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Biased population sex ratios can alter optimal male mating strategies, and
allocation to reproductive traits depends on nutrient availability. However,
there is little information on how nutrition interacts with sex ratio to influ-
ence the evolution of pre-copulatory and post-copulatory traits separately.
To address this omission, we test how male mating success and reproductive
investment evolve under varying sex ratios and adult diet in Drosophila
melanogaster, using experimental evolution. We found that sex ratio and
nutrient availability interacted to determine male pre-copulatory perform-
ance. Males from female-biased populations were slow to mate when they
evolved under protein restriction. By contrast, we found direct and non-
interacting effects of sex ratio and nutrient availability on post-copulatory
success. Males that evolved under protein restriction were relatively poor
at suppressing female remating. Males that evolved under equal sex ratios
fathered more offspring and were better at supressing female remating, rela-
tive to males from male-biased or female-biased populations. These results
support the idea that sex ratios and nutrition interact to determine the evol-
ution of pre-copulatory mating traits, but independently influence the
evolution of post-copulatory traits.

1. Introduction
The sociosexual environment can profoundly impact the strength and direction
of sexual selection. Variation in the sex ratio alters the intensity of intra-sexual
competition for mating opportunities and subsequent fertilization. Under
male-biased (MB) sex ratios, heightened male–male competition is expected to
select for male strategies that increase a male’s likelihood of securing a mating
[1,2]. However, elevated polyandry—which typically occurs under MB sex
ratios—can weaken pre-copulatory sexual selection on males, while strengthen-
ing post-copulatory selection [3]. Consequently, males are expected to increase
their investment in ejaculate under a MB sex ratio to ensure reproductive success
in the presence of sperm competition [4–6]. Under a female-biased (FB) sex
ratio, relaxed sexual selection is expected to result in reduced investment in
competitive male adaptations for achieving high mating success and paternity.

Experimental evolution is a powerful approach for investigating the evol-
ution of reproductive strategies in response to varying sex ratios [7–10]. In
agreement with theory, previous studies found that males from MB populations
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mated for longer, consistent with higher ejaculate investment
[11,12]. Likewise, MB males became ejaculate-depleted
faster when mating multiply, suggesting elevated ejaculate
investment in earlier matings at the expense of future repro-
ductive performance [8,13]. Yet, in other studies, males
from FB populations sired as many or more offspring than
MB males, and MB males were slower to start mating com-
pared with males from FB and equal (EQ)-sex populations
[1,12,14].

These studies have shed light on evolved responses to the
sociosexual environment. However, the evolution of male
reproductive strategies is also likely to depend on the
nutritional environment. In Drosophila melanogaster, males
maintained on low-protein diets are poorer at securing
matings [15]. Likewise, the impact of nutrient limitation on
ejaculate investment is well established. A recent comparative
study revealed that investment in seminal fluid protein pro-
duction is highly sensitive to nutrient availability, while
sperm quantity is moderately affected [16]. Hence, the evol-
ution of costly reproductive strategies is likely to be affected
by the interaction between nutrient availability and the
social environment [17]. However, this interaction has been
rarely tested (but see [12,18]).

To examine how male reproductive strategies and invest-
ment in pre- and post-copulatory traits evolve under varying
sexual selection and nutrient availability, we used experimen-
tal evolution in D. melanogaster. Sexual selection and nutrient
availability were manipulated by varying the adult sex ratio
(MB, EQ or FB) and adult nutritional environment (a stan-
dard or protein-restricted diet) in replicate populations [12].
Because a MB sex ratio involves intense competition for few
mating opportunities, one hypothesis is that MB males
should evolve to invest heavily in both securing matings
and ejaculate transfer when they do get a mating opportunity,
and that they should therefore have the highest reproductive
output [19]. Some studies show that pre- and post-copulatory
reproductive traits can be positively correlated, while others
find no relationship between them [20–23]. An alternative
hypothesis is that elevated polyandry in MB populations
might weaken selection on the male pre-copulatory traits
we tested but strengthen selection on male post-copulatory
traits. Previous work has documented that higher polyandry
(such as observed in our MB populations) can be associated
with low variance in male mating success and hence weak
pre-copulatory sexual selection [3,24]. We also predicted
that increased investment in reproductive traits would only
be possible when nutrients are readily available, so the effects
of sex ratio should be limited to populations evolving on a
standard-protein diet, especially for traits affected by seminal
fluid, such as remating latency and sperm competition,
compared to traits mainly affected by sperm [25,26].

2. Material and methods
(a) Experimental evolution
Experimentally evolving populations were derived from an
outbred Dahomey (Dah) wild-type stock [12,18]. Populations
evolved under one of three sex ratio treatments combined with
one of two adult dietary regimes in a fully factorial design
(18 populations in total). The adult diet treatments were either
standard sugar–yeast agar (SYA) medium or a protein-restricted
SYA medium containing 20% of the yeast content ([12,18]).
A 20% yeast adult diet depresses female lifetime fecundity to
approximately 12% of that achieved on a 100% yeast diet [27].
Populations evolved at a MB (70 males : 30 females), EQ
(50 : 50) or FB (25 : 75) adult sex ratio. Populations were main-
tained in non-overlapping generations, established each
generation using 100 randomly selected same-aged individuals
in the correct sex ratio [12]. Eggs were collected on the 10–11th
day of each generation, and larvae were raised at a standardized
density on SYA media [18]. Populations were assayed after 35
generations of experimental evolution.

Females and rival males were derived from a stock contain-
ing the recessive sparkling poliert (spa) mutation (frequently
used in sperm competition studies [6,22,23]), backcrossed into
the Dah background for four generations, using more than 50
females and 50 males in each backcrossed generation to limit
inbreeding.

(b) Experimental design
The main experiment was preceded by two generations in which
populations were reared under standardized conditions on
Lewis medium supplemented with live yeast [28], to reduce vari-
ation from parental effects. After two generations, virgin focal
(experimentally evolved) males from each population were col-
lected at eclosion and housed in vials in single-sex groups of 12
for 4–6 days. On the day before mating assays, we placed virgin
spa females (6–8 days old) in individual vials containing Lewis
medium supplemented with live yeast. To begin mating assays,
we added a focal male to each female vial and observed flies for
320 min. We recorded mating success, latency, and duration.
Mated spa females were allowed to lay eggs for 2 days within the
same vial. We counted emerging offspring 12 days later to
measure male reproductive output. After 2 days, we transferred
each female into a new vial with two spa virgin males (8–10 days
old) and gave females a 5-h window in which to remate once.
Remating occurrence, latency, and duration were recorded.
Remated females were allowed to lay eggs within the same vial
for an additional 2 days and we counted and phenotyped the
emerging offspring to measure paternity share. Mating and
remating trials were conducted over 2 days.

(c) Statistical analyses
Data were analysed using R v. 3.6.3 [29]. Mating latency, offspring
number and remating latency were analysed using a generalized
linear mixed effect model (GLMM) with a Poisson error distri-
bution corrected for overdispersion. Mating duration and
remating duration were analysed using a linear mixed effects
model. Proportion of matings and proportion of rematings were
analysed using a GLMMwith a binomial error distribution. Pater-
nity share was analysed using a GLMM with a binomial error
distribution corrected for overdispersion. The initial model
included diet, sex ratio and their interaction and day of the exper-
iment as fixed effects, and replicate population as a random effect.
All GLMMs (except binary responses) were initially checked for
overdispersion, and when present an observation level random
effect was introduced to control for it [30]. All data were analysed
using the lme4 package and model selection was performed by
backward stepwise elimination using a maximum-likelihood
approach to compare nested models; non-significant ( p > 0.05)
variables were eliminated from the model to arrive at the minimal
adequate model. Day and replicate population were retained in
the minimal models to control for this variation.
3. Results
(a) Male mating latency and success
The interaction between adult sex ratio and diet significantly
affected male mating latency (x22 ¼ 11:9; p = 0.003). MB males
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were slower to mate than EQ males regardless of their diet,
consistent with previous findings [12] (figure 1a). However,
diet impacted mating latency in FB males, such that FB
males evolved on a standard diet were faster to mate. We
also found a marginally significant interaction between sex
ratio and diet for male mating probability (x22 ¼ 6; p =
0.048). Among flies that evolved on a standard diet, FB
males were more successful than MB males at securing a
mating, whereas among flies that evolved on a protein-
restricted diet, the mating success of each group was similar
(figure 1b). In contrast to previous findings [12], we found no
effect of either sex ratio or diet on mating duration (sex ratio:
x22 ¼ 0:2; p = 0.868; diet: x21 ¼ 0:3; p = 0.551; interaction:
x22 ¼ 0:9; p = 0.632) (electronic supplementary material,
figure S2).

(b) Male ability to induce female post-mating
responses

Mates of EQ males produced more offspring, compared to
mates of FB and MB males, in the 48 h following a single
mating (x22 ¼ 6:8; p = 0.033) (figure 2a). Neither diet nor its
interaction with sex ratio impacted offspring production
(diet: x21 ¼ 0:5; p = 0.439; interaction: x22 ¼ 0:9; p = 0.608). Simi-
larly, females that first mated with EQ males took longer to
remate compared with females that first mated with FB or
MB males (x22 ¼ 7:9; p = 0.018) (figure 2b). Remating latency
was not influenced by diet or its interaction with sex ratio
(diet: x21 ¼ 0:1; p = 0.708; interaction: x22 ¼ 5:3; p = 0.068).

However, we found that a female’s probability of remat-
ing was impacted by the focal male’s diet, such that
females that first mated with males that evolved on a
protein-restricted diet were more likely to remate (x21 ¼ 5:3;
p = 0.02) (figure 2c). Remating probability was not affected
by sex ratio or the interaction between sex ratio and diet
(sex ratio: x22 ¼ 0:6; p = 0.728; interaction: x22 ¼ 0:8; p = 0.653).
There was no significant effect of sex ratio, diet or their inter-
action on either paternity share (sex ratio: x22 ¼ 0:03; p = 0.982;
diet: x21 ¼ 0:03; p = 0.571; interaction: x22 ¼ 0:8; p = 0.656)
(figure 2d ) or remating duration (sex ratio: x22 ¼ 0:8; p =
0.655; diet: x21 ¼ 0:2; p = 0.593; interaction: x22 ¼ 2:1; p =
0.335) (electronic supplementary material, figure S6).
4. Discussion
In contrast to our first hypothesis, there was no evidence that
MB males were better at securing a mating (indicating higher
investment in pre-copulatory traits) or increased their post-
copulatory investment. However, in line with the alternative
hypothesis, we found that MB males were slower to start
mating (indicating lower investment in some pre-copulatory
traits) and that some effects of sex ratio occurred only when
populations evolved on a standard-protein diet.

Our finding that males from FB populations that evolved
on a standard-protein diet were quicker to mate and more
likely to mate than MB males is consistent with stronger
pre-copulatory sexual selection on males in FB populations,
possibly through selection on males to secure mating with
the most fertile females [31]. Our results also suggest that
evolving on a protein-restricted diet led to increased mating
latency in FB males, consistent with the hypothesis that
male pre-copulatory investment was limited by nutrient
availability within FB populations.

Recent work on these populations revealed that MB males
respond to exposure to rivals by reducing their courtship be-
haviour and are hence slower to mate [12], congruent with
our findings. This plastic response to rival males before
mating is consistent with weakened pre-copulatory sexual
selection from increased polyandry and frequent interruption
of courtship in MB populations [3,12]. However, under this
scenario, we would have expected to find evidence for stron-
ger selection on post-copulatory traits in MB males, but we
found no evidence for increases in mating duration (but see
[12]), siring success or the inhibition of female re-mating in
MB males. It is possible that sex ratio influenced traits not
measured in this study, such as male–male aggression or
the ability to disrupt rival matings. Future studies that
assay these and other traits—such as male ability to achieve
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mating with resistant females or with virgin females in the
presence of other males—would help to expand our under-
standing of evolutionary responses to sex ratio and nutrition.

In results congruent with ours, Rostant et al. [18] found that
female resistance to male harm is more likely to evolve in stan-
dard-protein regimes, possibly due to the costs involved in
expressing resistance. In our experiment, males that evolved
on a standard-protein diet were better at suppressing female
remating, but were not better sperm competitors. Both sup-
pression of female remating and the ability of a male’s sperm
to resist displacement by subsequent ejaculates are strongly
driven by the transfer of seminal fluid proteins [32,33]. Pre-
vious work revealed that female remating propensity and
sperm competitiveness are independent and possibly under
the regulation of different glandular cell types and a distinct
set of proteins [34]. Our results are consistent with the hypoth-
esis that populations that evolved on a protein-restricted diet
have altered seminal fluid composition and transfer, with
changes limited to a subset of ejaculate functions. To support
this interpretation, it will be crucial to investigate the seminal
fluid composition of each population in future studies.

It is worth noting that in these experiments we housed flies
on molasses-based food media that was distinct from the stan-
dard or protein-restricted SYA medium that they evolved on
(though likely more similar to the standard than the protein-
restricted diet). Dore et al. [12] recently used the experimentally
evolved populations to test contributions of evolutionary diet
and immediate diet (SYA medium with live yeast supplemen-
tation, standard SYAwithout yeast, or protein-restricted SYA)
to male mating behaviour and found no influence of immedi-
ate diet, suggesting that effects of evolutionary diet are likely
to be consistent across variable immediate food types. How-
ever post-copulatory traits affected by seminal fluids might
respond to the interaction between immediate and evolution-
ary diet, and future studies should assess flies on both
standard and protein-restricted SYA medium to test this.

We used a single competitor and female type (bearing a
spa eye marker), and it would be interesting to compare
against other competitor and female types, and within popu-
lations, because the expression of reproductive phenotypes
might depend on coevolved interactions between the sexes.
For example, a recent study of these populations found that
female post-mating aggression is influenced by sex ratio,
but only after matings within populations [35].
We found that EQ males were more successful with wild-
type females than were MB and FB males in several reproduc-
tive traits, including offspring number and remating latency.
Several hypotheses might explain this pattern. If wild-type
females have an inverted U-shaped preference function for
male reproductive traits, such that an intermediate optimum
is favoured, then males from MB and FB populations that
have evolved away from that optimum might suffer a disad-
vantage in courting and mating with wild-type females.
Males from EQ populations that are more similar to wild-
type populations (which have an approximately EQ sex
ratio [36]) might gain a relative advantage. An alternative
hypothesis, that the observed effects are due to genetic drift
or inbreeding, is unlikely because the effective population
sizes of these regimes differ only slightly between sex ratio
treatments [37].

We found no difference in mating duration among exper-
imentally evolved populations. This is consistent with some
previous experimental evolution studies [13,14], but inconsist-
ent with two others, in whichMBmalesmated for significantly
longer than FB or EQ males [12,38]. Mating duration has been
widely used as an indicator of ejaculate investment in D. mela-
nogaster; however, it is becoming increasingly clear that it is not
always a good proxy for ejaculate transfer [19,39–41]. Although
we found no differences in mating duration, populations dif-
fered in traits that suggest differential ejaculate investment,
such as offspring number, remating latency and remating
success, supporting the idea that there is no association
between these measures and mating duration.

Despite the higher productivity and remating suppression
of EQ males, we found that paternity share was similar
among treatments. This result is consistent with previous
work [14] and might be explained by the low heritability of
sperm competitiveness and the fact that sperm competition
is still present within each sex ratio treatment [42].

In summary, our results show that consistent long-term
changes in the socio-sexual and nutritional environment
interact to drive the evolution of pre-copulatory traits such
as mating latency and success yet independently influence
the evolution of post-copulatory traits, such as offspring
number and remating latency.

Data accessibility. The complete raw dataset is available on Oxford Uni-
versity Research Archieve (ORA) at the following link https://doi.

https://doi.org/10.5287/bodleian:o1BVXkGQ0
https://doi.org/10.5287/bodleian:o1BVXkGQ0


5

royalsocietypublishing.or
 D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//r
oy

al
so

ci
et

yp
ub

lis
hi

ng
.o

rg
/ o

n 
07

 J
un

e 
20

22
 

org/10.5287/bodleian:o1BVXkGQ0. A description of the raw dataset
columns is presented in the electronic supplementary material, table
S2 [43].

Authors’ contributions. I.S.: conceptualization, data curation, formal
analysis, investigation, methodology, writing—original draft; J.C.P.:
conceptualization, investigation, methodology, writing—review and
editing; A.D.: data curation, formal analysis, writing—review
and editing; T.C.: funding acquisition, resources, writing—review
and editing; S.W.: conceptualization, data curation, funding acqui-
sition, investigation, writing—review and editing.
All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.
Funding. This research was funded by the BBSRC (BB/M011216/1 to
A.D.; BB/ K014544/1 to S.W.; BB/T008881/1 to I.S.) and NERC
(NE/R010056/1 to T.C., NE/R000891/1 to T.C. and Amanda
Bretman; NE/ P017193/1 to J.C.P.).

Acknowledgements. We thank W. Rostant and J. Mason for assistance in
maintaining the sex ratio lines, E. Bath for assistance with analyses
and two anonymous reviewers for helpful feedback.
 g/journal/rsb
References
l
Biol.Lett.18:20210652
1. Nandy B, Gupta V, Sen S, Udaykumar N, Samant MA,
Ali SZ, Prasad NG. 2013 Evolution of mate-harm,
longevity and behaviour in male fruit flies subjected
to different levels of interlocus conflict. BMC Evol. Biol.
13, 1–16. (doi:10.1186/1471-2148-13-212)

2. Emlen ST, Oring LW. 1977 Ecology, sexual selection,
and the evolution of mating systems. Science 197,
215–223. (doi:10.1126/science.327542)

3. Morimoto J, McDonald GC, Smith E, Smith DT, Perry
JC, Chapman T, Pizzari T, Wigby S. 2019 Sex peptide
receptor-regulated polyandry modulates the balance
of pre- and post-copulatory sexual selection in
Drosophila. Nat. Commun. 10, 1–12. (doi:10.1038/
s41467-018-08113-w)

4. Parker GA. 1970 Sperm competition and its
evolutionary consequences in the insects. Biol. Rev.
45, 535–567. (doi:10.1111/j.1469-185X.1970.
tb01176.x)

5. Parker GA. 1990 Sperm competition games: raffles
and roles. Proc. R. Soc. Lond. B 242, 120–126.
(doi:10.1098/rspb.1990.0114)

6. Perry JC, Joag R, Hosken DJ, Wedell N, Radwan J,
Wigby S. 2016 Experimental evolution under hyper-
promiscuity in Drosophila melanogaster. BMC Evol.
Biol. 16, 1–14. (doi:10.1186/s12862-016-0699-8)

7. Holland B, Rice WR. 1999 Experimental removal of
sexual selection reverses intersexual antagonistic
coevolution and removes a reproductive load. Proc.
Natl Acad. Sci. USA 96, 5083–5088. (doi:10.1073/
pnas.96.9.5083)

8. Wigby S, Chapman T. 2004 Female resistance to
male harm evolves in response to manipulation of
sexual conflict. Evol. (NY) 58, 1028–1037. (doi:10.
1111/j.0014-3820.2004.tb00436.x)

9. Fricke C, Arnqvist G. 2007 Rapid adaptation to a novel
host in a seed beetle (Callosobruchus maculatus): the
role of sexual selection. Evol. (NY) 61, 440–454.
(doi:10.1111/j.1558-5646.2007.00038.x)

10. Hollis B, Koppik M, Wensing KU, Ruhmann H,
Genzoni E, Erkosar B, Kawecki TJ, Fricke C, Keller L.
2019 Sexual conflict drives male manipulation of
female postmating responses in Drosophila
melanogaster. Proc. Natl Acad. Sci. USA 116,
8437–8444. (doi:10.1073/pnas.1821386116)

11. Bretman A, Fricke C, Chapman T. 2009 Plastic
responses of male Drosophila melanogaster to the
level of sperm competition increase male
reproductive fitness. Proc. R. Soc. B 276,
1705–1711. (doi:10.1098/rspb.2008.1878)
12. Dore AA, Rostant WG, Bretman A, Chapman T. 2020
Plastic male mating behavior evolves in response to
the competitive environment. Evol. (NY) 75,
101–115. (doi:10.1111/evo.14089)

13. Linklater JR, Wertheim B, Wigby S, Chapman T.
2007 Ejaculate depletion patterns evolve in response
to experimental manipulation of sex ratio in
Drosophila melanogaster. Evol. (NY) 61, 2027–2034.
(doi:10.1111/j.1558-5646.2007.00157.x)

14. Edward DA, Fricke C, Chapman T. 2010 Adaptations
to sexual selection and sexual conflict: insights from
experimental evolution and artificial selection. Phil.
Trans. R. Soc. B 365, 2541–2548. (doi:10.1098/rstb.
2010.0027)

15. Fricke C, Bretman A, Chapman T. 2008 Adult male
nutrition and reproductive success in Drosophila
melanogaster. Evol. (NY) 62, 3170–3177. (doi:10.
1111/j.1558-5646.2008.00515.x)

16. Macartney EL, Crean AJ, Nakagawa S, Bonduriansky
R. 2019 Effects of nutrient limitation on sperm and
seminal fluid: a systematic review and meta-
analysis. Biol. Rev. 94, 1722–1739. (doi:10.1111/
brv.12524)

17. Cattelan S, Evans JP, Garcia-Gonzalez F, Morbiato E,
Pilastro A. 2020 Dietary stress increases the total
opportunity for sexual selection and modifies
selection on condition-dependent traits. Ecol. Lett.
23, 447–456. (doi:10.1111/ele.13443)

18. Rostant WG, Mason JS, de Coriolis J-C, Chapman T.
2020 Resource-dependent evolution of female
resistance responses to sexual conflict. Evol. Lett. 4,
54–64. (doi:10.1002/evl3.153)

19. Hopkins BR et al. 2019 Divergent allocation of
sperm and the seminal proteome along a
competition gradient in Drosophila melanogaster.
Proc. Natl Acad. Sci. USA 116, 17 925–17 933.
(doi:10.1073/pnas.1906149116)

20. Pélissié B, Jarne P, Sarda V, David P. 2014
Disentangling precopulatory and postcopulatory
sexual selection in polyandrous species.
Evol. (NY) 68, 1320–1331. (doi:10.1111/
evo.12353)

21. McDonald GC, Spurgin LG, Fairfield EA, Richardson
DS, Pizzari T. 2017 Pre- and postcopulatory sexual
selection favor aggressive, young males in
polyandrous groups of red junglefowl. Evol. (NY) 71,
1653–1669. (doi:10.1111/evo.13242)

22. Turnell BR, Shaw KL. 2015 High opportunity for
postcopulatory sexual selection under field
conditions. Evol. (NY) 69, 2094–2104. (doi:10.1111/
evo.12721)

23. Pischedda A, Rice WR. 2012 Partitioning sexual
selection into its mating success and fertilization
success components. Proc. Natl Acad. Sci. USA 109,
2049–2053. (doi:10.1073/pnas.1110841109)

24. Durrant KL, Skicko IM, Sturrock C, Mowles SL. 2016
Comparative morphological trade-offs between pre-
and post-copulatory sexual selection in giant hissing
cockroaches (Tribe: Gromphadorhini). Sci. Rep. 6,
1–7. (doi:10.1038/srep36755)

25. Hopkins BR, Sepil I, Wigby S. 2017 Seminal fluid.
Curr. Biol. 27, R404–R405. (doi:10.1016/j.cub.2017.
03.063)

26. Wigby S, Brown NC, Allen SE, Misra S, Sitnik JL, Sepil
I, Clark AG, Wolfner MF. 2020 The Drosophila seminal
proteome and its role in postcopulatory sexual
selection. Phil. Trans. R. Soc. B 375, 20200072.
(doi:10.1098/rstb.2020.0072rstb20200072)

27. Fricke C, Bretman A, Chapman T. 2010 Female
nutritional status determines the magnitude and
sign of responses to a male ejaculate signal in
Drosophila melanogaster. J. Evol. Biol. 23, 157–165.
(doi:10.1111/j.1420-9101.2009.01882.x)

28. Lewis E. 1960 A new standard food medium.
Drosoph. Inf. Serv. 34, 117–118.

29. R Core Team. 2012 R: a language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing. See http://
www.R-project.org.

30. Harrison XA. 2014 Using observation-level random
effects to model overdispersion in count data in
ecology and evolution. PeerJ 2, e616 (doi:10.7717/
peerj.616)

31. Fitze PS, Le Galliard JF. 2008 Operational sex ratio,
sexual conflict and the intensity of sexual selection.
Ecol. Lett. 11, 432–439. (doi:10.1111/j.1461-0248.
2008.01158.x)

32. Chen PS, Stumm-Zollinger E, Aigaki T, Balmer J,
Bienz M, Böhlen P. 1988 A male accessory gland
peptide that regulates reproductive behavior of
female D. melanogaster. Cell 54, 291–298. (doi:10.
1016/0092-8674(88)90192-4)

33. Chapman T, Bangham J, Vinti G, Seifried B, Lung O,
Wolfner MF, Smith HK, Partridge L. 2003 The sex
peptide of Drosophila melanogaster: female post-
mating responses analyzed by using RNA
interference. Proc. Natl Acad. Sci. USA 100,
9923–9928. (doi:10.1073/pnas.1631635100)

https://doi.org/10.5287/bodleian:o1BVXkGQ0
http://dx.doi.org/10.1186/1471-2148-13-212
http://dx.doi.org/10.1126/science.327542
http://dx.doi.org/10.1038/s41467-018-08113-w
http://dx.doi.org/10.1038/s41467-018-08113-w
http://dx.doi.org/10.1111/j.1469-185X.1970.tb01176.x
http://dx.doi.org/10.1111/j.1469-185X.1970.tb01176.x
http://dx.doi.org/10.1098/rspb.1990.0114
http://dx.doi.org/10.1186/s12862-016-0699-8
http://dx.doi.org/10.1073/pnas.96.9.5083
http://dx.doi.org/10.1073/pnas.96.9.5083
http://dx.doi.org/10.1111/j.0014-3820.2004.tb00436.x
http://dx.doi.org/10.1111/j.0014-3820.2004.tb00436.x
http://dx.doi.org/10.1111/j.1558-5646.2007.00038.x
http://dx.doi.org/10.1073/pnas.1821386116
http://dx.doi.org/10.1098/rspb.2008.1878
http://dx.doi.org/10.1111/evo.14089
http://dx.doi.org/10.1111/j.1558-5646.2007.00157.x
http://dx.doi.org/10.1098/rstb.2010.0027
http://dx.doi.org/10.1098/rstb.2010.0027
http://dx.doi.org/10.1111/j.1558-5646.2008.00515.x
http://dx.doi.org/10.1111/j.1558-5646.2008.00515.x
http://dx.doi.org/10.1111/brv.12524
http://dx.doi.org/10.1111/brv.12524
http://dx.doi.org/10.1111/ele.13443
http://dx.doi.org/10.1002/evl3.153
http://dx.doi.org/10.1073/pnas.1906149116
http://dx.doi.org/10.1111/evo.12353
http://dx.doi.org/10.1111/evo.12353
http://dx.doi.org/10.1111/evo.13242
http://dx.doi.org/10.1111/evo.12721
http://dx.doi.org/10.1111/evo.12721
http://dx.doi.org/10.1073/pnas.1110841109
http://dx.doi.org/10.1038/srep36755
http://dx.doi.org/10.1016/j.cub.2017.03.063
http://dx.doi.org/10.1016/j.cub.2017.03.063
https://doi.org/10.1098/rstb.2020.0072rstb20200072
http://dx.doi.org/10.1111/j.1420-9101.2009.01882.x
http://www.R-project.org
http://www.R-project.org
http://www.R-project.org
http://dx.doi.org/10.7717/peerj.616
http://dx.doi.org/10.7717/peerj.616
http://dx.doi.org/10.1111/j.1461-0248.2008.01158.x
http://dx.doi.org/10.1111/j.1461-0248.2008.01158.x
http://dx.doi.org/10.1016/0092-8674(88)90192-4
http://dx.doi.org/10.1016/0092-8674(88)90192-4
http://dx.doi.org/10.1073/pnas.1631635100


6

royalsocietypublishing.org/journal/rsbl
Biol.Lett

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

07
 J

un
e 

20
22

 

34. Hopkins BR, Sepil I, Bonham S, Miller T, Charles PD,
Fischer R, Kessler BM, Wilson C, Wigby S. 2019
BMP signaling inhibition in Drosophila secondary
cells remodels the seminal proteome and self and
rival ejaculate functions. Proc. Natl Acad. Sci. USA
116, 24 719–24 728. (doi:10.1073/pnas.
1914491116)

35. Bath E, Edmunds D, Norman J, Atkins C, Harper L,
Rostant WG, Chapman T, Wigby S, Perry JC. 2021
Sex ratio and the evolution of aggression in fruit
flies. Proc. R. Soc. B 288, 20203053. (doi:10.1098/
rspb.2020.3053)

36. Tantawy AO, Soliman MH. 1967 Studies on natural
populations of Drosophila VI. Competition between
Drosophila melanogaster and Drosophila simulans.
Evol. (NY) 21, 34–40. (doi:10.2307/2406738)
37. Snook RR, Brüstle L, Slate J. 2009 A test and review of
the role of effective population size on experimental
sexual selection patterns. Evol. (NY) 63, 1923–1933.
(doi:10.1111/j.1558-5646.2009.00682.x)

38. Nandy B, Chakraborty P, Gupta V, Ali SZ, Prasad NG.
2013 Sperm competitive ability evolves In response
to experimental alteration of operational sex ratio.
Evol. (NY) 67, 2133–2141. (doi:10.1111/evo.12076)

39. Sepil I et al. 2020 Male reproductive ageing arises
via multifaceted mating-dependent sperm and
seminal proteome declines, but is postponable in
Drosophila. Proc. Natl Acad. Sci. USA 117,
17 094–17 103. (doi:10.1073/pnas.2009053117)

40. Wigby S, Sirot LK, Linklater JR, Buehner N, Calboli
FCF, Bretman A, Wolfner MF, Chapman T. 2009
Seminal fluid protein allocation and male
reproductive success. Curr. Biol. 19, 751–757.
(doi:10.1016/j.cub.2009.03.036)

41. Bath E, Buzzoni D, Ralph T, Wigby S, Sepil I.
2021 Male condition influences female post mating
aggression and feeding in Drosophila. Funct. Ecol.
35, 1288–1298. (doi:10.1111/1365-2435.13791)

42. Wensing KU, Koppik M, Fricke C. 2017 Precopulatory
but not postcopulatory male reproductive traits
diverge in response to mating system manipulation
in Drosophila melanogaster. Ecol. Evol. 7,
10 361–10 378. (doi:10.1002/ece3.3542)

43. Sepil I, Perry JC, Dore A, Chapman T, Wigby S. 2022
Experimental evolution under varying sex ratio and
nutrient availability modulates male mating success
in Drosophila melanogaster. FigShare. (doi:10.6084/
m9.figshare.c.5985961)
.
18:
20210652

https://doi.org/10.1073/pnas.1914491116
https://doi.org/10.1073/pnas.1914491116
http://dx.doi.org/10.1098/rspb.2020.3053
http://dx.doi.org/10.1098/rspb.2020.3053
https://doi.org/10.2307/2406738
http://dx.doi.org/10.1111/j.1558-5646.2009.00682.x
http://dx.doi.org/10.1111/evo.12076
http://dx.doi.org/10.1073/pnas.2009053117
http://dx.doi.org/10.1016/j.cub.2009.03.036
http://dx.doi.org/10.1111/1365-2435.13791
http://dx.doi.org/10.1002/ece3.3542
http://dx.doi.org/10.6084/m9.figshare.c.5985961
http://dx.doi.org/10.6084/m9.figshare.c.5985961

	Experimental evolution under varying sex ratio and nutrient availability modulates male mating success in Drosophila melanogaster
	Introduction
	Material and methods
	Experimental evolution
	Experimental design
	Statistical analyses

	Results
	Male mating latency and success
	Male ability to induce female post-mating responses

	Discussion
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


