-
5646.2009.00750.x

Gerrard DT, Fricke C, Edward DA, Edwards DR, Chapman T.
Genome-wide responses of female fruit flies subjected to diver-
gent mating regimes. PLoS Omne. 2013;8:¢68136. https://doi.
org/10.1371/journal.pone.0068136

Jensen K, McClure C, Priest NK, Hunt J. Sex-specific effects of pro-
tein and carbohydrate intake on reproduction but not lifespan in
Drosophila melanogaster. Aging Cell. 2015;14:605-615. https:/
doi.org/10.1111/acel. 12333

Camus ME, Fowler K, Piper MDW, Reuter M. Sex- and genotype-
effects on nutrient-dependent fitness landscapes in Drosophila
melanogaster. Proc Roy Soc B. 2017;284:20172237. https://doi.
org/10.1098/rspb.2017.2237

Regan JC, Khericha M, Dobson AJ, Bolukbasi E, Rattanavirotkul
N, Partridge L. Sex difference in pathology of the ageing gut medi-
ates the greater response of female lifespan to dietary restriction.
Elife. 2016;5:¢10956. https://doi.org/10.7554/eLife. 10956
Bronikowski AM, Meisel RP, Biga PR, et al. Sex-specific aging
in animals: perspective and future directions. Aging Cell.
2022;21(2):e13542. https://doi.org/10.1111/acel.13542

Svensson E, Sheldon BC. The social context of life history evolu-
tion. Oikos. 1998;83:466-477. https://doi.org/10.2307/3546674
Promislow DEL. Mate choice, sexual conflict and evolution
of senescence. Behav Genet. 2003;33:191-201. https:/doi.
org/10.1023/A:1022562103669

Bonduriansky R, Maklakov A, Zajitschek F Brooks R. Sexual
selection, sexual conflict and the evolution of ageing and life span.
Funct Ecol. 2008;22(3):443-453. https://doi.org/10.1111/j.1365-
2435.2008.01417.x

Chen HY, Maklakov AA. Condition dependence of male mor-
tality drives the evolution of sex differences in longevity. Curr
Biol. 2014524(20):2423-2427. https://doi.org/10.1016/j.
cub.2014.08.055

Zajitschek F, Zajitschek S, Canton C, Georgolopoulo G, Friberg U,
Maklakov AA. Evolution under dietary restriction increases male
reproductive performance without survival cost. Proc Roy Soc B.
2016;283:1825. https://doi.org/10.1098/rspb.2015.2726

Arnqvist G, Ronn J, Watson C, Goenaga ], Immonen E. Con-
certed evolution of metabolic rate, economics of mating, ecol-
ogy, and pace of life across seed beetles. Proc Natl Acad Sci
U S A. 2022;119(33):¢2205564119. https://doi.org/10.1073/
pnas.2205564119

Narayan VP, Wilson AJ, Chenoweth SE Genetic and social contri-
butions to sex differences in lifespan in Drosophila serrata. | Evol
Biol. 2022;35(4):657-663. https://doi.org/10.1111/jeb.13992
Adler MI, Bonduriansky R. The dissimilar costs of love and war:
age specific mortality as a function of the operational sex ratio.
J Evol Biol. 2011;24:1169-1177. https://doi.org/10.1111/;.1420-
9101.2011.02250.x

Barrett ELB, Richardson DS. Sex differences in telomeres and lifes-
pan. Aging Cell. 2011;10:913-921. https://doi.org/10.1111/j.1474-
9726.2011.00741.x

Liker A, Szekely T. Mortality costs of sexual selection and parental
care in natural populations of birds. Evolution. 2005;59:890-897.
https://doi.org/10.1111/1.0014-3820.2005.tb01762.x

24

2S.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

2237

. Trivers RL. Parental in investment and sexual selection. In: Camp-
bell B, ed. Sexual Selection and the Descent of Man. Aldine Publish-
ing Company; 1972.

Scharer L, Rowe L, Arnqvist G. Anisogamy, chance and the evolu-
tion of sex roles. Trends Ecol Evol. 2012;27(5):260-264. https://
doi.org/10.1016/j.tree.2011.12.006

Parker GA. In: Blum MS, Blum NA, eds. Sexual Selection and
Reproductive Competition in Insects. New York: Academic Press;
1979:123-166. https://doi.org/10.1016/B978-0-12-108750-
0.50010-0

Chapman T, Arnqvist G, Bangham J, Rowe L. Sexual conflict.
Trends Ecol Evol. 2003;18:41-47. https://doi.org/10.1016/s0169-
5347(02)00004-6

Clutton-Brock TH, Isvaran K. Sex differences in ageing in natural
populations of vertebrates. Proc Roy Soc B. 2007;274:3097-3104.
https://doi.org/10.1098/rspb.2007.1138

Duxbury E, Rostant WR, Chapman T. Evolutionary manipula-
tion of feeding regime alters sexual dimorphism for lifespan and
reduces sexual conflict in the fruit fly, Drosophila melanogaster.
Proc Roy Soc B. 2017;284:20170391. https://doi.org/10.1098/
rspb.2017.0391

Maklakov AA, Kremer N, Arnqvist G. Adaptive male effects on
female ageing in seed beetles. Proc Roy Soc B. 2005;272:2485-
2489. https://doi.org/10.1098/rspb.2005.3240

Maklakov AA, Bonduriansky R. Sex differences in survival costs
of homosexual and heterosexual interactions: evidence from a
fly and a beetle. Anim Bebav. 2009;77:1375-1379. https://doi.
org/10.1016/j.anbehav.2009.03.005

Hotzy C, Arnqvist G. Sperm competition favors harmful males
in seed beetles. Curr Biol. 2009;19(5):404-407. https://doi.
org/10.1016/j.cub.2009.01.045

Chapman T. Sexual conflict: mechanisms and emerging themes
in resistance biology. Am Nat. 2018;192:217-229. https://doi.
org/10.1086/698169

Harvanek ZM, Lyu Y, Gendron CM, et al. Perceptive costs of
reproduction drive ageing and physiology in male Drosophila.
Nat Ecol Evol. 2017;1:1-8. https://doi.org/10.1038/s41559-017-
0152

Garcia-Roa R, Serra M, Carazo P. Ageing via perception
costs of reproduction magnifies sexual selection. Proc Biol
Sci. 2018;285(1892):20182136. https://doi.org/10.1098/
rspb.2018.2136

Churchill ER, Dytham C, Thom MDFE. Differing effects of age and
starvation on reproductive performance in Drosophila melanogas-
ter. Sci Rep. 2019;9(1):2167. https://doi.org/10.1038/s41598-019-
38843-w

Bretman A, Westmancoat JD, Gage MJG, Chapman T. Multiple,
redundant cues used by males to detect mating rivals. Curr Biol.
2011;21:617-622. https://doi.org/10.1016/j.cub.2011.03.008
Maynard Smith J. Fertility, mating behaviour and sexual selection
in Drosophila subobscura. | Genet. 1956;54:261-279. https://doi.
org/10.1007/BF02982781

Maynard Smith J. The effects of temperature and egg-laying on the
longevity of Drosophila subobscura. ] Exp Biol. 1958;35:832-842.
https://doi.org/10.1242/jeb.35.4.832

Maynard Smith J. Prolongation of the life of Drosophila subob-
scura. Proc Roy Soc B. 1958;144:159-171.

Partridge L. Sexual activity and lifespan. In: Collatz KG, Sohal RS,
eds. Insect Aging: Strategies and Mechanisms. Springer; 1986.
Priest NK, Galloway LF, Roach DA. Mating frequency and inclu-
sive fitness in Drosophila melanogaster. Am Nat. 2008;171:10-21.
https://doi.org/10.1086/523944

Partridge L, Andrews R. The effect of reproductive activity on the
longevity of male Drosophila melanogaster is not caused by an
acceleration of ageing. | Insect Physiol. 1985;31:393-395. https://
doi.org/10.1016/0022-1910(85)90084-8

Partridge L, Farquhar M. Sexual activity reduced lifespan
of male fruitflies. Nature. 1981;294:580-582. https://doi.
org/10.1038/294580a0

202 1990}20 GZ UO Jasn 000€6 Aq 88G/92./0€2Z/Z1/8./2191E/ABOj0jUOIEBPaLIOIG/W0D dNo"dlWapEd.//:SARY WOI) POPEOJUMOQ


https://doi.org/10.1098/rspb.1996.0113
https://doi.org/10.1098/rspb.1996.0113
https://doi.org/10.1093/gerona/59.1.B3
https://doi.org/10.1016/j.cub.2008.06.059
https://doi.org/10.1111/j.1558-5646.2009.00750.x
https://doi.org/10.1111/j.1558-5646.2009.00750.x
https://doi.org/10.1371/journal.pone.0068136
https://doi.org/10.1371/journal.pone.0068136
https://doi.org/10.1111/acel.12333
https://doi.org/10.1111/acel.12333
https://doi.org/10.1098/rspb.2017.2237
https://doi.org/10.1098/rspb.2017.2237
https://doi.org/10.7554/eLife.10956
https://doi.org/10.1111/acel.13542
https://doi.org/10.2307/3546674
https://doi.org/10.1023/A:1022562103669
https://doi.org/10.1023/A:1022562103669
https://doi.org/10.1111/j.1365-2435.2008.01417.x
https://doi.org/10.1111/j.1365-2435.2008.01417.x
https://doi.org/10.1016/j.cub.2014.08.055
https://doi.org/10.1016/j.cub.2014.08.055
https://doi.org/10.1098/rspb.2015.2726
https://doi.org/10.1073/pnas.2205564119
https://doi.org/10.1073/pnas.2205564119
https://doi.org/10.1111/jeb.13992
https://doi.org/10.1111/j.1420-9101.2011.02250.x
https://doi.org/10.1111/j.1420-9101.2011.02250.x
https://doi.org/10.1111/j.1474-9726.2011.00741.x
https://doi.org/10.1111/j.1474-9726.2011.00741.x
https://doi.org/10.1111/j.0014-3820.2005.tb01762.x
https://doi.org/10.1016/j.tree.2011.12.006
https://doi.org/10.1016/j.tree.2011.12.006
https://doi.org/10.1016/B978-0-12-108750-0.50010-0
https://doi.org/10.1016/B978-0-12-108750-0.50010-0
https://doi.org/10.1016/s0169-5347(02)00004-6
https://doi.org/10.1016/s0169-5347(02)00004-6
https://doi.org/10.1098/rspb.2007.1138
https://doi.org/10.1098/rspb.2017.0391
https://doi.org/10.1098/rspb.2017.0391
https://doi.org/10.1098/rspb.2005.3240
https://doi.org/10.1016/j.anbehav.2009.03.005
https://doi.org/10.1016/j.anbehav.2009.03.005
https://doi.org/10.1016/j.cub.2009.01.045
https://doi.org/10.1016/j.cub.2009.01.045
https://doi.org/10.1086/698169
https://doi.org/10.1086/698169
https://doi.org/10.1038/s41559-017-0152
https://doi.org/10.1038/s41559-017-0152
https://doi.org/10.1098/rspb.2018.2136
https://doi.org/10.1098/rspb.2018.2136
https://doi.org/10.1038/s41598-019-38843-w
https://doi.org/10.1038/s41598-019-38843-w
https://doi.org/10.1016/j.cub.2011.03.008
https://doi.org/10.1007/BF02982781
https://doi.org/10.1007/BF02982781
https://doi.org/10.1242/jeb.35.4.832
https://doi.org/10.1086/523944
https://doi.org/10.1016/0022-1910(85)90084-8
https://doi.org/10.1016/0022-1910(85)90084-8
https://doi.org/10.1038/294580a0
https://doi.org/10.1038/294580a0

2238

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Fowler K, Partridge L. A cost of mating in female fruitflies. Nazure.
1989;338:760-761. https://doi.org/10.1038/338760a0

Partridge L, Fowler K. Non-mating costs of exposure to males in
female Drosophila melanogaster. | Insect Physiol. 1990;36:419—
425. https://doi.org/10.1016/0022-1910(90)90059-0

Partridge L, Fowler K, Trevitt S, Sharp W. An examination of the
effects of males on the survival and egg production rates of female
Drosophila melanogaster. | Insect Physiol. 1986;32:925-929.
https://doi.org/10.1016/0022-1910(86)90140-x

Chapman T, Liddle LE, Kalb JM, Wolfner MFE, Partridge L. Cost of
mating in Drosophila melanogaster females is mediated by male
accessory gland products. Nature. 1995;373:241-244. https://doi.
org/10.1038/373241a0

Mueller JL, Page JL, Wolfner ME. An ectopic expression screen
reveals the protective and toxic effects of Drosophila seminal fluid
proteins. Genetics. 2007;175:777-783. https://doi.org/10.1534/
genetics.106.065318

Barnes Al, Partridge L. Costing reproduction. Anim Behav.
2003;66:199-204. https://doi.org/10.1006/anbe.2003.2122

Sgro CM, Partridge L. A delayed wave of death from reproduc-
tion in Drosophila. Science. 1999;286:2521-2524. https://doi.
org/10.1126/science.286.5449.2521

Tatar M, Promislow D. Fitness costs
duction. Evolution. 1997;51:1323-1326.
org/10.1111/).1558-5646.1997.tb03980.x

Barnes Al, Boone JM, Jacobson J, Partridge L, Chapman T. No
extension of lifespan by ablation of germ-line in Drosophila.
Proc Roy Soc B. 2006;273:939-947. https://doi.org/10.1098/
rspb.2005.3388

Brommer JE, Fricke C, Edward DA, Chapman T. Interac-
tions between genotype and sexual conflict environment influ-
ence transgenerational fitness in Drosophila melanogaster.
Evolution.  2012;66:517-531.  https://doi.org/10.1111/.1558-
5646.2011.01449.x

Prowse N, Partridge L. The effects of reproduction on longevity
and fertility in male Drosophila melanogaster. | Insect Physiol.
1997;43:501-512. https://doi.org/10.1016/s0022-1910(97)00014-
0

Cordts R, Partridge L. Courtship reduces longevity of male Dro-
sophila melanogaster. Anim Behav. 1996;52:269-278. https://doi.
org/10.1006/anbe.1996.0172

Flintham EO, Yoshida T, Smith S, et al. Interactions between the
sexual identity of the nervous system and the social environ-
ment mediate lifespan in Drosophila melanogaster. Proc Roy
Soc  B. 2018;285(1892):20181450. https://doi.org/10.1098/
rspb.2018.1450

Gaskin T, Futerman P, Chapman T. Male-male interactions reduce
male longevity in the medfly, Ceratitis capitata (Diptera: Tephriti-
dae). Anim Bebav. 2002;63:121-129. https://doi.org/10.1006/
anbe.2001.1896

Sales K, Trent T, Gardner J, et al. Experimental evolution with an
insect model reveals that male homosexual behaviour occurs due to
inaccurate mate choice. Anim Behav. 2018;139:51-59. https://doi.
0rg/10.1016/j.anbehav.2018.03.004

Bretman A, Westmancoat JD, Gage MJ, Chapman T. Costs and
benefits of lifetime exposure to mating rivals in male Drosoph-
ila melanogaster. Evolution. 2013;67(8):2413-2422. https://doi.
org/10.1111/evo.12125

Cho LC, Yu CC, Kao CE Social perception of young adults pro-
longs the lifespan of aged Drosophila. NP] Aging Mech Dis.
2021;7(1):21. https://doi.org/10.1038/s41514-021-00073-8

Lints FA, Bourgois M, Delalieux A, Stoll J, Lints CV. Does the
female life span exceed that of the male? A study in Drosophila
melanogaster. Gerontology. 1983;29(5):336-352. https://doi.
org/10.1159/000213136

Burger JMS, Promislow DEL. Sex specific effects of interven-
tions that extend fly lifespan. Sci Aging Knowledge Environ.
2004;2004(28):30. https://doi.org/10.1126/sageke.2004.28.
pe30

of female repro-
https://doi.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Journals of Gerontology: BIOLOGICAL SCIENCES, 2023, Vol. 78, No. 12

Iliadi KG, Iliadi NN, Boulianne GL. Regulation of Drosophila life-
span: effect of genetic background, sex, mating and social status.
Exp Gerontol. 2009;44(8):546-553. https://doi.org/10.1016/j.
exger.2009.05.008

Khazaeli AA, Curtsinger JW. Genetic analysis of extended lifespan
in Drosophila melanogaster 1I1. On the relationship between arti-
ficially selected and wild stocks. Genetica. 2000;109(3):245-253.
https://doi.org/10.1023/a:1017569318401

Nuzhdin SV, Khazaeli AA, Curtsinger JW. Survival analysis of
life span quantitative trait loci in Drosophila melanogaster.
Genetics. 2005;170(2):719-731. https://doi.org/10.1534/genet-
ics.104.038331

Malick LE, Kidwell JE The effect of mating status, sex and phe-
notype on longevity in Drosophila melanogaster. Genetics.
1966554:203-209. https://doi.org/10.1093/genetics/54.1.203
Zajitschek F, Zajitschek SR, Friberg U, Maklakov AA. Interactive
effects of sex, social environment, dietary restriction, and methi-
onine on survival and reproduction in fruit flies. Age. 2013;35(4):
1193-1204. https://doi.org/10.1007/s11357-012-9445-3

Lints FA, Lints CV, Bullens P, Bourgois M, Delince J. Unexplained
variations in life span of the Oregon-R strain of Drosophila mela-
nogaster over a four-year period. Exp Gerontol. 1989;24(3):265-
271. https://doi.org/10.1016/0531-5565(89)90017-x

Bross TG, Rogina B, Helfand SL. Behavioral, physical, and
demographic changes in Drosophila populations through
dietary restriction. Aging Cell. 2005;4(6):309-317. https://doi.
org/10.1111/j.1474-9726.2005.00181.x

Carey JR, Liedo P, Orozco D, Vaupel JW. Slowing of mortality-rates
at older ages in large medfly cohorts. Science. 1992;258:457-461.
https://doi.org/10.1126/science.1411540

Curtsinger JW, Fukui HH, Khazaeli AA, et al. Genetic varia-
tion and aging. Annu Rev Genet. 1995;29:553-575. https://doi.
org/10.1146/annurev.ge.29.120195.003005

Pletcher SD. Model fitting and hypothesis testing for age-
specific mortality data. | Evol Biol. 1999;12:430-439. https://doi.
org/10.1046/j.1420-9101.1999.00058.x

Mueller LD, Graves JL,Rose MR.In: Rose MR, Passananti HB,Matos
M, eds. ‘Interactions Between Density-Dependent and Age-Specific
Selection in Drosophila melanogaster’. World Scientific Publishing
Coj; 2004. https://doi.org/10.1142/9789812567222_0030

Liu XR, Pawitan Y, Clements MS. Generalized survival models for
correlated time-to-event data. Stat Med. 2017;36(29):4743-4762.
https://doi.org/10.1002/sim.7451

Liu XR, Pawitan Y, Clements M. Parametric and penalized gener-
alized survival models. Stat Methods Med Res. 2018;27(5):1531-
1546. https://doi.org/10.1177/0962280216664760

Dunkler D, Ploner M, Schemper M, Heinze G. Weighted Cox
regression using the R package coxphw. | Stat Softw. 2018;84:1-
26. https://doi.org/10.18637/jss.v084.i02

Royston P, Parmar MK. Restricted mean survival time: an alter-
native to the hazard ratio for the design and analysis of random-
ized trials with a time-to-event outcome. BMC Med Res Methodol.
2013;13:152. https://doi.org/10.1186/1471-2288-13-152

Foucher Y, Borgne FL, Dantan E, Gillaizeau F, Chatton A, Combes-
cure C. RISCA: causal inference and prediction in cohort-based
analyses. R package version 09.2020.

Fox ], Weisberg S, Price B, Adler D, Bates D, Baud-Bovy G, et al.
car: Companion to Applied Regression. R package version 30-2.
2019. https://CRAN.R-project.org/package=car

McArdle BH, Anderson M]. Fitting multivariate models to com-
munity data: a comment on distance-based redundancy analysis.
Ecology. 2001;82:290-297. https://doi.org/10.1890/0012-9658(20
01)082[0290:fmmtcd]2.0.co;2

Oksanen J, Guillaume Blanchet F, Friendly M, Kindt R, Legendre P,
McGlinn D, et al. Vegan: community ecology package. R package
version 2.4-6.2018.

Leech T, Sait SM, Bretman A. Sex-specific effects of social isolation
on ageing in Drosophila melanogaster. | Ins Physiol. 2017;102:12~
17. https://doi.org/10.1016/j.jinsphys.2017.08.008

202 1990}20 GZ UO Jasn 000€6 Aq 88G/92./0€2Z/Z1/8./2191E/ABOj0jUOIEBPaLIOIG/W0D dNo"dlWapEd.//:SARY WOI) POPEOJUMOQ


https://doi.org/10.1038/338760a0
https://doi.org/10.1016/0022-1910(90)90059-o
https://doi.org/10.1016/0022-1910(86)90140-x
https://doi.org/10.1038/373241a0
https://doi.org/10.1038/373241a0
https://doi.org/10.1534/genetics.106.065318
https://doi.org/10.1534/genetics.106.065318
https://doi.org/10.1006/anbe.2003.2122
https://doi.org/10.1126/science.286.5449.2521
https://doi.org/10.1126/science.286.5449.2521
https://doi.org/10.1111/j.1558-5646.1997.tb03980.x
https://doi.org/10.1111/j.1558-5646.1997.tb03980.x
https://doi.org/10.1098/rspb.2005.3388
https://doi.org/10.1098/rspb.2005.3388
https://doi.org/10.1111/j.1558-5646.2011.01449.x
https://doi.org/10.1111/j.1558-5646.2011.01449.x
https://doi.org/10.1016/s0022-1910(97)00014-0
https://doi.org/10.1016/s0022-1910(97)00014-0
https://doi.org/10.1006/anbe.1996.0172
https://doi.org/10.1006/anbe.1996.0172
https://doi.org/10.1098/rspb.2018.1450
https://doi.org/10.1098/rspb.2018.1450
https://doi.org/10.1006/anbe.2001.1896
https://doi.org/10.1006/anbe.2001.1896
https://doi.org/10.1016/j.anbehav.2018.03.004
https://doi.org/10.1016/j.anbehav.2018.03.004
https://doi.org/10.1111/evo.12125
https://doi.org/10.1111/evo.12125
https://doi.org/10.1038/s41514-021-00073-8
https://doi.org/10.1159/000213136
https://doi.org/10.1159/000213136
https://doi.org/10.1126/sageke.2004.28.pe30
https://doi.org/10.1126/sageke.2004.28.pe30
https://doi.org/10.1016/j.exger.2009.05.008
https://doi.org/10.1016/j.exger.2009.05.008
https://doi.org/10.1023/a:1017569318401
https://doi.org/10.1534/genetics.104.038331
https://doi.org/10.1534/genetics.104.038331
https://doi.org/10.1093/genetics/54.1.203
https://doi.org/10.1007/s11357-012-9445-3
https://doi.org/10.1016/0531-5565(89)90017-x
https://doi.org/10.1111/j.1474-9726.2005.00181.x
https://doi.org/10.1111/j.1474-9726.2005.00181.x
https://doi.org/10.1126/science.1411540
https://doi.org/10.1146/annurev.ge.29.120195.003005
https://doi.org/10.1146/annurev.ge.29.120195.003005
https://doi.org/10.1046/j.1420-9101.1999.00058.x
https://doi.org/10.1046/j.1420-9101.1999.00058.x
https://doi.org/10.1142/9789812567222_0030
https://doi.org/10.1002/sim.7451
https://doi.org/10.1177/0962280216664760
https://doi.org/10.18637/jss.v084.i02
https://doi.org/10.1186/1471-2288-13-152
https://CRAN.R-project.org/package=car
https://doi.org/10.1890/0012-9658(2001)082[0290:fmmtcd]2.0.co;2
https://doi.org/10.1890/0012-9658(2001)082[0290:fmmtcd]2.0.co;2
https://doi.org/10.1016/j.jinsphys.2017.08.008

Journals of Gerontology: BIOLOGICAL SCIENCES, 2023, Vol. 78, No. 12

84.

85.

86.

87.

88.

89.

Adler MI, Bonburiansky R. Sexual conflict, life span, and ageing.
Cold Spring Harb Perspect Biol. 2014;6:a017566. https://doi.
org/10.1101/cshperspect.a017566

Carey JR, Liedo P. Sex-specific life table aging rates in large
medfly cohorts. Exp Gerontol. 1995;30:315-325. https://doi.
org/10.1016/0531-5565(94)00041-z

Gendron CM, Chakraborty TS, Chung BY, et al. Neuronal mech-
anisms that drive organismal aging through the lens of percep-
tion. Ann Rev Physiol. 2020;82:227-249. https://doi.org/10.1146/
annurev-physiol-021119-034440

Gendron CM, Kuo TH, Harvanek ZM, et al. Drosophila life
span and physiology are modulated by sexual perception and
reward. Science. 2014;343:544-548. https://doi.org/10.1126/sci-
ence.1243339

Carazo P, Green ], Sepil I, Pizzari T, Wigby S. Inbreeding removes
sex differences in lifespan in a population of Drosophila melanogas-
ter. Proc Roy Soc B. 2016;12:20160337. https://doi.org/10.1098/
rsbl.2016.0337

Rostant WG, Mason JS, deCoriolis J-C, Chapman T. Evolution
of lifespan and ageing in response to sexual conflict is sex-specific
and condition-dependent. Evol Lett. 2020;4:54-64. https://doi.
org/10.1002/ev13.153

90

91.

92.

93.

94.

95.

96.

2239

. Joshi A, Shiotsugu J, Mueller LD. Phenotypic enhancement of lon-
gevity by environmental urea in Drosophila melanogaster. Exp
Gerontol.  1996;31(4):533-544.  https://doi.org/10.1016/0531-
5565(96)00003-4

Nusbaum TJ, Mueller LD, Rose MR. Evolutionary patterns among
measures of aging. Exp Gerontol. 1996;31(4):507-516. https://doi.
org/10.1016/0531-5565(96)00002-2

Mair W, Goymer P, Pletcher SD, Partridge L. Demography of dietary
restriction and death in Drosophila. Science. 2003;301(5640):1731-
1733. https://doi.org/10.1126/science. 1086016

Baudisch A. The pace and shape of ageing. Methods Ecol Evol.
2011;2:375-382. https://doi.org/10.1111/.2041-210x.2010.00087.x
Ruan H, Wu CF. Social interaction-mediated lifespan extension of
Drosophila Cu/Zn superoxide dismutase mutants. Proc Natl Acad
Sci U S A. 2008;105(21):7506-7510. https://doi.org/10.1073/
pnas.0711127105

Lin YC, Zhang M, Wang SH, et al. The deleterious effects of old
social partners on Drosophila lifespan and stress resistance. NPJ
Aging. 2022;8(1):1. https://doi.org/10.1038/s41514-022-00081-2
Carey JR, Liedo P, Muller HG, Wang JL, Vaupel JW. Dual modes of
aging in Mediterranean fruit fly females. Science. 1998;281:996—
998. https://doi.org/10.1126/science.281.5379.996

202 1990}20 GZ UO Jasn 000€6 Aq 88G/92./0€2Z/Z1/8./2191E/ABOj0jUOIEBPaLIOIG/W0D dNo"dlWapEd.//:SARY WOI) POPEOJUMOQ


https://doi.org/10.1101/cshperspect.a017566
https://doi.org/10.1101/cshperspect.a017566
https://doi.org/10.1016/0531-5565(94)00041-z
https://doi.org/10.1016/0531-5565(94)00041-z
https://doi.org/10.1146/annurev-physiol-021119-034440
https://doi.org/10.1146/annurev-physiol-021119-034440
https://doi.org/10.1126/science.1243339
https://doi.org/10.1126/science.1243339
https://doi.org/10.1098/rsbl.2016.0337
https://doi.org/10.1098/rsbl.2016.0337
https://doi.org/10.1002/evl3.153
https://doi.org/10.1002/evl3.153
https://doi.org/10.1016/0531-5565(96)00003-4
https://doi.org/10.1016/0531-5565(96)00003-4
https://doi.org/10.1016/0531-5565(96)00002-2
https://doi.org/10.1016/0531-5565(96)00002-2
https://doi.org/10.1126/science.1086016
https://doi.org/10.1111/j.2041-210x.2010.00087.x
https://doi.org/10.1073/pnas.0711127105
https://doi.org/10.1073/pnas.0711127105
https://doi.org/10.1038/s41514-022-00081-2
https://doi.org/10.1126/science.281.5379.996

