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Sexual selection and sexual conflict play central roles in driving the evolution of male and female traits. Experimental evolution
provides a powerful approach to study the operation of these forces under controlled environmental and demographic conditions,
thereby allowing direct comparisons of evolutionary trajectories under different treatments such as mating systems. Despite the
rapid progress of experimental and statistical techniques that support experimental evolution studies, we still lack clear theoretical
predictions on the effects of different mating systems beyond what intuition suggests. For example, polygamy (several males and
females in a mating group) and polyandry (one single female and multiple males in a mating group) have each been used as
treatments that elevate sexual selection on males and sexual conflict relative to monogamy. However, polygamy and polyandry
manipulations sometimes produce different evolutionary outcomes, and the precise reasons why remain elusive. In addition, the
softness of selection (i.e., scale of competition within each sex) is known to affect trait evolution, and is an important factor
to consider in experimental design. To date, no model has specifically investigated how the softness of selection interacts with
different mating systems. Here, we try to fill these gaps by generating clear and readily testable predictions. Our set of models were
designed to capture the most important life cycle events in typical experimental evolution studies, and we use simulated changes
of sex-specific gene expression profiles (i.e., feminization or masculinization) to quantify trait evolution under different selection
schemes. We show that interactions between the softness of selection and the mating system can produce results that have been
identified as counterintuitive in previous empirical work such as polyandry producing stronger feminization than monogamy. We
conclude by encouraging a stronger integration of modelling in future experimental evolution studies and pointing out remaining

knowledge gaps for future theoretical work.
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Introduction

The importance of sexual selection in the evolution of male and
female reproductive traits has been evident since Charles Darwin
(1871), but the role of sexual conflict has taken much longer to
be recognized (Trivers 1972; Parker 1979). For decades, empir-
ical work has focused on demonstrating the mere existence of
sexual conflict, which has been challenging due to various diffi-
culties, including the measurement of the many entangled costs
and benefits of traits involved in different stages of sexual inter-

[Correction added on 25 APRIL 2022, after first online publication: CSAL
funding statement has been added.]

actions, and the continual coevolutionary arms race between the
sexes, which often cause sexual conflict to be hidden from our
eyes (Arnqvist and Rowe 2005). Research on the roles of sex-
ual conflict and its inevitable interactions with sexual selection
in driving trait evolution has been revolutionized through experi-
mental evolution, which allows direct comparison of independent
evolutionary trajectories under controlled environmental and de-
mographic conditions. For example, numerous studies have com-
pared evolutionary trajectories under enforced monogamy, which
prevents male competition and disfavours harassment of females,
and contrasted this with polygamy and polyandry treatments,
where sexual selection and conflict can operate (see Supporting
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information Appendix Table SA1 and references therein). De-
spite the rapid growth of knowledge gained from (many idiosyn-
cratic) experimental evolution studies, it remains unclear how
sex-specific trait optima shift under sexual selection and sexual
conflict due to a combination of factors, including the different
species or populations used across studies, subtle but important
differences in the details of experimental design, as well as a lack
of easily testable theoretical predictions.

Among the existing experimental evolution studies that in-
vestigated trait evolution under sexual selection and sexual con-
flict, the mating system is probably the most often manipu-
lated factor, and the comparison between enforced monogamy
and polygamy/polyandry is probably the most frequently imple-
mented experimental design. After all, sexual selection is gener-
ally considered to be stronger in males than in females in most
species (Bateman 1948; Clutton-Brock and Parker 1992; Ander-
sson 1994; Arnqvist and Rowe 2005; Janicke et al. 2016; Singh
and Punzalan 2018). Therefore, removing sexual selection by en-
forced monogamy has been hypothesized to cause a shift of male
trait mean towards the female optimum, when there is a genetic
correlation between male and female traits. This general hypoth-
esis, however, does not necessarily enable comparisons between
studies that test it, because the studies often differ in many other
aspects including the scale of competition in each sex.

The scale of competition, also called the softness of selec-
tion (Christiansen 1975; Wallace 1975; Gardner and West 2004;
Débarre and Gandon 2011; De Lisle and Svensson 2017; McDon-
ald et al. 2019), is fundamental in studying natural and sexual se-
lection in metapopulations. Soft selection and hard selection refer
to situations where offspring production of the local population is
independent of, or directly proportional to, the competitiveness of
its members, respectively. Under soft selection, only the relative
competitiveness of individuals in the local population matters in
determining the genetic composition of the next generation. In a
sexual selection context, if males in the metapopulation are under
soft selection, the fittest males in each subdivided local group will
have comparable numbers of offspring that survive to the next
generation, even if absolute fitnesses vary markedly. To illustrate
soft selection, Wallace (1975) drew an analogy to selecting a dean
of faculty at a university: “The position exists and needs filling;
the creation of a dean does not require, however, the existence
of faculty members with dean-like qualities because the position
will be filled in any case.” In experimental evolution studies, each
independent replicate of a selection regime can be considered as
a metapopulation, where individuals (either as fertilized eggs, ju-
veniles, or adults) are separated into smaller units of interactions
(e.g., when matings take place in groups of a few individuals) and
then mixed into larger ones (e.g., when offspring across those
groups are pooled for logistical reasons) multiple times at dif-
ferent stages of a life cycle. If, how, and when individuals are
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subdivided and combined, as well as how population size is regu-
lated (i.e. the culling of adults and offspring) can vary greatly be-
tween different studies. Therefore, to help better understand and
compare the results of previous studies and to inform the design
of future experimental evolution work, we aim to study the over-
looked effect of the softness of selection, and to make predictions
on how the softness of selection interacts with mating systems to
affect trait evolution under sexual selection and sexual conflict.

To this end, we built a set of individual-based simulations
under a factorial design with four different mating systems
(monogamy, polygamy, polyandry, and polygyny) and either
soft or hard selection on females. Under monogamy and polyg-
yny, there is only one male in each mating group, and under
polygamy and polyandry, several males compete for fertilization
opportunities within a local group. Therefore, selection on males
is always soft (in the sense that males in different groups across
the metapopulation never compete with each other), whereas in
females, the softness of competition can vary depending on how
offspring are pooled before culling. In the simulations, we vary
the intensity of selection on male competition for fertilization
opportunities, female competition for offspring production, and
female tolerance of male harassment. The three traits are as-
sumed to be condition-dependent. The condition of an individual
is determined by its expression levels of male- and female-biased
genes. Male- and female-biased genes have higher baseline ex-
pression levels in males and females, respectively. Upregulation
of female-biased genes and/or downregulation of male-biased
genes cause genome feminization, while upregulation of male-
biased genes and/or downregulation of female-biased genes cause
genome masculinization. A feminized gene expression profile
implies evolution toward female trait optima, and is assumed to
be beneficial for females but detrimental to males; a masculin-
ized gene expression profile has the opposite effect, in agreement
with empirical findings (Pointer et al. 2013; Dean et al. 2018;
Rayner et al. 2019). The evolution of the gene expression profile
occurs through the evolution of a number of upstream regulator
genes. We studied the effect of two different mechanisms for how
the regulator genes might function. Using the change of gene
expression profiles to quantify the evolution of sex-specific trait
optima allows us to directly compare our simulation results with
that of several previous experimental evolution studies (Hollis
et al. 2014; Immonen et al. 2014; Veltsos et al. 2017).

Our models reveal that the interaction between mating sys-
tems and the softness of selection on females can lead to differ-
ences in the relative conditions of males and females, as measured
by the degree of genome feminization/masculinization, across
selection regimes. Some of our results can help explain previ-
ously counterintuitive empirical findings. For example, we show
that the magnitude of genome feminization can be stronger un-
der monogamy than polygyny when selection on females is hard,
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Figure 1. (A) Schematic illustration of the life cycle in the individual-based simulation model. (B) The presence and absence of different
forces of selection under each mating system. (C) An illustration of the difference between soft and hard selection. Filled circles of each
colour represent offspring produced by the female of the same colour. Under soft selection, the competition (population size regulation)
of offspring occurs within each local habitat; under hard selection, offspring produced across habitats are pooled before population size

regulation occurs.

but the outcome is the opposite when selection is soft. We also
found conditions where the evolutionary outcomes of polygamy
and polyandry can be identical or fundamentally different. For
example, when female mortality due to male harassment is sub-
stantial, selection under polyandry can lead to stronger genome
feminization (implying trait evolution shifts toward female op-
tima) than under monogamy, especially when selection is soft,
while polygamy always led to genome masculinization, possibly
explaining the apparent contradictory results from two previous
experimental evolution studies (Hollis et al. 2014; Veltsos et al.
2017). We discuss the broader implications of our results in help-
ing design future experimental evolution studies and explaining
existing results, and show as a proof-of-principle that the lament
of “experimental evolution studies are useful in defining what
may happen, but not necessarily why something did not happen”
(Snook et al. 2010) can possibly be remedied by theoretical work

that incorporates the necessary biological factors and processes
that drive phenotypic evolution.

Models

We model eight distinct life cycles, with four different mat-
ing systems (monogamy, polygamy, polyandry, and polygyny) in
combination with either soft or hard selection on female fecun-
dity (Fig. 1). Males compete over fertilization opportunities in the
same local group under polygamy and polyandry (i.e. sexual se-
lection on males is always soft). Females experience selection on
their tolerance of male harm (i.e. probability of female mortality
before reproduction) and on their fecundity. Under hard selec-
tion, offspring produced in all local groups are directly pooled
before population size regulation, and therefore, the scale of fe-
male fecundity competition is across the entire metapopulation.
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Under soft selection, each local group contributes the same num-
bers of offspring of each sex to the next generation, and therefore,
females only compete with each other within the same mating
group (see Fig. 1C for an illustration of the differences between
hard and soft selection). Therefore, selection on female fecun-
dity is essentially absent under monogamy and polyandry, when
selection is soft. In these cases, all females that survived to repro-
duction contribute the same numbers of offspring of each sex to
the next generation.

SEXUAL SELECTION ON MALES

Under polyandry and polygamy, males compete within each mat-
ing group for fertilization opportunities, and the probability of
a male i to win a contest (i.e. being the sire of an offspring) is
pi = 6? / Z'jl: : 6_‘;, where 6; denotes the physiological condition
(hereafter “condition” for brevity) of the male, n. is the number
of competing males (i.e. 5 under polygamy and polyandry), and
B adjusts the intensity of competition. When f = 0, all males
have equal probability to win a contest; when § = 1, the proba-
bility of a male to win a contest is proportional to his condition;
when B > 1, high-condition males are disproportionally favoured
as sires. Under monogamy and polygyny, the condition of a male
is irrelevant to his fitness, which instead depends solely on the
fecundity of the female(s) in the same mating group.

FECUNDITY SELECTION ON FEMALES

Mating competition is absent for females under all treatments
(assuming that males are not limited by sperm production even
under polygyny). However, females are subject to either soft or
hard selection on their fecundity. When selection is soft, offspring
population size regulation first happens at the local level, so that
the number of eggs each mating group (if at least one female sur-
vives) contributes to the next generation is the same. When selec-
tion is hard, offspring population regulation happens only glob-
ally, namely, all eggs produced in the entire population are pooled
before population size regulation. In either case, the fecundity of
a female i (relative to females in the same mating group under
soft selection, and relative to all females under hard selection)
is proportional to 67/ Z'; 1 05, where 1 is the number of com-
peting females depending on the mating system and hardness of
fecundity selection, and o adjusts the intensity of female intra-
sexual competition. Note that in this simplified model we do not
consider offspring viability selection during development, essen-
tially assuming that all offspring will develop into adults if they
survive the condition-independent culling of population size.

SELECTION ON FEMALE TOLERANCE OF MALE
HARASSMENT

Females experience selection not only on their fecundity, but also
on their tolerance of male harassment. We assume that females
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may die because of male harassment before egg laying, and the
mortality rate is proportional to the absolute number of males
and the male:female ratio in a mating group. Unless otherwise
specified, we set the proportion of females that die from male ha-
rassment under monogamy to my = (.05, and that under other
mating systems to mg/n,, - », where n,, is the number of males
in a mating group, and X\ is the sex ratio (the number of males
divided by the number of females), so that the death rate is the
highest under polyandry and the lowest under polygyny. Given
the death rate under each mating system, the probability that a fe-
male survives male harassment depends on her condition relative
to other females, so that the survival rate of female i is propor-
tional to 6!/ )"

j=1
and y adjusts how strongly survival depends on condition. In the

6}7, where 0; is the condition of the female,

boundary case where y = 0, all females have the same chance to
survive independent of their conditions, while at larger y values,
females of higher conditions are more likely to survive than those
with poorer conditions.

CONDITIONS DETERMINED BY SEX-BIASED GENE
EXPRESSION
The conditions of individuals are determined by the levels of
sex-biased gene expression. For females, the condition is 67 =
@; — ¢F , where @y is the cumulative expression level of female-
biased genes, and ¢, is the cumulative expression level of
male-biased genes. Correspondingly, the condition of males is
0" = ¢l — ¢}. Our formulation implies that high expression
of female-biased genes is beneficial to females but detrimental to
males, and vice versa for male-biased genes, in agreement with
theoretical expectations and empirical findings in a number of
species (Mank 2009; Pointer et al. 2013; Dean et al. 2018; Rayner
et al. 2019).

The expression levels of sex-biased genes are regulated by
a number of upstream regulator genes or “controller genes”
(hereafter “controllers” for brevity) that each has a small ef-
fect and interacts additively in adjusting the expression levels
of the sex-biased genes (Limousin et al. 2012; Randall et al.
2013; Veltsos et al. 2015; Kim et al. 2017). We model two
different ways in which the controllers might function. In the
first case (Mechanism I), the controllers have pleiotropic effects
on the expression levels of sex-biased genes, so that upregulat-
ing female-biased genes automatically causes downregulation of
male-biased genes, resembling the effect of hormonal regulators
such as testosterone (Cox et al. 2017). In the second case (Mech-
anism II), the effect of the controllers is sex-specific so that vary-
ing the expression levels of female-biased genes has no influence
on the expression of male-biased genes and vice versa. We expect
the situation in most species would probably be a combination of
both mechanisms.
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Figure 2. (A) Mechanism | of how controllers determine the expression level of female- and male-biased genes. Some of the controllers
are expressed only in females (represented by pink capsules) or only in males (cyan capsules), the rest are expressed in both sexes
(yellow capsules). (B) Positive values at the controller loci increase the expression of female-biased genes and at the same time decrease

the expression of male-biased genes. Negative values at the controller loci have the opposite effect.

Under Mechanism I, we model the controllers with N. un-
linked diploid loci, each with a continuous allelic value ¢; rang-
ing from —1 to 1. As illustrated in Figure 2A, u of the loci are
expressed exclusively in females or males each, and v of the
loci are expressed in both sexes. The proportion of shared loci
d = v/Qu+v) = v/N.. The controllers regulate the expres-
sion levels of male- and female-biased genes additively, so that
positive values of ¢ upregulate female-biased genes and simul-
taneously downregulate male-biased genes from the baselines;
negative values of ¢ have the opposite effect. Eventually, in a
female individual, the expression level of female-biased genes
I+ 5 e
respectively. Similarly, the ex-

F : F Fo_

((pf) and male-biased genes (¢;,) are ¢ =

F __ 1 u+v .

and (pm_ _1_ﬁzi:lcl’

pression levels of female- and male-biased genes in a male are
M _ 1 2u+v ) M o 1 2u+v )

(pf = -1+ u+v Zi =u+1Ci and O = I— utv Zi = ut1 Ci> 1€

spectively.

Under Mechanism II, we model the controllers with Ny
diploid loci that only affect the expression level of female-biased
genes, and N,, diploid loci that only affect the expression level
of male-biased genes, so that Ny = N,, = N./2. Among the Ny
controllers that only affect the expression levels of female-biased
genes (represented by the first row of capsules in Fig. 3A), u of
them are expressed exclusively in females or males each, and
v of them are expressed in both sexes. It is similar for the N,
controllers that only affect the expression levels of male-biased
genes (second row of capsules in Fig. 3A). For both types of
controllers, a proportion of 8 = v/Qu+v) = v/ Ny = v/N,

are expressed in both sexes. Each of the controllers (f; or m;)
has a continuous allelic value ranging from —1 to 1. They inter-
act additively to move the expression of sex-biased genes up or
down from their baseline levels. Eventually, in a female individ-
ual, the expression levels of female- and male-biased gene are
of = 1+ # St fi (ranging from 0 to 2) and ¢ = —1+
#v ST m; (ranging from —2 to 0), respectively. Similarly, in a
male individual, the expression levels of female- and male-biased
genes are ¢ = —1+ 1 S| f: (ranging from —2 to 0)

14+ -1 le“: wi1m; (ranging from O to 2), respec-

M _
and ¢, = ey

tively.

POPULATION INITIALIZATION AND RUNNING OF THE
MODEL

We used diploid individuals in the population, with either 5000
females (for showing results under the evolutionary equilibrium)
or 300 females (for showing results under a population size that
is more realistic for experimental evolution studies) at the begin-
ning of each generation in the metapopulation under each selec-
tion regime. The expression levels of sex-biased genes are con-
trolled either by 40 general controller loci (mechanism I), or 20
female-specific loci and 20 male-specific loci (mechanism II). All
loci are subject to Mendelian inheritance without linkage. The
initial allelic values at each locus were drawn from a continu-
ous uniform distribution between —1 and 1 to generate stand-
ing genetic variations in the founder population. In simulations
with 5000 females in each population, the mutation rate at each
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Figure 3. (A) Mechanism Il of how controllers determine the expression levels of female- and male-biased genes. Capsules with
solid/dashed boundaries represent controllers that only affect the expression levels of female-/male-biased genes. The pink/blue col-
lared capsules represent controllers that are expressed exclusively in females/males, and the yellow collared capsules represent con-
trollers expressed in both sexes. (B) Positive/negative values at the controllers f; increases/decreases the expression levels of female-
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increases/decreases the expression levels of male-biased genes in both male and female individuals when expressed.

locus was set to 0.01 to accelerate the simulations to reach evo-
lutionary equilibrium. The numbers of generations required for
the simulations to reach evolutionary equilibrium differ between
selection regimes and, therefore, the corresponding information
is provided in the captions of each figure. The allelic value af-
ter mutation is also drawn from a uniformly distributed random
number between —1 and 1, implying that mutations of large
or small effects are equally likely to occur. In simulations with
300 females in each population, mutations were turned off, and
the simulations were run for 20, 50, or 100 generations, corre-
sponding to typical time scales of experimental evolution stud-
ies. The Python codes for simulations and the Mathematica note-
books for data visualization are provided in the Supporting infor-

mation.

Results

EFFECTS OF SELECTION ON FEMALE TOLERANCE OF
MALE HARM (y) AND THE PROPORTION OF
CONTROLLER GENES EXPRESSED IN BOTH SEXES (3)
We use the difference between the population median conditions
of females and males at evolutionary equilibrium to represent the
magnitude of sex-biased gene expression at the whole genome
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level. The larger the difference (87 — 6,,), the stronger the degree
of genome feminization. As shown in Figure 4, under all treat-
ments, the magnitude of genome feminization increases with the
intensity of selection on condition-dependent female tolerance
of male harassment (large y), and when a large proportion of
the controller genes are expressed in both sexes (large 3). When
d = 0, all controllers are expressed sex specifically and both
sexes, thus, have the greatest potential to reach a high condition
and their sex-specific trait optima. Consequently, the difference
between male and female conditions at evolutionary equilibrium
is the smallest. The effect of 8, however, is generally weaker than
the effect of the intensity of selection on female tolerance of male
harassment (y) and only makes a difference when 3§ is relatively
small.

When selection on female fecundity is hard (Fig. 4A and C),
genome feminization is the strongest under monogamy and
polygyny. Under both mating systems, all females compete for
reproduction across the entire metapopulation, while selection
on male condition is absent. The magnitude of genome femi-
nization under the two mating systems is identical when selec-
tion on female tolerance of male harassment is absent (y = 0),
but as y increases, genome feminization becomes stronger un-
der monogamy. This is because female mortality due to male
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Figure 4. The magnitude of genome feminization as represented by the difference between the median conditions of females and males.
Warmer colours represent stronger feminization and colder colours represent stronger masculinization. The expression levels of male-
and female-biased genes are controlled by N. = 40 general controller loci. The selection intensities on female fecundity competition and
male fertilization competition are « = 1, = 2. Panels (a) and (b) represent the results at evolutionary equilibrium under hard and soft
selection on female fecundity, respectively. The simulations were run with n = 5000 females in each population for 5000 generations
with a mutation rate of 0.01 at each locus. Panels (c) and (d) show the results under more realistic conditions for experimental evolution
studies. The simulations were run with n = 300 females in each population for 50 generations, in the absence of mutation.

harassment is higher under monogamy than under polygyny. In
contrast, under both polygamy and polyandry, the presence of
male competition selects for genome masculinization. Since the
sex-specific softness of selection is identical under both mat-
ing systems (females compete across the entire metapopulation

while males compete within the local group), the magnitude of
genome masculinization at equilibrium is the same under both
mating systems when selection on female tolerance of male harm
is absent (y = 0). As y increases, genome masculinization be-
comes weaker (feminization becomes stronger) under polyandry
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than under polygamy, because female mortality due to male ha-
rassment is much higher under polyandry.

When selection on female fecundity is soft (Fig. 4B and D),
the degrees of genome feminization are reduced under all four
mating systems (note that the colour scales are different across
panels). Under monogamy, soft selection of female fecundity cre-
ates a “middle-class neighbourhood” selection scheme (Moorad
and Hall 2009) when y = 0, where selection on the condition
of either sex is absent. As expected, gene expression evolves nei-
ther toward feminization nor toward masculinization (8 — 6, =
0). Now the magnitude of genome feminization is stronger un-
der polygyny than under monogamy, because females experi-
ence competition over fecundity within the local group under
polygyny, while selection on female fecundity is absent under
monogamy. Similarly, the within-group female fecundity compe-
tition under polygamy (in contrast to no competition on female
fecundity under polyandry) now drives stronger genome femi-
nization (weaker genome masculinization) under polygamy than
under polyandry when selection on female tolerance of male ha-
rassment is not particularly strong (small y).

The above results are robust despite the two different ways
that the controller genes might function (Supporting information
Fig. SC1). The general pattern also holds under different inten-
sities of within-sex competition over reproduction in both sexes
(Supporting information Fig. SC2-C5). Simulation results at the
end of 20 or 100 generations in relatively small populations in
the absence of mutation are qualitatively similar to those in Fig-
ure 4C and D, while shorter durations of selection produced more
stochastic results (Supporting information Fig. SI-G1).

EFFECTS OF THE INTENSITIES OF SELECTION ON
FEMALE FECUNDITY (¢)AND MALE FERTILIZATION
COMPETITION (B)

The effects of varying the intensities of female reproductive com-
petition and male mating competition on the shift of male and
female trait optima are relatively intuitive to understand: when
fecundity selection is hard, increasing o always leads to stronger
feminization; when fecundity selection is soft, increasing o leads
to stronger feminization only under polygamy and polygyny
(where several females compete in each local group) but not un-
der monogamy or polyandry (where there is a single female in
each mating group). Similarly, increasing § leads to stronger mas-
culinization under polygamy and polyandry (where several males
compete for fertilization within a mating group) but not under
monogamy and polygyny (where there is a single male in each
mating group). See Supporting information sections D and E for
figures and more details on the effect of varying o and p, respec-
tively.
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CONDITIONS FOR GREATER GENOME FEMINIZATION
UNDER POLYANDRY THAN UNDER MONOGAMY

From the previous results we can see that the effects of polygamy
and polyandry do differ considerably, but both produce genome
masculinization relative to monogamy. However, the results can
change when selection on female viability against male harass-
ment becomes stronger.

Thus far, we have kept the mortality rate of females due
to male harm fixed under each mating system (0.05 under
monogamy, 0.25 under polyandry). We next allow the mortality
rate of females under polyandry to vary, while keeping that un-
der monogamy fixed at the original value. As shown in Figure 5
(note that the y-axis in each panel now reflects the proportion of
females that die from male harassment under polyandry), when
female mortality rates are high and condition-dependent selection
on female tolerance against male harassment is strong, genome
feminization can be stronger under polyandry than monogamy.
When selection on female fecundity is hard, the size of the
parameter region where polyandry produces stronger genome
feminization decreases in size as the intensity of selection on
condition-dependent female fecundity, o, increases. This is be-
cause increasing o promotes genome feminization more strongly
under monogamy (where male competition is absent) than under
polyandry (where males also compete) when females are under
hard selection (see Supporting information Fig. SI-F1). When fe-
males are under soft selection, because there is only one female
in each mating group under both polyandry and monogamy, fe-
cundity competition between females is absent. Therefore, the
evolution of genome feminization is driven solely by condition-
dependent female tolerance of male harassment (the value of o
is no longer relevant). Consequently, the size of the parameter
space where feminization is stronger under polyandry than under
monogamy is always larger when females are under soft selection
than under hard selection as long as @ > 0. Simulations in smaller
populations in the absence of mutation for 50 generations pro-
duced qualitatively similar but more stochastic results (Fig. 5B,
for results at the end of 20 and 100 generations see Supporting
information Fig. SI-G2).

To summarize, genome feminization can evolve to be
stronger under polyandry than under monogamy when condition-
dependent mortality rate of females due to male harassment is
much higher under polyandry than under monogamy, especially
when female fecundity is under soft selection or of low selec-
tion intensity under hard selection. This is a feature that clearly
distinguishes polyandry from polygamy, where an even sex ra-
tio reduces the scope of male harm. The result is robust despite
the different genetic architectures of the controller genes (Sup-
porting information Fig. SI-F2). The size of the parameter region
where feminization is stronger under polyandry than monogamy
increases with 3, the proportion of controllers expressed in both
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Figure 5. The difference of the equilibrium magnitude of genome feminization between polyandry and monogamy. Warm colours
represent regions where feminization is stronger under polyandry than under monogamy; cold colours represent the regions where
feminization is stronger under monogamy than under polyandry. Note that the darkest blue was used to represent all data equal or
smaller than —0.6. The expression levels of male- and female-biased genes are controlled by N = 40 general controller loci. The intensity
of selection on male fertilization competition was set to § = 2, and the proportion of controller genes expressed in both sexes was
8 = 0.5. The simulations in panel (A) were run with n = 5000 females in each population for 2000 generations with a mutation rate of
0.01 at each locus. The simulations in panel (B) were run with n = 300 females in each population for 50 generations, in the absence of
mutation.

sexes (compare Fig. SA with Supporting information Figs. SI- selection in mind. Also, the intensity of selection on female toler-
F3, SI-F4, SI-F5, and SI-F6 for results under the assumption of ance of male harassment () plays a crucial role on the evolution-
general controller genes; compare Supporting information Figs. ary outcome. When females are under hard selection, the selec-
SI-F2, SI-F7, SI-F8, SI-F9, and SI-F10 for results under the as- tion regimes of polygamy and polyandry are equivalent, and the
sumption of sex-specific controller genes). same for monogamy and polygyny, only if selection on female

tolerance against harassment is absent (y = 0); but when selec-

tion on female tolerance of male harassment is strong (y is large),
D /'SCU SS / on the degree of genome feminization generally follows the decreas-

In this work, we performed simulations under eight different life ing order of monogamy > polygyny > polyandry > polygamy.
cycles that capture the interactions between four different mating ~ When selection on female fecundity is soft, feminization was al-

systems and soft/hard selection on females. We varied the inten- ways stronger under polygyny than under monogamy.
sities of selection on female fecundity (o), male competitiveness We also found an interesting result that genome feminization
in fertilization (B), and female tolerance of male harassment (y), can evolve to be stronger under polyandry than under monogamy,

under varying proportions of controller genes that are expressed when female tolerance of male harassment is strongly condition-

in both sexes (3). We used changes in sex-specific gene expres-  dependent and the mortality rate is much higher under polyandry

sion profiles as an objective and easily quantifiable measurement ~ than under monogamy. In contrast, the degree of feminization

of the evolutionary response under the combined effect of sexual was always higher under monogamy than under polygamy. These

selection and sexual conflict. Genome feminization corresponds ~ Predictions correspond to the findings of a pair of experimen-

to an evolutionary shift of antagonistic male and female sexual tal evolution studies in Drosophila (Hollis et al. 2014; Veltsos

traits toward female optima, while genome masculinization cor- et al. 2017). The Hollis et al. (2014) work implemented enforced
responds to an evolutionary shift of those traits toward male op- monogamy in contrast to polygamy (five male and five female
tima. Our results showed clearly that trait evolution under dif- ~ Drosophila melanogaster in each local group) and found that

ferent mating systems needs to be interpreted with the softness of the genomes of populations evolving under enforced monogamy
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were feminized relative to polygamous populations. The Veltsos
et al. (2017) work, however, implemented enforced monogamy
in contrast to polyandry (one female and six male D. pseudoob-
scura in each local group), and found that polyandrous popula-
tions were feminized relative to monogamous populations. The
hypothesis of Veltsos et al. (2017) was that polyandry imposes
strong mating competition on males, and thus, should lead to
genome masculinization, similar to the effect of polygamy in
Hollis et al. (2014), and, therefore, the opposite experimental
result — feminized flies under polyandry — was surprising. In
light of our model results, however, this difference in outcomes
could be explained by high female mortality under polyandry. In
Drosophila, females suffer increased mortality from exposure to
multiple males (Partridge et al. 1987; Fowler and Partridge 1989;
Partridge and Fowler 1990), in part mediated by the transfer of
seminal fluid proteins (Chapman et al. 1995), and multiple mat-
ing reduces female lifetime fecundity (Orteiza et al. 2005). Fe-
male mating rates under a male-biased regime like polyandry are
greatly elevated relative to unbiased regimes (Wigby and Chap-
man 2004), amplifying harm as well as the importance of female
tolerance. In addition, the importance of female tolerance of male
harm over the course of experimental evolution in the populations
used in Veltsos et al. (2017) was further elevated by an experi-
mental detail: each generation, offspring were only retained from
the most productive 40 females (Crudgington et al. 2005), which
is equivalent to imposing 38% mortality. If the less productive fe-
males that were culled were also of lower condition, following the
logic of our model, we would expect such a high effective mor-
tality rate of females to lead to feminization of the transcriptome
as populations adapt to increased mating rates and concomitant
increases in male harm. Indeed, Wigby and Chapman (2004) and
Crudgington et al. (2005) both found that females evolving under
male-biased sex ratios evolved increased tolerance to male harm.

Aside from helping to better explain and compare the results
of existing empirical work, our model has the potential to inform
the design of future experimental evolution studies. But caution
must be exercised when applying theoretical results in the context
of more complex experimental systems. In the current model, we
implemented soft selection on males and a simple dichotomy of
soft/hard selection on females. In experimental evolution studies,
hard and soft selection can form a continuum, where either sex
can be placed between the two extremes, for example, by chang-
ing the size of each mating group relative to the entire population,
or the timing of density regulation relative to pooling of individu-
als at different stages. For example, selection on female fecundity
competition in Veltsos et al. (2017) was softer than that in Hollis
et al. (2014) since females were not pooled during egg laying, but
not as soft as the soft selection treatment in our model, because
offspring produced in each enclosure were still pooled before ran-
dom culling to form the next generation. Similarly, although the
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selection on female fecundity in Hollis et al. (2014) was rela-
tively hard because females were pooled into two groups before
egg laying, it was not as hard as the hard selection treatment in
our model, where all females lay eggs in a global pool. In addi-
tion, the “intensity” and “softness” of selection can in principle
vary independently, and it is convenient to do so in simulations.
But experimental manipulations often involve a change of both,
and the effect can be different for different types of selection. To
illustrate this, we use the work of Yun et al. (2018) as an example.

There are three different selection regimes in Yun et al.
(2018): enforced monogamy, polygamy in a simple environment,
and polygamy in a complex environment. We focus on the com-
parison between the two polygamy treatments. Under both treat-
ments, there are 35 male and 35 female D. melanogaster flies in
each enclosure, and therefore, the softness of selection for males
and females seems to be equal under the two treatments. A closer
look, however, reveals subtle differences. In the complex environ-
ment, the flies were provided with five separate food sources and
plenty of places for hiding. Therefore, the competition for female
tolerance against male harassment is not only less intense but also
softer than in the simple environment, as each female in the com-
plex environment might interact with only a few other individuals
throughout the whole mating period. Interestingly, the selection
on female fecundity took place at a different scale for both treat-
ments, because the females were pooled, randomly culled, and
then the rest were separated into standard fly vials of 15 individ-
uals for 1 day of egg laying. The softness of female fecundity
competition was, therefore, equal for both treatments, probably
intermediate between the softness of female viability competition
in the simple and complex environments. This example illustrates
the practical difficulties that would be encountered in experimen-
tal evolution studies that attempt to control for the intensity and
softness of selection independently. The results of our current
work provide conceptual help, but cannot provide precise quanti-
tative predictions unless many experimental parameters are care-
fully controlled. Since computer simulations can be done much
easier and faster than real experiments, we encourage an inte-
gration of both approaches in future experimental evolution stud-
ies. The simulation models can then include species-specific life
history features and experimental details including the necessary
steps of population pooling and subdivision. For species where
we have sufficient knowledge of genome architecture, the under-
lying genetic elements and their expected interactions can also be
included or tested in the model.

Our results also revealed several new questions and knowl-
edge gaps for theoretical investigation. First, what happens if the
intensity and/or softness of selection change over the course of
evolution under sexual selection and conflict? The question is
important in the context of environmental and climate change,
and also relevant because empirical work has shown that females
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can evolve to better tolerate male harassment (Wigby and Chap-
man 2004; Maklakov et al. 2006; Harano 2015), which might
cause the selection intensity on female tolerance against male ha-
rassment to decrease over time. Second, how does the softness of
selection interact with male harassment that is targeted at high-
condition females — a phenomenon found in at least some D.
melanogaster populations (Long et al. 2009; Yun et al. 2017;
MacPherson et al. 2018)? Correspondingly, it is reasonable to
expect males of higher condition may cause more severe harm
to females. How does such condition-dependent male harm in-
teract with sexual selection to affect the sex-specific trait evolu-
tion under different selection schemes? Also, does the softness
of selection play a significant role in affecting trait evolution in
hermaphroditic animals and plants? Since hermaphrodites, such
as Caenorhabditis elegans (Carvalho et al. 2014; Palopoli et al.
2015) and the plant Collinsia heterophylla (Lankinen et al. 2017,
Lankinen and Strandh 2019), have been widely used to study
the effect of sexual selection and sexual conflict in experimen-
tal evolution studies, we need to develop theoretical predictions
for these systems.

In this work, we showed that the interaction between the
softness of selection and mating system can affect trait evolution
under sexual selection and sexual conflict in nonintuitive ways.
Our main conclusions are likely to generalize to sexually dimor-
phic phenotypes other than gene expression, as long as these
phenotypes are rooted in a similar genetic architecture. In D.
melanogaster, quantitative traits like development time and body
size, as well as relative fitness, are known to involve some combi-
nation of sexually-concordant and sexually-antagonistic genetic
effects (Chippindale et al. 2001; Prasad et al. 2007; Hollis et al.
2017) and there is no obvious reason to expect otherwise for
sexually-dimorphic traits in general. Based on our results, the de-
sign of future experimental evolution work — whether focused
on the evolution of gene expression or other traits — should care-
fully consider the scale of sex-specific competition and how this
might qualitatively change predicted evolutionary outcomes. The
results of the current work represent a “proof of principle”; we
are now in a position to design better theory-informed experi-
mental studies and to tackle the remaining theoretical challenges,
bringing us closer to a more comprehensive understanding of how
sexual selection and sexual conflict interact to drive phenotypic
evolution.
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Table 1. A non-exhaustive collection of experimental evolution studies on the role of sexual selection and/or sexual conflict that compared regimes of
enforced monogamy and either polyandry or polygamy in populations of Drosophila and other organisms, showing the vast diversity of experimental
design.

Figure SI-A1. Evolutionary trajectories under different genetic architectures of the controller genes.

Figure SI-B1. Histograms of the numbers of offspring produced by individuals of each sex, under different mating systems and either hard or soft selection
on female fecundity.

Figure C1. A comparison of simulation results showing the magnitude of genome feminization at evolutionary equilibrium under N¢ = 40 general
controllers (left panel) and those simulated under Ny = N,,, = 20 sex-specific controllers (right panel).

Figure C2. A comparison of simulation results showing the magnitude of genome feminization at evolutionary equilibrium under Nc = 40 general
controllers (left panel) and those simulated under Ny = N,,, = 20 sex-specific controllers (right panel).

Figure C3. A comparison of simulation results showing the magnitude of genome feminization at evolutionary equilibrium under N¢ = 40 general
controllers (left panel) and those simulated under Ny = N,,, = 20 sex-specific controllers (right panel).

Figure C4. A comparison of simulation results showing the magnitude of genome feminization at evolutionary equilibrium under N¢ = 40 general
controllers (left panel) and those simulated under Ny = N,,, = 20 sex-specific controllers (right panel).

Figure C5. A comparison of simulation results showing the magnitude of genome feminization at evolutionary equilibrium under Nc = 40 general
controllers (left panel) and those simulated under Ny = N,,, = 20 sex-specific controllers (right panel).

Figure SI-D1. The magnitude of genome feminization as the intensity of female fecundity competition («) increases under different mating systems.
Figure SI-D2. The figure presents the same information as in Figure SI-D1.

Figure SI-E1. The magnitude of genome feminization as the intensity of male mating competition () increases under different mating systems.

Figure SI-E2. The figure presents the same information as in Figure SI-E1.

Figure SI-F1. (a) Magnitude of genome feminization (6f — 6m) under polyandry at different combinations of female death rate and the intensity of
condition-dependent selection for female tolerance of male harassment, y.

Figure SI-F2. The figure presents the same information as in Figure Sa.

Figure SI-F3. The figure presents the same information as in Figure 5a.

Figure SI-F4. The figure presents the same information as in Figure Sa.

Figure SI-F5. The figure presents the same information as in Figure Sa.

Figure SI-F6. The figure presents the same information as in Figure 5a.

Figure SI-F7. The figure presents the same information as in Figure SI-F3.

Figure SI-F8. The figure presents the same information as in Figure SI-F4.

Figure SI-F9. The figure presents the same information as in Figure SI-F5.

Figure SI-F10. The figure presents the same information as in Figure SI-F6.

Figure SI-G1. The figure represents the same information as in figure 4c—d, where panels (a) and (c) correspond to figure 4c, showing the results under
hard selection at the end of 20 generations, or 100 generations.

Figure SI-G2. The figure represents the same information as in figure 5b.
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