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In many animals, females respond to mating with changes in
physiology and behavior that are triggered by molecules transferred
by males during mating. In Drosophila melanogaster, proteins in the
seminal fluid are responsible for important female postmating responses, including temporal changes in egg production, elevated
feeding rates and activity levels, reduced sexual receptivity, and activation of the immune system. It is unclear to what extent these
changes are mutually beneficial to females and males or instead
represent male manipulation. Here we use an experimental evolution approach in which females are randomly paired with a single
male each generation, eliminating any opportunity for competition
for mates or mate choice and thereby aligning the evolutionary interests of the sexes. After >150 generations of evolution, males from
monogamous populations elicited a weaker postmating stimulation
of egg production and activity than males from control populations
that evolved with a polygamous mating system. Males from monogamous populations did not differ from males from polygamous populations in their ability to induce refractoriness to remating in
females, but they were inferior to polygamous males in sperm
competition. Mating-responsive genes in both the female abdomen and head showed a dampened response to mating with
males from monogamous populations. Males from monogamous
populations also exhibited lower expression of genes encoding
seminal fluid proteins, which mediate the female response to mating. Together, these results demonstrate that the female postmating response, and the male molecules involved in eliciting this
response, are shaped by ongoing sexual conflict.
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fertilization success (32), refractoriness to remating (14, 15, 28,
33, 34) that could limit the ability of females to replenish sperm
reserves or sample higher quality sperm, and a reduction in life
span (35, 36). If any of these SFP-mediated effects are favored by
selection on males while harming female fitness, then interlocus
sexual conflict—conflict occurring through antagonistic interactions between different genetic loci in males and females (37)—
should lead to the evolution of female resistance and select for
further male manipulation. The observed rapid duplication and
sequence-level evolution of SFP genes (38, 39), as well as experiments finding increased male harm to females after female
coevolution is arrested (40), are consistent with the possibility of
such a conflict-fueled arms race.
To investigate to what extent male effects on the female
postmating response are beneficial to males but costly to females
(and therefore constitute male manipulation), we evolved three
populations of Drosophila melanogaster for >150 generations in a
mating system in which each female was randomly paired with a
single male every generation, thereby removing all opportunity
for mating competition or mate choice. This randomized monogamy manipulation has been employed to remove sexual selection in evolving populations of many different arthropods,
Significance
In species with males and females, reproduction requires contributions from both sexes and therefore some degree of cooperation. At the same time, antagonistic interactions can
evolve because of the differing goals of males and females. We
aligned the interests of the sexes in the naturally promiscuous
fruit fly Drosophila melanogaster by enforcing randomized
monogamy for more than 150 generations. Males repeatedly
evolved to manipulate females less, a pattern visible in both
the timing of female reproductive effort and gene expression
changes after mating. Male investment in expression of genes
encoding seminal fluid proteins, which shape the female
postmating response, declined concurrently. Our results confirm the presence of sexually antagonistic selection on postcopulatory interactions that can be reversed by monogamy.
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exual reproduction in animals often involves both synergistic
and antagonistic interactions between males and females. At
a fundamental level, gametes are required from both sexes, and
the fitness of both males and females increases with the quantity
and quality of offspring produced. There is also scope for antagonism, however, because the evolutionary strategies of the
sexes differ (1). Antagonistic interactions can manifest before
mating, for example, via male persistence or coercion that harms
females, or after mating, by males manipulating female physiology and behavior (2, 3).
Antagonism between the sexes is particularly likely in promiscuous species such as the fruit fly Drosophila melanogaster. In
female flies, the transition into a reproductive state requires both
the receipt of sperm and the seminal fluid proteins (SFPs) present in the ejaculate (4–8). SFPs modulate gene expression in a
time- and tissue-specific manner (9–13), induce oogenesis (14–
17), ovulation (18, 19), and sustained egg production (20), and
allow sperm storage (21–28). While some of these effects are
beneficial to females (29, 30), the action of SFPs has also been
suggested to influence the female postmating response in ways
that benefit males at the expense of females and therefore
constitute manipulation (31). For example, SFPs induce a shortterm boost in egg laying (19) that is accompanied by reduced
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including the fruit fly species D. melanogaster (41–45), Drosophila
pseudoobscura (46), and Drosophila serrata (47), as well as the
dung fly Sepsis cynipsea (48), the beetles Callosobruchus maculatus (49, 50) and Tribolium castaneum (51), and the bulb mite
Rhizoglyphus robini (52). Under a monogamous evolutionary
regime, interlocus sexual conflict is eliminated because the reproductive interests of males and females are completely tied to
one another. In parallel to our three monogamous populations,
we established three control populations that evolved under a
mating system in which groups of five females and five males
were formed each generation, thereby retaining sexual selection
and interlocus sexual conflict (the polygamous evolutionary regime). We predicted that, if male effects on the postmating response are costly to females in terms of lifetime reproductive
success, or costly to males because investment in reproductive
tissues trades off with other components of nonsexual fitness,
these effects should decrease in the course of evolution under
monogamy. By contrast, if the effects elicited by males are beneficial to females (e.g., by increasing total reproductive output or
the quality of offspring), they should be either maintained or elevated during evolution in the monogamous evolutionary regime.
Results and Discussion
We examined whether males evolved in the monogamous versus
polygamous evolutionary regimes (hereafter M males and P
males, respectively) differed in their postmating effects on females sampled from the base population from which all evolved
populations originated, thereby isolating the effects of males
from any differences between evolved females. We first assessed
female reproductive investment in the days following mating
with evolved males. Wild-type D. melanogaster males stimulate
reproduction in females in the first hours after mating via the
action of SFPs, an effect that is expected to be beneficial to
males in the presence of multiple mating by increasing a male’s
share of a given female’s offspring. However, this increased early
egg laying might be costly for females if it results in reductions in
fertilization rates, offspring quality, or offspring production later
in life. Under monogamy, there is no competition from other
males, and selection should favor male effects on female reproduction that optimize offspring number and quality. If sexual
conflict drives males to stimulate female short-term fecundity
beyond the female optimum, this effect on females should
therefore be reduced during the course of evolution under monogamy. Consistent with this prediction, M males elicited different female egg-laying patterns from P males over the first 5 d
after mating, a window of time that corresponds to the mating
and reproductive periods of the evolutionary regime (Fig. 1A,
linear mixed model, evolutionary regime × day: F4,15 = 17.0, P <
0.0001). The difference between the effects of the two types of
males also changed linearly over time (linear model, F1,3 = 15.1,
P = 0.03), with females mated to M males laying on average
fewer eggs in the first 2 d after mating and more eggs in the following
3 d. Overall, the total number of eggs laid by females was unaffected
by the male evolutionary regime (F1,4 = 0.1, P = 0.75), a result
matching what was previously found in D. pseudoobscura (46).
We next examined whether the evolutionary regime of males
differentially induced postmating activity in females. Within
hours after mating, activity of D. melanogaster females greatly
increases as they dedicate more time to searching for suitable
oviposition sites, foraging, and feeding. This change is driven by
receipt of SFPs (53) and is expected to benefit males by shifting
female reproductive effort toward the period of time when paternity share is highest. However, early investment would come
at a cost to females if it trades off with reproductive success (54)
within the experimental regimes. We therefore continuously
monitored female locomotor activity levels after mating to test
whether females mated with M males exhibited different locomotor activity than females mated with P males. As predicted, if
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male-induced hyperactivity is costly to females, females mated to
M males exhibited overall lower locomotor activity than females
mated to P males (Fig. 1B, linear mixed model, evolutionary
regime: F1,4 = 19.5, P = 0.01, evolutionary regime × time: F5,20 =
0.6, P = 0.67). As a consequence, females mated to M males had
locomotor activity profiles shifted in the direction of virgin females (Fig. 1B, virgins indicated with yellow bars).
We then tested whether M males were also less effective than
P males in eliciting female refractoriness to remating. Preventing
female remating is an important component of male postcopulatory competitive success and is also mediated by SFPs (14,
15). However, reluctance to remate might be costly to females if
it limits their ability to replenish sperm reserves or mate with
higher-quality males. Inducing refractoriness in females has no
obvious advantage to males under monogamy, and therefore
male effects on refractoriness are predicted to decline if the SFPs
responsible for inducing refractoriness carry a physiological cost
to females (36). We measured male effects on female refractoriness in our populations by first mating females to males from
each of the evolved populations and then presenting the females
with a new male from the ancestral population 16 h later. Contrary to our prediction, there was no difference between M males
and P males in eliciting female refractoriness (Fig. 1C, generalized linear mixed model, evolutionary regime: χ21 = 0.2, P =
0.63). Tests of this prediction have yielded mixed results in other
studies. D. melanogaster males evolved in the absence of sexual
competition have sometimes been found to suppress female
remating less than polygamous males (55), an effect also observed in D. pseudoobscura (46), but a more recent study found
no difference between D. melanogaster males evolved under
monogamy and polygamy (45). Some of the differences between
experimental outcomes might be explained by differences in how
female remating rates were measured (e.g., the amount of time
elapsed between females encountering first and second males,
the number of males provided to the females, or the amount of
time males spent with females). Because remating rates were low
in the assay that we employed, and the opportunity for remating
was limited to a 6-h window on the morning after the first
mating, it is possible that our design could have missed male
effects occurring earlier or later after mating (56). We therefore
performed an additional experiment, using a 2-d interaction
period between males and females that corresponded to the time
window when mating occurred during the course of experimental
evolution. In this design, we first allowed males from the evolved
populations to mate with females carrying a recessive ebony
marker and then housed these females continuously with four
ebony male competitors. This allowed us to determine whether
females remated during a 2-d period and, if so, how many of the
offspring were sired by the focal males. Remating rates of females were much higher in this experiment, but there was again
no significant effect of the evolutionary regime of males on their
ability to induce refractoriness (generalized linear mixed model,
evolutionary regime: χ21 = 0.6, P = 0.45, Fig. 1D). This suggests
that male effects on female refractoriness may not be costly to
females under our evolutionary regimes.
Beyond inducing refractoriness to remating, males can also
increase their fitness by outperforming other males when there is
competition between sperm for fertilization. We therefore also
assessed sperm competition outcomes (sperm defense, or P1) in
all doubly mated females in the experiment measuring female
refractoriness. We found that P males had almost a three times
higher success in sperm competition when mating first compared
with M males (Fig. 1E, generalized linear mixed model, evolutionary
regime: χ21 = 9.8, P = 0.002), an effect not observed in previous
experimental evolution with D. melanogaster that spanned fewer
generations (45, 57). This advantage in sperm competition occurred despite the fact that the increased relative egg laying of
females induced by P males should result in these females having
Hollis et al.
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Fig. 1. Female postmating response when mated to males from six populations with differing evolutionary histories (monogamous in blue, polygamous in
red). (A) Female egg production (population mean ± SE, n = 19–20 groups of females per male population) across the first 5 d after mating. (B) Female activity
levels, measured as the number of beam crosses in 12-h intervals in the first 3.5 d after mating (population mean ± SE, n = 21–24 females per male population). Virgin activity levels are indicated with yellow bars for comparison. (C) Female remating rate (population mean ± SE, n = 43–48 females per male
population) when placed with a new male from the ancestral population 16 h after a first mating with males from the evolved populations and observed for
4 h. (D) Female remating rate (population mean ± SE, n = 58–72 females per male population) when females were first mated to males from the evolved
populations and then housed with four ebony males continuously from 4 to 48 h after first mating. (E) Sperm competition outcomes from the same experiment (population mean ± SE, n = 38–64 females per male population), assessing the offspring of all doubly mated females. (F) Female death in the same
experiment, 4 d after mating with males (population mean ± SE, n = 75–79 females per male population).

less sperm from P males in the spermatheca by the time of the
second mating. Females mated first to P males also suffered
higher mortality than those mated to M males, despite the short
window of time (4 d) over which the experiment was conducted
(Fig. 1F, generalized linear mixed model, χ21 = 6.7, P = 0.01).
The evolution of reduced male harm to females by M males
suggests that the wild-type cost of mating (35, 58, 59) to females
represents a true fitness cost that is not offset by gains in offspring quantity or quality (60) and therefore was selected against
under monogamy.
Postmating changes in female physiology and behavior like
those that we observed are mediated by and/or coincident with
changes in patterns of gene expression that vary between the
level of the whole fly (9, 10, 61), the reproductive tract (62), and
the head (11, 63). Because of the central role of the nervous
system in behavior, we measured gene expression not only in
abdomens, which house the reproductive tissues, but also in the
heads of females both before mating and 24 h after mating with
either M males or P males. As expected, mating resulted in more
genes changing expression in the abdomen [6,206 or 71.7% of all
genes at 10% false discovery rate (FDR)] than in the head
(1,485 or 16.0% of all genes) [see Datasets S1and S2 for gene
identities and SI Appendix, Fig. S1, for gene ontology (GO) enrichment]. Interestingly, however, the evolutionary regime of
Hollis et al.

males had a greater effect on the expression of genes in the female
head than abdomen. In the abdomen, only 45 genes responded
differentially depending on whether females mated with M or P
males. In contrast, the male selection regime had a significantly
greater impact on expression of genes in the head (3.8 versus 0.5%
in the abdomen, Fisher’s exact test, P < 0.0001), with 351 genes
differentially expressed (see SI Appendix, Fig. S1A, for GO enrichment in the abdomen and SI Appendix, Fig. S1B, for GO
enrichment in the head).
Given that mating with M males induced a weaker response in
female reproductive investment and locomotor activity than
mating with P males, we predicted that M males would also elicit
a weaker female gene expression response. To test this prediction, we examined genes that were differentially elicited
depending on male evolutionary regime and responded to mating in the same direction regardless of male identity (i.e., those
with a significant main effect of mating). In the abdomen, 34 of
39 (87.2%) of these genes responded less strongly when females
mated with M males, significantly more than would be expected
if up and down changes were equally likely (Fig. 2A, binomial
test, P < 0.0001). Similarly, in the head, 87 of 104 (83.7%) of
these genes responded less strongly when females mated with M
males (Fig. 2B, binomial test, P < 0.0001), demonstrating that M
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Fig. 2. Change in gene expression 24 h after mating (log2 mated–log2 virgin) in the female abdomen (A) and female head (B) for mating-responsive
genes that are significantly differentially affected by polygamous versus
monogamous male mates. Genes encoding immune-induced peptides (A)
and Juvenile hormone esterase (B) are labeled. In both female abdomens
and heads, monogamous males elicit a weaker transcriptional response.

males indeed had a dampened effect on female postmating gene
expression compared with P males.
The greater difference in male effects on female gene expression in the head than in the abdomen might be explained by
the fact that changes in female behavior are regulated by the
effects of SFPs on both the nervous and the endocrine systems.
For example, receptors for sex peptide, which enters the hemolymph soon after mating (64, 65), are located in both the female
reproductive tract and the brain (64, 66), where they are necessary for sex peptide to elicit egg laying. Sex peptide elevates
8440 | www.pnas.org/cgi/doi/10.1073/pnas.1821386116

egg production by increasing juvenile hormone production (67)
in the corpus allatum, an endocrine gland located in the head.
Elevated juvenile hormone titer is responsible for increased early
life reproduction, and juvenile hormone mediates key trade-offs
between reproduction, metabolism, survival, and stress resistance
(68, 69). Interestingly, the differentially induced gene with the
largest change in female heads was Juvenile hormone esterase (Jhe),
which is responsible for the breakdown of juvenile hormone and
shows a nearly twofold higher expression in females mated to P
males. Juvenile hormone esterase might therefore serve to limit
male manipulative effects on female reproductive investment
through its degradation of juvenile hormone.
Four lines of evidence led us to hypothesize that the different
effects reported in this study might be due to a lower investment
in SFPs by M males than by P males. First, in a previous study
carried out earlier in the course of experimental evolution, we
found a signal of reduced expression of SFP genes as a group
(although no individual SFP genes were differentially expressed)
in M males when examining whole-fly gene expression (70).
Second, M males stimulated female reproduction less than P
males in the first 2 d following mating, a period when the SFPs
sex peptide and ovulin are more important than the presence of
sperm in eliciting oogenesis and ovulation (15, 19, 20). Sex
peptide is also responsible for an increase in locomotor activity
levels in mated females (53), and we observed lower activity
levels in females mated to M males. Third, SFPs are known to
modulate sperm competition success (71–75), and M males had
lower sperm competition success. SFPs are also responsible for
reduced female survival [the well-established “cost of mating”
(35, 36)], and females mated to M males survived better than
females mated to P males, a result sometimes (41), but not always (45, 76), found after evolution under monogamy. Finally,
SFPs are directly responsible for activation of the immune system, in particular induction of expression of antimicrobial peptide genes, which occurs after mating (9–13). This activation of
the immune system in females was visible in the female abdomen
transcriptome and markedly weaker when females mated to M
males versus P males (Fig. 2A). The top overall candidate for
differential male effects in the female abdomen was Attacin-A
(more than twofold higher expression when females mated to P
males), a gene that codes for an antimicrobial peptide. The
postmating change in expression of Attacin-A was previously
shown to be exclusively regulated by male SFPs (10). Four other
genes encoding immune-induced peptides (IM1, IM2, IM3, and
IM4) were also differentially affected, with P males inducing 33–
64% higher postmating expression of these genes than M males.
Like Attacin-A, two of these genes (IM1 and IM2) were previously identified as responding to mating only via the action of
SFPs (10). Together, these results suggest a role for SFPs in the
differential response of females mated to M versus P males.
We investigated the possibility that M males invested less in
SFPs than P males by measuring the size of the accessory gland,
where most SFPs are produced. Previous studies examining
mature adults found that D. pseudoobscura males evolved under
monogamy invested less in the accessory glands (77), while D.
melanogaster males evolving at different intensities of sexual
competition did not differ in accessory gland investment (78).
Because of the importance of early adult maturation in the
sexual success of D. melanogaster males, both in general (79) and
within the evolutionary regimes (80), we took a different approach and assessed the growth of the accessory gland by measuring its size across the first 4 d post eclosion. Male accessory
glands more than doubled in size in the first few days (age: χ21 =
686.8, P < 0.0001), with growth slowing as males matured (age2:
χ21 = 162.2, P < 0.0001). There was no difference, however,
between M and P males in either overall size (evolutionary regime: χ21 = 0.1, P = 0.73) or growth trajectory (evolutionary
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0.8, P = 0.36).
We also assessed gene expression in the male reproductive
tract at two time points (48 and 96 h after eclosion) during the
same period of early adult maturation. Forty-eight hours after
eclosion, 586 genes were differentially expressed between M and
P males (see Dataset S2, for gene identities and SI Appendix, Fig.
S2, for GO enrichment). SFP genes were overrepresented in the
list of differentially expressed genes; of 132 SFP genes, 27 were
significantly different between M and P males at 48 h (Fig. 3B;
20.5 versus 5.5% expectation, Fisher’s exact test P < 0.0001). Of
the 27 SFP genes that were differentially expressed, 25 (92.6%)
showed lower expression in M males (binomial test, P < 0.0001).
When considering all SFP genes, M males showed on average
16.6% lower expression than P males. The breadth of this reduced investment in SFP gene expression in M males (113 of the
132 SFP genes show nominally lower expression) is consistent
with the idea that these genes are tightly coregulated (81) and
suggests that fine-tuned tailoring of the composition of the
ejaculate may be to some extent evolutionarily constrained. The
reduced investment in SFP gene expression in M males was
confirmed by qPCR analyses for the five most well-characterized
SFP genes (Acp26Aa, Acp29AB, Acp36DE, Acp62F, and SP)
across an extended time course spanning the first 5 d post
eclosion (SI Appendix, Fig. S3). By 96 h after eclosion, M males
and P males showed similar transcriptional profiles (Fig. 3C)
with no genes significantly different in expression between male
types. Differences in investment in SFP gene expression between
males from the two evolutionary regimes were therefore visible
at the time point marking the beginning of the male–female
interaction period over the course of experimental evolution but
absent at the end of the interaction period. The relative immaturity in the pattern of expression of SFP genes in M males is
consistent with what has been previously found when examining
gene expression in the heads of M males (80) and suggests the
possibility of a generalized maturation deficit under selection in
the monogamous regime.
We found that M males elicited weaker postmating responses
in female reproduction and activity, but did not differentially
induce female refractoriness. The evolution of differential malemating effects that we identified cannot be explained by differences in effective population size (Ne) between the evolutionary
regimes. The number of males and females was the same in M
and P populations, but there was greater variance in male reproductive success under polygamy. Thus, if male performance
was reduced because of inbreeding effects in our experiments,
this effect should be greater in P than in M populations. Furthermore, past work directly estimating Ne based on molecular
markers in experimental populations with differing intensities of
sexual competition found no difference between monogamous
and promiscuous populations (82). Diminished M male effects
on females could also have arisen if deleterious variation was
purged less efficiently from these populations (83, 84), but past
work with these populations found no evidence for this (42, 80).
Our findings therefore support the hypothesis that a substantial
part of male effects on the female postmating response are
detrimental to females and/or carry a cost to male nonsexual
fitness. As a result, the ability of males to elicit postmating responses in female reproduction and activity diminished over the
course of evolution under monogamy because the reproductive
interests of males and females were aligned.
We also detected the signature of reduced male manipulation
in the gene expression patterns of mated females, where M males
induced weaker transcriptional change. Postmating changes in
gene expression are particularly profound in the female abdomen,
which contains the reproductive tissues as well as the metabolismregulating fat body. Surprisingly, however, we found that male
evolutionary history more strongly affects gene expression in the
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Fig. 3. (A) Accessory gland size over the first 4 d after eclosion for males from
experimentally-evolved monogamous and polygamous populations. Data points
are mean (±SE) of three monogamous populations (blue triangles) and three
polygamous populations (red circles), and lines indicate predictions from the fit
model (n = 8–16 accessory glands per population and age combination). (B) The
difference in expression of individual seminal fluid protein genes between males
from monogamous and polygamous populations (log2 monogamy–log2 polygamy) at 48 and 96 h post eclosion. Error bars indicate 95% confidence intervals,
and green circles indicate genes that are significantly different between
monogamy and polygamy at 10% FDR (27 genes at 48 h, 0 genes at 96 h).
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mated female’s head than in the abdomen. This suggests that,
rather than acting directly on female physiology, male manipulation promoted by sexual conflict has targeted the female central nervous system to influence female behavior. Finally, M
males showed reduced investment in expression of many genes
encoding seminal fluid proteins. This addresses an ongoing
controversy about the function of SFPs (31), supporting the
notion that these proteins serve as male armaments in male–
female coevolution fueled by sexual conflict.
Materials and Methods
Fly Populations and Experimental Evolution Design. Six experimental populations, each with a census size of 100 males and 100 females, were
established from the Ives (IV) population of D. melanogaster (85) in
2007 after a mutagenesis treatment that increased genetic variation and
subsequently maintained under either randomized monogamy (populations
M1, M2, and M3) or polygamy (populations P1, P2, and P3) (42). In each
generation, males and females from monogamous populations were randomly paired in vials and allowed to interact for 2 d. In polygamous populations, groups of five males and five females were placed together in vials
and allowed to interact for 2 d. After these 2 d, the males from all populations were discarded and females were placed into new bottles in groups
of 50 for 3 d of egg laying, after which the females were also discarded.
Virgins collected from these bottles were then used to constitute the next
generation. The populations had undergone between 168 and 196 generations of experimental evolution when the measures collected in this study
were obtained. Measurements were preceded by one generation in which
all populations were mass-reared in the same manner to control for any
parental effects, except for the measurements of male accessory gland size
and reproductive tract transcriptomes, which were preceded by four generations of controlled rearing. During the course of experimental evolution
and common garden rearing before all assays, flies were reared and maintained on either 2% yeast media [water, agar, brewer’s yeast, cornmeal,
sucrose, propionic acid, and Nipagin (Sigma-Aldrich)] or, after a move to a
new laboratory, a richer 6% yeast media that substituted fruit juice for sucrose. Flies were maintained at 25 °C with a 12 h:12 h light:dark cycle.
Standardized females used in the egg laying, activity, remating, and gene
expression experiments were from the IV base population, which is maintained at several thousand individuals with flies mixed and moved to new
media on a 14-d schedule. For postcopulatory male competition experiments,
virgin ebony females and male competitors were obtained from the IVe
population, which originates from and is maintained in the same manner as
the IV population. The recessive phenotype of dark-body coloration allowed
for offspring of ebony competitors to be easily distinguished from those of
focal males that have a wild-type appearance.
Female Egg Laying, Activity Levels, and Refractoriness to Remating. To measure egg-laying rates of females mated to males with different evolutionary
histories, virgin males from the six populations and virgin standard females from
the IV base population were collected and kept in same-sex groups of ∼20 individuals. At 2 d of age, groups of 10 females were placed with 20 males from
each of the evolved populations at lights-on for 2 h to allow mating. After the
2-h mass-mating period, males were removed and females were collected and
placed in new vials in groups of three and allowed to lay eggs for the remainder of the light cycle. Females were then moved to holding vials overnight
before being placed into new vials at lights-on for another day of egg laying.
This was repeated for 5 d and counts were made of the number of eggs laid
by each group on each day. Any groups in which a female died during the
experiment were discarded. Daily egg counts were modeled as the response
variable in a linear mixed model (LMM) with male evolutionary regime and
the day of egg laying, along with the interaction, as fixed effects and replicate population as a random effect using lme4 (86) in R (87). We also fit a linear
model with relative egg laying (females mated to polygamous males/females
mated to monogamous males) as the response variable and day as a continuous predictor to test whether the magnitude of the relative difference declined
or increased linearly across the 5 d. Significance was assessed with F tests.
For measurement of activity levels, males from the evolved populations
and IV females were collected, aged, and mated in the same manner as above.
We included virgin females to assess the overall direction and magnitude of
changes in activity after mating. After the 2-h mating period, flies were
briefly anesthetized with CO2, males were removed, and females were
placed individually into 5-mm glass tubes with simple media (2% agar, 5%
sucrose), plugged with a small piece of yarn. These tubes were placed in
DAM2 Drosophila Activity Monitors (Trikinetics Inc.) that detect movement
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along the glass tube by counting infrared beam breaks. Total beam breaks
per animal for each 12-h light:dark time interval were analyzed. To allow
flies to recover from anesthesia, the first 6 h of recording were discarded, so
data begins during the first night period after the morning mating and
spans three nights and 3 d. Data for flies that died during the measurement
period or in the day immediately following were discarded. Activity was
modeled with male evolutionary regime and time in 12-h bins, along with
the interaction, as fixed effects and replicate population as a random effect
using lme4 (86) in R (87). Significance was assessed with F tests.
To measure female willingness to remate, evolved males along with IV
male competitors and IV females were collected as virgins and kept in samesex groups for 4 d. Individual males from the evolved populations were then
placed into vials along with one virgin IV female, separated by a cardboard
divider. On the next afternoon, the dividers were removed and flies were
allowed to interact and mate for 1 h. After mating, males were removed from
vials and replaced with new males from the IV population with a cardboard
divider again separating the two flies. On the next morning, 16 h after the
first mating session began, dividers were removed and whether or not a
female remated in the next 6 h was recorded. The experiment was performed
across 4 d in balanced blocks. Female willingness to remate was modeled with
male evolutionary regime as a fixed effect and replicate population as a
random effect with a binomial error distribution and logit link function using
lme4 (86) in R (87). Females that did not mate with the first male were excluded from the analysis.
Male Postcopulatory Competition and Harm to Females. An additional measure of female remating rate, along with the outcomes of sperm competition
and male harm to females, was measured together with a design matching
the timing of mating and egg production in the experimental evolution
regimes. Males from the evolved populations and standard ebony females
and males were collected as virgins and kept in same-sex groups of ∼20 for
2 d. Females were then individually placed with a male from one of the
evolved populations to allow mating. After 4 h, the males were discarded
and females placed individually in new vials along with four ebony males.
Females stayed with these males for 44 more hours (i.e., until 2 full days had
passed since first encountering males, matching the duration of the interaction period during the course of experimental evolution). At this point,
males were removed and females were again placed individually in new vials
for 2 d of egg laying. A female remated if she produced at least one wildtype offspring (sired by the evolved male that she first encountered) and at
least one ebony offspring (sired by one of the four ebony males) and did not
remate if she produced only wild-type offspring. Sperm defense (P1) was
assessed by examining in remated females the proportion of offspring in the
final vial that were wild type in appearance. Female death was also recorded
at the end of the experiment, providing a measure of evolved male harm to
females. Remating rate, death, and sperm competition outcomes were all
modeled with generalized linear mixed models. Male evolutionary regime
was included as a fixed effect and replicate population as a random effect
with a binomial error distribution and logit link function in lme4 (86) within
R (87). For sperm competition, an additional random effect was included for
each female to account for covariance between the multiple offspring in a
single female’s brood. Significance was assessed with likelihood-ratio tests.
Female Transcriptomic Response to Mating with Evolved Males. We measured
the gene expression profiles of standard IV females as either virgins or 24 h
after mating with males from each of the three monogamous and three
polygamous populations. Males from the evolved populations and standard
females were first collected as virgins and kept in same-sex groups of
∼20 individuals for 2 d. Shortly after lights-on, females were individually
paired with males from all of the evolved populations and watched for 2 h.
After copulation occurred in a vial, males were discarded and newly mated
females were placed in a holding vial. Any vials in which copulation did not
occur after 2 h were discarded. For virgin samples, females were moved
between vials similarly, except without the presence of a male. The next
morning, all females were snap-frozen in liquid nitrogen. For each treatment, pools of 20 abdomens and 20 heads were dissected and transferred
to −80 °C until RNA extraction. At the end of this process, there were
18 samples in total (one sample after mating with males from each of the six
evolved populations and three virgin samples of matched age for each tissue). For details on the subsequent RNA extraction, library preparation, sequencing, quality checking, mapping, and read counting, see SI Appendix.
Sequence data is available at NCBI GEO under accession no. GSE128404 (88).
Analyses of abdomen and head datasets were conducted separately. Genes
with less than one count per million in more than 2/3 of the libraries were
removed before further analysis, a filter aimed at retaining genes that are
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Accessory Gland Size. To track accessory gland development for the first 96 h
after eclosion, virgin males from all six experimental populations were collected within 2 h of eclosion and allowed to age for 15, 24, 48, 72, and 96 h in
vials of 20 males each. Males were then snap-frozen and stored at −80 °C until
dissection. Accessory glands (8–16) and wings per population and age
combination were then dissected and measured using ImageJ (96) as described in Ruhmann et al. (79). Samples for two populations (M2 and P2) at
one time point post eclosion (72 h) were lost due to a technical problem.
Accessory gland size was modeled with male evolutionary regime, age, age2
(to model slowing growth as flies mature), and all two-way interactions as
fixed effects and replicate population as a random effect using a gamma
error distribution and log link function with lme4 (86) in R (87). The natural
log of wing size, measured as the L3 vein length, was included as a covariate
to control for differences in overall size between males. Significance was
assessed with likelihood-ratio tests.

than one count per million in any of the libraries were removed before further analysis, leaving 10,738 genes in the final dataset. Normalization factors
were calculated with the TMM method (89) and observational- and samplespecific weights were used with the voomWithQualityWeights function in the
limma package (90–92). The duplicateCorrelation function (93) from the
limma package modeled repeated measurements at the population level
because each population was measured at two time points. We fit gene-level
linear models testing for the main effects of evolutionary regime and age, as
well as their interaction, on gene expression. Within this model framework,
we also contrasted monogamous and polygamous evolutionary regimes at
each age. We report genes detected with a 10% FDR (94). To test for enrichment or depletion of SFP genes, we used Fisher’s exact tests with the list of
SFPs transferred at mating from Findlay et al. (97). One hundred thirty-two of
142 of the SFP genes were present in our dataset. We used gene-set enrichment analysis in the R package tmod (95) to test for enrichment of all biological process GO terms in absolute log2 fold change-sorted lists.
To gain more detailed insight into SFP gene expression dynamics in maturing accessory glands and validate detected differences in gene expression,
we followed up our whole-transcriptome approach with a targeted qPCR
approach. Males were collected and aged, reproductive tracts were dissected,
and samples were frozen as before, except that in this experiment five ages
were assessed (24, 48, 72, 96, and 120 h). We performed qPCR for five SFP
genes (Acp26Aa, Acp29AB, Acp36DE, SP, and Acp62F, SI Appendix, Fig. S3)
and four reference genes (Ef1α48D, RpL13A, αTub84B, and Act42A). For
further details on sample preparation, qPCR, and relative gene expression
calculation, see SI Appendix. Relative gene expression was analyzed in R (87)
using linear mixed models implemented with package lme4 (86). Log2-transformed relative expression values were analyzed with evolutionary regime, age
(treated as categorical because expression dynamics were nonlinear), and their
interaction as fixed effects and replicate population included as a random effect. We contrasted polygamous and monogamous evolutionary regimes at
each age class and report comparisons both nominally significant (P < 0.05) and
significant after Bonferroni correction (P < 0.01).

Gene Expression in Evolved Male Reproductive Tracts. Virgin males from all six
experimental evolution populations were collected and aged for 48 and 96 h,
as described above. Males were then chilled on ice and reproductive tracts
(accessory glands, testes, and ejaculatory duct) dissected in PBS. Thirty reproductive tracts were pooled for each population and time point, snap-frozen
in liquid nitrogen, and transferred to −80 °C until RNA extraction. For details
on the subsequent RNA extraction, library preparation, sequencing, quality
checking, mapping, and read counting, see SI Appendix. Sequence data is
available at NCBI GEO under accession no. GSE128404 (88). Genes with less
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