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Abstract. Sexually antagonistic selection arises when females and males have different fitness optima
for traits with a shared genetic basis, so that the same alleles are favoured in one sex but disfavoured
in the other. It has been implicated in a wide range of ecological and evolutionary processes, from the
maintenance of a sexload to the evolution of sex chromosomes. Mathematical models have long been
central to understanding sexually antagonistic selection and its consequences. Here, we review the
theory of sexual antagonism across population genetic, adaptive dynamics, and quantitative genetic
models. We highlight how these approaches give concordant and complementary descriptions of evo-
lution in response to sex-specific selection and consider extensions incorporating genetic drift, non-
random mating, demographic effects, jointly evolving multiple traits, sex-specific inheritance, and the
evolution of genetic modifiers. We then discuss how these results bear on the sex load, the mainte-
nance of genetic polymorphism, the evolution of sex linkage and sex chromosomes, and the origins
of sexual dimorphism. By making assumptions and mechanisms explicit across approaches, we iden-
tify which conclusions are robust and which depend on specific modelling choices. Finally, we outline

open questions for future theoretical work.
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1 Introduction

Females and males frequently differ in their reproductive roles, mating strategies, or ecological niche
[1-3]. This generates divergent fitness landscapes, such that fitness-maximising trait values differ be-
tween the sexes and selection is sex-specific [4-7]. When sex-specific selection acts on traits with a
shared genetic basis, different genotypes will be favoured in males and females, in which case the same
allele can have opposite fitness effects across the sexes, a situation referred to as sexual antagonism or

intra-locus sexual conflict (BoxI) [1, 5, 8-11].

Sexual antagonism has been proposed to influence several key ecological and evolutionary processes.
It can limit or redirect adaptive change across the sexes [4, 7, 12, 13], diminish average fitness (imposing
a “sexload”, see Box1[9, 14]), maintain genetic variation [15-18], as well as drive the evolution of sexual
dimorphism, for example by favouring sex-specific gene expression [19-22]. It can also shape genomic
architecture by favouring alterations in local recombination patterns that determine the distribution
of selected alleles across autosomes and sex chromosomes [23-26]. Moreover, sexually antagonistic
selection can have implications for demography through its effects on sex-specific vital rates [27-31],
the evolution of the primary sex ratio [32, 33], transitions between sex determination systems [34, 35],

and the emergence of separate sexes in hermaphrodites [36, 37].

Much of our understanding of sexual antagonism has derived from theoretical studies that draw
from three main modelling approaches (Fig. 1). Population genetic models describe allele-frequency
change at one or several loci and identify conditions under which antagonistic polymorphism is main-
tained or lost across genomic regions experiencing sex-specific selection, mutation, and recombina-
tion [15, 19, 25, 30-32, 38-45]. A second class of models, in the adaptive dynamics tradition, explores
the fate of many alternative alleles, assuming that mutations are rare and have small effect, using inva-
sion analyses to study longer-term evolutionary change, including the gradual emergence of discrete
polymorphisms [18, 28, 37, 46-49]. Finally, quantitative genetic models track the evolution of traits
that are highly polygenic and investigate how a shared genetic basis, cross-sex covariances, and ge-
netic constraints influence the evolutionary trajectories of sex-specific traits and the persistence of
antagonism [4, 7, 12, 14, 22, 50-53]. Together, these approaches focus on complementary aspects of

evolution in response to sexually antagonistic selection.

Here, we review these theoretical models and the insights they provide. Our first aim is to clarify where
different approaches give concordant results, and where apparent differences instead reflect different
biological assumptions. To do this, we formalise population genetic, adaptive dynamics, and quanti-

tative genetic models of sexual antagonism in a common notation, and compare the quantities that
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determine evolutionary change in a baseline setting (section 2). We then consider extensions to this
setting, including genetic drift, non-random mating, demographic effects, multiple traits, sex-specific
inheritance, and genetic modifiers (sections 3—4). Throughout, we use existing theory — together with
several new results derived along the way — to emphasise the conditions under which sexually antago-
nistic selection imposes a sexload and when it maintains genetic variation: both in the short term with
afixed set of alleles and over longer timescales when new alleles can arise. Readers primarily interested
in the broader biological implications can move directly to the final discussion (section 5), where we
assess the scope for proposed consequences of sexually antagonistic selection for fitness variation, ge-
netic variation, genomic architecture, sex determination, and sexual dimorphism in light of current

theory.

2 Different theoretical approaches

2.1 Life cycle and trait architecture

Sexual antagonism is typically envisaged as arising when male and female fitness vary in opposite ways
in response to similar trait changes (e.g., [8, 9, 54]). A common starting point in theoretical studies is
therefore to consider a continuous trait (e.g., weight, colouration, growth rate, gene expression), whose
value we denote generally as z and when necessary as zp, in males and z; in females. Most models
(e.g., [5,15, 18, 55]) assume a large, density-regulated population with discrete generations where adult

males and females mate randomly, produce many offspring, and then die.

Male and female fitness depend on expressed trait values, and are denoted wp, (zr,) for a male express-
ing zy and wy(zg) for a female expressing zr . Sexual antagonism occurs when wp,(z,) and we(zy)
vary in opposite ways in the presence of a genetic change with concordant effects on male and female
trait value. This results in different alleles increasing fitness in each sex, the consequences of which
have been extensively modelled. In the rest of this section, we review population genetic, adaptive
dynamic, and quantitative genetic approaches and their key findings, focusing on the case where sex-
ually antagonistic genetic variation lies on autosomes. In section 3, we review a number of extensions

to this baseline scenario, including non-autosomal inheritance.

THere, individual fitness refers to relative number of offspring produced, i.e., expected number of offspring produced
before regulation, potentially incorporating effects of z on survival, fertility, and mating success, measured relative to other
individuals of the same sex. For the models considered in this paper, it is proportional to, but distinct from, absolute fitness,
defined as the expected total number of recruited offspring.
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2.2 Single-locus population genetic models

The earliest theoretical treatments of sexual antagonism analysed population genetic models [15, 19,
38, 56-58]. These studies describe the short-term response to sexually antagonistic selection at a single
locus with two alternative alleles, A; and Ay, that have sex-specific effects on fitness (Figure 1A). Such
analyses then characterise evolution by tracking changes in allelic frequency at the focal locus under
different assumptions about the fitness effects of alleles, often focusing on the conditions under which

sexual antagonism favours the maintenance of both alleles in the population.

2.2.1 Strong selection

When sexually antagonistic selection is strong, individuals with different genotypes can differ substan-
tially in fitness across the sexes, leading allele frequencies to diverge between males and females. Let
the frequency after selection of allele A, be pr in females and pp, in males, and z,,;; be the trait value
expressed by an individual of sex u 2 {f, m} carrying alleles A; and A; (i, j 2 {1,2}). The changes in allele

frequencies in females and males over one generation can then be written as

wr(zg0) _ 1£ - - Zwizgo)
= pm@ip) pilipm) — ips
2 Ws
- Wm(Zmo2) _1£ _ < W (zm,12)
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~
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(eqg. 1 in Kidwell et al. [15], see also Owen [56] p. 98 and Haldane [57] p. 1108, and [16, 19, 59, 60]
for equivalent expressions for sex-linked alleles), which depend only on the relative fitnesses of the
three genotypes in each sex. Here, w, represents the average fitness in sex u, given by (1 i pm)(1 i

£ _ e _
pr) wy(zy11) pmip) pilipm) wu(zyi12) pmprwy(zy22).

Starting with Kidwell et al. [15] (their eq. 3), it has been standard to write eq. (1) in terms of the sex-

specific selection coefficients,

- wilzg11) T wilzg22) ~ Wm(z I Wm{Zm11) ..
o= Wt i wilEze) g m (Zm,22) § Wm(Zm,11) 0, (2a)

wi(zg11) Wm (Zm,22)

which measure the relative fitness costs to female and male homozygotes for expressing their least pre-
ferred allele (by convention this is A, for females and A; for males, i.e., zr1; and zpy, 22 are the adaptive

homozygote phenotypes), and sex-specific dominance coefficients,

—wilzg11) 1 welzg2) — Wm(Zm,22) § Wm(Zm,12)
and hp

. 2b
wie(zg11) T we(zg22) Wm(Zm,22) T Wm(zZm,11) (2b)
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The parameters ks and hy, give the proportion of the corresponding fitness costs sy, and s experienced
by heterozygotes (with h;, ~ 1/2 corresponding to fitness additivity in sex u). In other words, k¢ cap-
tures the dominance of A, in females and hy, captures the dominance of A; in males. Many models
(e.g., [15, 16]) focus on cases where 0 = iy = 1 and 0 = hy, = 1, corresponding to strictly complete or
partial dominance (i.e., no over- or underdominance) within sexes, in which case A, is strictly female-

beneficial/male-deleterious and A, is strictly male-beneficial/female-deleterious.

Because these coefficients are defined purely in terms of fitness, they make no assumption about the
underlying basis of genotypic effects, and equations (1)-(2) therefore apply to a wide range of biological
scenarios. In particular, non-additive genetic effects on fitness (hy, hy, & 1/2) can arise for two distinct
reasons (Fig. 2A). First, they can reflect non-linear genotype-phenotype maps, where heterozygotes
express trait values that are not exactly halfway between the homozygotes (i.e., phenotypic dominance
Fig. 2A1 [47, 61]). Second, they can arise even when genetic effects on phenotypes are additive, if male
or female fitness is a non-linear function of trait value (i.e., non-linear phenotype-fitness maps Fig. 2A2

[16, 17, 62]).

From the analysis of equation (1), there are two possible evolutionary outcomes for allele frequencies
at equilibrium. Either one allele fixes, the identity of which depends on parameters and sometimes
initial conditions, or the two alleles invade one another when rare and are maintained in a protected
polymorphism (i.e., there exist stable equilibrium frequencies 0 ~ pf/ “land 0" pg, = 1 such that

¢Cps~ ¢pm— 0), which occurs when

hm .S . 1jhy

_— = —. 3)
Liht smhm  sSm he(1 i sm)

Such selection, which allows alternate alleles to spread when rare, so maintaining a polymorphism, is

known as balancing selection.

Analysis of condition (3) has highlighted that two mechanisms can generate balancing selection (see
eq. 7 in Kidwell et al. [15]). The first is adaptive sex-specific dominance, whereby alleles are more dom-
inant when beneficial and more recessive when deleterious (ks hy, = 1, Fig. 2A). This includes the
special case of “dominance reversal” [62], whereby each allele is dominant when beneficial and reces-
sive when deleterious (k; - 0.5 and hy, ~ 0.5). These dominance patterns create a sex-averaged het-
erozygote advantage in fitness and hence negative frequency-dependence at the allelic level, because
rare alleles are more often found in heterozygotes. The second mechanism arises when sexually an-
tagonistic selection is both strong and approximately balanced between the sexes (high sy, ... s¢), such

that intense competition within each sex generates negative frequency-dependence. When one allele
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becomes common, it increases the mean fitness of the sex in which it is beneficial but reduces mean
fitness of the other. A rare allele in that other sex is then favoured because it performs well relative to
a poorly competitive background and can therefore invade more easily. This mechanism is analogous

to soft selection in models of local adaptation (as highlighted in [38, 63]).

Eq. (1) does not generally admit a simple closed-form solution. Consequently, studies that need to
track allele-frequency change explicitly (e.g., [42, 43, 64, 65]) or that incorporate additional ecological
effects such as population structure (e.g., (44, 66]), typically make the simplifying assumption that
selection is weak. Weak selection can be modelled using two different approaches (Figure 2B): one
assumes that fitness varies little with trait values, while the second assumes that trait values vary little
with genetic variation [67]. Both approaches result in small fitness differences but can yield different

insights, as we explore next.

2.2.2 Weak selection via mild fitness differences

The most common approach to weak selection in population genetic studies of sexual antagonism has
been to allow alleles to have large effects on traits but only weak effects on fitness (the w-weak limit of
[67]; Figure 2B1). Formally, this corresponds to sy, » O () and s¢» O (1) in eq. (2), where T ¢, 1 is a small
parameter (e.g., [5, 17, 42, 43, 45, 64, 65]). Since h; and hyy, are ratios of fitness differences not fitness
differences themselves (eq. 2b), they remain of order one (so that all genotype fitness differences are of

order T here).

Under weak selection, allele-frequency differences between males and females remain small (jps i
pmj » O (1)). Evolutionary dynamics can therefore be tracked using the sex-averaged allele frequency
(p~ pt/2” pm/2, corresponding to reproductive-value weighted average allele-frequency change [68]).
To leading order in T, frequency change is given by

—paip" i o

¢p > smp QLiho)@i2p) i Sflp h(li2p) O 2 @

in the notation of Kidwell et al. [15], where the term between square brackets gives the direction of
selection as a function of p (e.g., eq. 1 in Connallon and Clark [43] and eq. 2 in Mullon et al. [42]).
A key result from eq. (4) is that ¢ p has the same sign for all p, unless

he . sm. libhe

1jhm St hm

)

holds; therefore a balanced polymorphism is impossible unless condition 5 is satisfied. This condition
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can be seen as a weak-selection equivalent of eq. (3). The frequency-dependent effects generated by
strong sexual antagonism that can maintain polymorphism in eq. (3) have vanished (they appear only
to order 1t2). Thus, eq. (5) can only be satisfied if iy, k¢~ 1, meaning this equation formalises the
requirement for adaptive sex-specific dominance for maintaining polymorphism (%, i must both be

sufficiently low).

Because alleles are expected to often have weak effects on fitness, this result has led many authors
to argue that the prevalence of sexually antagonistic balancing selection is primarily limited by the
scope for sex-specific dominance and dominance reversal [15, 16, 38, 62, 69]. Although the prospect
of widespread dominance-reversal was initially met with scepticism — with such patterns dismissed as
“too good to be true” [38, 69] (reviewed in [62, 70]) — subsequent work demonstrated that they may
arise readily for alleles when mutations have large additive effects on trait value and fitness in each
sex is a concave function of trait value [16, 17] (Figure 2A2; note this result relies on diallelic variation
and so can fail when multiple alleles arise within or across loci, as in traits with polygenic or oligogenic

bases [18, 45]).

2.2.3 Weak selection via small allelic effects

The second approach to implementing weak selection is to assume that allelic effects on phenotypes
are small (—weak limit, [67], Figure 2B2), such that genotypes encode similar trait values (i.e., —, ~
JzZu11 i zu22j » O (1); see [18, 37, 48, 49, 71, 72] for studies of sexually antagonistic selection assuming
weak allelic effects). This assumption leads to an expression for allele-frequency change that is similar

to eq. (4) (see Appendix A.1 for derivation and comparison).

Where alleles have additive effects on trait value that are the same in males and females (such that

Zij Zm,j Ztij), allele-frequency change simplifies to

h — i )
Sm S _ ¢
Cp= (2 i zp(j p) A S g it )
| {2 }
“S(z11)
where ,
0
510~ 02 nd (o= Y@ (7)
wy(z) Wm(2)

are the linear selection gradients on female and male traits, respectively ([55, 73]; throughout a ” de-
notes a derivative). A positive value of S, (z) indicates that directional selection in sex u favours an
increase in trait value, whereas a negative value indicates selection favouring a decrease in z. Equa-

tion (6) shows that the direction of allele-frequency change is independent of allele frequency p and
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is determined solely by the sex-averaged linear selection gradient, S(zy;). As a result, any allele that
can successfully invade a population will also go to fixation, provided that there is directional selection

(here provided that S(z;1) 6 0).

Where alleles have non-additive effects on trait value that are sufficiently similar across the sexes
(i.e., when allelic dominance for phenotype is similar in males and females), the direction of allele-
frequency change is again entirely determined by S(z11), which therefore also determines which allele
goes to fixation (eq. A-4 in Appendix A.1). By contrast, when non-additive effects on trait value differ
across the sexes such that sex-specific dominance arises from the genotype-phenotype map, a bal-
anced polymorphism can be maintained (eq. A-2 in Appendix A.1). Here, the key difference with alleles
that have weak fitness effects (Section 2.2.2 above) is that dominance effects on fitness can no longer
arise through non-linearities in the mapping from phenotype to fitness when allelic effects on traits
are small. This is because phenotypes are so similar that male and female fitness essentially change

linearly with trait value over the phenotypic range spanned by the alleles (Fig. 2B2).

2.3 Models of gradual evolution

A second approach to studying sexual antagonism uses invasion analysis to describe the gradual evo-
lution of trait z [74-78]. Now commonly referred to as adaptive dynamics [79-85], these models as-
sume z is determined by a single locus at which mutations are rare and introduce small changes in
trait value following the continuum-of-alleles model [86] (Figure 1B). Although initially developed for
haploid asexual populations [79, 80], this approach extends directly to sexual diploids (e.g., [87, 88])
and has since been used to study evolution under sexual antagonism, with particular emphasis on the

emergence and maintenance of adaptive polymorphism (e.g., [18, 28, 37, 46-49]).

2.3.1 Invasion fitness and the nature of selection

The basis of invasion analysis is the geometric growth rate of a mutant lineage arising from a single
initial copy in a large resident population at demographic equilibrium, which is commonly referred to
as the mutant’s invasion fitness (i.e., the spectral radius of the mean offspring matrix of the branching
process describing the lineage while rare [89]). The resident population is initially considered to be
monomorphic (fixed) for an allele encoding trait value z in both sexes. Under the scenario outlined
in Section 2.1, the invasion fitness of a mutant allele encoding z+ (when homozygous in both sexes) in
such a population is S~ g izf_z(“
1 "2
2 w@  wn@

_ Wm

Wi(zt,2)~ (8)
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when allelic effects on phenotype are additive. Eq. (8) can be read as the expected number of het-
erozygote mutant offspring produced by a rare mutant heterozygote (eq. 1 in Van Dooren et al. [46],
eq. B2 in Lesaffre et al. [49], eq. 2 in Flintham et al. [18], and eq. S10 in Siljestam et al. [47]). Equivalent

expressions for additive sex-linked loci are given in Appendix D of [18].

A mutant allele can invade when rare if, and only if, W(zt,z) "~ 1. Otherwise the mutant allele goes
extinct with certainty. When the mutant effect is small (jz; j zj » O (), as in section 2.2.3), invasion

fitness can be expressed as

L2 _
Wi(zt,2) 71 (2t i Z)S(Z)_MH(z)_O iy3 o
where
— OW(zt,2) _18(2) " Sm(2)
S(2) 0z 2 2 2 ’ (10)

is the directional selection gradient on allelic value (obtained by averaging the sex-specific selection

gradients on trait value introduced in eq. 7). The second-order term

2W (z4, 1 Hi(z) ™ H,
H- EWEnd) LG Hne) a
0zt z 2 4 2
is the quadratic selection gradient on allelic value, where
wOO ( Z) 00
Hi2) = 22 and Hp(e)= Ym@ (12)
wr(2) Wm(2)

are the quadratic selection gradients on trait value in females and males. They measure the curvature
of the sex-specific fitness functions at z [55, 73]: fitness in sex u is locally accelerating with trait value

when Hy,(z) "" 0 and decelerating when H,(z) ~ 0.

2.3.2 Mutation-limited evolution

According to eq. (9), as long as there is directional selection (S(z) & 0), the fate of a rare mutant depends
on the sign of this selection. Mutant alleles that increase the trait value can invade when S(z) " 0,
whereas alleles decreasing the trait can invade when S(z) = 0. Furthermore, because the phenotypic
effect of an allele is assumed small, the direction of selection is independent of allele frequency (recall
eq. 6). Thus, any mutant that invades will fix and replace the resident allele (this is an instance of the
invasion-implies-substitution principle, which is known to hold under a wide range of scenarios when
allelic effects are weak [90]). Trait evolution can thus be represented as a sequence of substitutions,

with the trait increasing when S(z) *~ 0 and decreasing when S(z) ™ 0.
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Eventually, a sequence of substitutions may bring the population to a so-called singular trait value 2~

at which the directional selection gradient vanishes,

Z~ suchthat SEZ)~o. (13)

At this point, the male and female gradients balance exactly, S¢(27) ™ j Sm(2) (recall eq. 10). Any such
singular value therefore corresponds to a compromise between the sexes. Convergence to Z~ occurs

when §%(z7) ~ 0, in which case z” is said to be convergence stable [74-77, 80].

Once the population has evolved to a convergence stable trait value z~, the invasion fitness of nearby
mutants is determined by H ) (eq.8). If H ) " 0, selection is stabilising: 7z is a local maximum
of sex-averaged fitness, and any nearby mutant is selected against. By contrast, if H(Z") "~ 0, selection
is locally disruptive: z~ is a local minimum of sex-averaged fitness. An allele encoding Z~ can then
be invaded by a nearby mutant but is not replaced. Instead, a protected two-allele polymorphism is
established (see Appendix A.2 here; also eq. Al in [80] or [91]). Subsequent mutations with increasingly
divergent trait values may then invade and replace existing alleles, leading to the emergence of two

progressively differentiated alleles in a process referred to as evolutionary branching [80].

Combining the requirements for convergence stability (S’(z”) = 0) and disruptive selection (H(z") "~ 0),

evolutionary branching driven by sexual antagonism occurs when

0" HiZ) Hn(@) ~ S(Z)* Sm@)?, (14)

(eq. 4 in Flintham et al. [18]). Satisfying eq. (14) in addition to the requirement that Z~ is a singular
point (such that S¢(z”7) ~ j S (27)) requires strong within-sex selection in both sexes (i.e., large S;(27)
and S, (27)). This is because strong selection in both sexes prevents the selective interests of one sex
from overwhelming those of the other. As a result, mutations that benefit the more poorly adapted
sex are systematically favoured, thereby driving a population towards the compromise Z~, in spite of it

being a local minimum for sex-averaged fitness (as H )7 0).

Condition (14) for evolutionary branching is restrictive: not only does it require strong selection in
both sexes, but it also requires accelerating fitness landscapes (0 ~ Hy(Z")~ Hpy(2))). Only then will
high-fitness male genotypes and high-fitness female genotypes emerge via branching, with low-fitness
intermediates, i.e., the opposite of the requirement for adaptive dominance reversal via the phenotype-
fitness map. The requirement for accelerating fitness landscapes means that close to z~, heterozygotes
on average have low fitness. We refer to this pattern as “maladaptive sex-specific dominance” as it is

opposite to the requirement for polymorphism with only two alleles (eq. 5). The restrictive nature

10
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of these conditions, alongside the fact that they lead to a large sex load and thus strong selection to
alleviate antagonism, has led to the suggestion that long-term polymorphism is an unlikely outcome
of sexual antagonism when alleles have similar effects on male and female traits [18], except for traits
that show unresolvable genetic constraints between the sexes such as the allocation to male versus

female function in hermaphrodites (Box I [37]).

2.3.3 Adaptive dynamics under sex-specific genotype-phenotype maps

The above considers alleles acting in a sex-concordant manner: they encode the same trait value when
homozygous in males and females and combine additively in heterozygotes of both sexes. However,
sex-specific genotype-phenotype maps (e.g., leading to different male and female homozygous allelic
effects and dominance relationships in heterozygotes) can also be incorporated into adaptive dynam-

ics models.

When homozygous allelic effects remain sex-concordant but dominance relationships do not — such
that the phenotypes expressed by male and female heterozygotes differ — the population still converges
under directional selection to the compromise trait value Z~ (where Sf(z/) T iSm @), provided that
dominance remains intermediate in each sex and that the absolute difference in dominance between
the sexes is not too large (specifically of order 12, ensuring that invasion implies substitution). How-
ever, sex-specific dominance can influence the conditions for evolutionary branching and so the scope
for polymorphism. Siljestam et al. [47] show that this facilitates branching for a specific genotype-
phenotype map generating adaptive dominance reversal for phenotype. The mechanism is that rare
mutant alleles are primarily found in heterozygotes, and when these heterozygotes express phenotypes
closer to the sex-specific optima, they have higher sex-averaged fitness than resident homozygotes,
generating negative frequency dependence at the genetic level. We generalise this result in Appendix B
to arbitrary sex-specific dominance, showing how genotype—phenotype mapping enters the branching
condition. In particular, the lower bound (“0”) in eq. (14) becomes negative when mutant alleles are
more dominant in the sex in which they are beneficial (see eq. B-7b in Appendix B; Fig. 3C for example

simulations).

When alleles can have different effects in male and female homozygotes, the population no longer con-
verges towards a compromise trait value z~. Instead, male and female trait values diverge ultimately
reaching their respective optima, i.e., Z, such that Sy(z,) ~ 0 and 7, such that Sy (Z,) ~ 0 [28, 46].
Nevertheless, the speed at which the sexes approach these optima depends on how strongly correlated

mutational effects at the locus are across the sexes (Fig. 3D [46]).
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The conclusions of this section rely on mutation-limited evolution with weak phenotypic effects. They
differ from models in which rare mutations can have larger effects on trait values, such as Fisher’s ge-
ometric models of sex-specific adaptation. In these models, mutations with large additive effects can
generate transient balanced polymorphisms because heterozygotes may have higher sex-averaged fit-
ness than either homozygote, owing to the curvature of the male and female fitness landscapes (e.g.,
satisfying eq. 5, [5, 17]). Such polymorphisms can arise during adaptation toward a compromise trait
value Z~ or toward sex-specific optima zf/ and 7, but they are not generally expected to persist in-
definitely when additional alleles can arise. They may instead be displaced by mutations with higher
sex-averaged fitness, or lost through drift, while still contributing to standing genetic variation during

adaptation [17].

2.4 Quantitative genetic models

The third approach to study the evolutionary genetics of sexual antagonism is quantitative genetics.
These models typically assume that traits are influenced by many autosomal loci of small effect such
that the joint distribution of additive allelic effects expressed in females and males is approximately
Gaussian [4, 7, 14, 50, 51] (Figure 1C). Sexual antagonism arises because allelic effects in one sex can be
correlated with the effects of the same alleles in the other sex, generating cross-sex genetic covariances.
Studies using this approach are often interested in how such shared genetic architecture constrains the
response of males and females to sex-specific selection and limits the rate at which sexual dimorphism
can evolve. Because additive genetic effects are assumed to be multivariate normal, the evolution of
males and females can be described by the joint evolution of sex-specific trait means and their associ-

ated genetic (co)variances.

2.4.1 Changes in mean trait values in males and females

One of the first treatments was by Lande [4] who, assuming constant additive genetic (co)variances,
showed that the changes in the mean female and male phenotypes, zs and zy,, satisfy
¢Z~ §Si@) T tmSmEm),

(15)
¢Em - Iznsm (Em) o fme(zf)»

where ? and 2, are the additive genetic variances for the trait in females and males, respectively, and
fm 1s the additive genetic covariance between the sexes, which is typically assumed to be positive (see

also e.g., eq. (1) in [50], eq. (1) in [7]).
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Eq. (15) makes explicit that each sex responds both to selection acting directly on that sex (first terms)

and to selection acting on the other sex through a correlated response (second terms). The direct re-

2
m’

sponses are proportional to the sex-specific additive genetic variances % and while the cross-sex
terms are proportional to the between-sex additive genetic covariance g,. Sexually antagonistic se-
lection arises when the selection gradients S¢(zs) and Sy, (zr,) have opposite signs but a shared genetic
architecture imposes gy, ~~ 0. As a result, the correlated-response terms oppose the direct responses,

impeding adaptation in each sex.

In the special case where allelic effects are identical in males and females so that the between-sex

%" 2y and Z;~ Zm, eq. (15) collapses to the response of a single shared

correlation is one ( gy
phenotype to selection. Evolution is then predicted to approach a singular compromise trait value z~
at which directional selection vanishes (eq. 13), consistent with the weak allelic effect models from

population genetics (eq. 6) and adaptive dynamics (eq. 10).

By contrast, when the between-sex genetic correlation is less than one and there is additive genetic
variance in each sex ( % "0 and Izn " 0), divergent male and female selection gradients can drive
female (zf) and male (z,) traits in different directions, with the rate of divergence depending on the
magnitude of gy, relative to % and 2 (Fig. 4). Thus, although a positive but incomplete between-
sex correlation (0~ ¢,/( f m) =~ 1) slows the response to sex differences in selection, it does not in

itself prevent adaptation towards the optimum for each sex (see chap. 13 in [92] for a more general

treatment).

During this process of adaptation towards the sex-specific optima, a transient sex load arises while trait
means are displaced from their optima, an effect quantified by Matthews et al. [14]. Moreover, if male
and female optima shift sufficiently frequently, the sexes spend little time at their optima (Fig. 4C), in
which case a depression in sex-averaged fitness persists as a form of lag load ([13], and see [12] for

explicit genetic simulations).

2.4.2 Changes in the genetic variance and covariance

Genetic variances within traits and covariances among traits can themselves change through the com-

bined effects of selection, mutation, and drift (e.g., [45, 55, 92-96]). Existing theoretical work in the con-

text of sex-specific adaptation has focused on changes in %, 2 Jand g, induced by selection within
a generation (i.e., after selection and before segregation and recombination). Barker et al. [51] anal-
ysed the effects of selection on these (co)variances in the absence of directional selection (i.e., when

St(zf) T Sm(zm) ~ 0), an approach later extended to include directional selection by McGlothlin et al.
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[7]. Together, these studies show that within-generation changes due to selection can be expressed as

£ _ li _¢_1¢f _ 'd
¢ %/sel iZ Cz¢ 5 Alef(Zf) ?mHm(zm)
£ _ li _¢_1£f _ 7
¢ Ha iy ®Zm o mHm@Em) T D Hi@D (16)
_ li _¢i _¢_1 E, v
(€ tmlsel iZ ¢z Czpy 5 fm fo(Zf) mHm (Zm)

(eq.4in [51], eq. 11 in [7]).

2
m’

Eq. (16) reveals that changes in the within-sex genetic variances, % and are determined by three
effects: (i) directional selection, through the terms j (¢Zp)? and j (¢Zy,)?, which depletes variance; (ii)
direct quadratic selection within a sex, captured by H(zf) and Hy, (zp,), which increases variance under
disruptive selection (H, ~~ 0) and diminishes it under stabilising selection (H,, ~ 0); and (iii) indirect
quadratic selection acting through the other sex, captured by 1%mHm(Em) and ?me(Zf), which can

%" Iznande"Em"'z/are

reinforce or counteract the direct within-sex effect (note that when ¢,
such that ¢z; ™~ ¢z, ~ 0, the condition for selection to favour an increase in genetic variance according
to eq. (16) reduces to H(Z") *~ 0, in line with adaptive dynamics models). Eq. (16) further shows that
directional and quadratic selection also act on the between-sex genetic covariance . Directional se-
lection (the j ¢Z¢¢7Zy, /4 term) decreases g, when males and females respond to selection in the same
direction, but increases it when they respond in opposing directions. Because ¢Zz; and ¢z, depend on
the genetic parameters and the relative strengths of selection in the two sexes (eq. 15), sexually antag-

. . . . . , i _ _ ¢
onistic selection can produce either outcome [7]. Quadratic selection, via ¢, %Hf(Zf) anm(zm) ,

also reduces covariance under stabilising selection but increases it under disruptive selection [51].

These within-generation changes due to selection are, however, largely undone by segregation and re-
combination, so that the genetic variances and covariances remain roughly constant in the short term
[95, 97]. Longer-term dynamics do depend on how allele frequencies and disequilibria are reshaped by
selection, mutation, drift, segregation and recombination, so that their behaviour generally depends

on genetic architecture itself [45, 95, 96, 98, 99].

2.5 The concordance among all three approaches

Each of the three approaches makes different assumptions and is based on different quantities: allele-
frequency change, ¢p (egs. 4 and 6); invasion fitness, W (zt, z) (eq. 9); and changes in the moments
of allelic effects, e.g., trait means ¢z; and ¢z, (eq. 15). They have also been used to tackle differ-
ent questions: population genetics and adaptive dynamics have considered the short- and long-term

maintenance of genetic variation, while quantitative genetic studies have focused on constraints on
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sex-specific adaptation and the sex load. Nevertheless, these frameworks agree whenever they address
the same biological question under comparable assumptions, for example when recurrent mutation
and multiple alleles are allowed. In this sense, they give concordant descriptions of sex-specific adap-
tation. In particular, they agree that sexually antagonistic selection depletes genetic variation when it
generates directional or stabilising selection on traits but can maintain genetic variation under disrup-

tive selection (Appendix C.1 for details).

This concordance between approaches means that for many questions, the choice of framework is
largely one of preference. However, some biological scenarios lend themselves more naturally to a
particular framework. Adaptive dynamics is typically the most direct route when the aim is to char-
acterise the long-term outcome of continuous trait evolution, including the conditions for disruptive
selection. Population genetic models are better suited when evolution involves large and/or strongly
non-additive sex-specific effects on trait value (egs. 1 and 4, Appendix A). Both situations can in princi-
ple be formalised with the other approaches but the underlying assumptions may become restrictive:
in adaptive dynamics, large-effect alleles need not satisfy the invasion-implies-substitution principle,

and in quantitative genetics, breeding values need not remain approximately normally distributed.

2.6 What about complex traits?

One specific case that is difficult to analyse within any of the approaches, but is of special biological
relevance [92, 100, 101], arises when continuous traits have a complex basis, i.e., are controlled by a
large but finite number of loci with arbitrary phenotypic effects and linkage. In this setting, it is not
immediately clear whether predictions from adaptive dynamics or quantitative genetics should con-
tinue to hold because their usual assumptions are violated. Multilocus population genetic models that
explicitly track dynamics across loci are in principle possible, but become prohibitively complicated
once more than a handful of loci are considered, necessitating strong simplifying assumptions (e.g.,
additive gene action, weak selection on trait values, and free recombination amongst loci [45]; see also
[39, 40, 102] for two-locus models that allow for large fitness effects but assume they are fixed inde-
pendently amongst loci, which could for example arise if each locus underlies a different monogenic

trait).

To bridge this gap, computer simulations have increasingly been leveraged. Simulations of complex
traits with sex-specific optima and additive genotype-phenotype maps have found that the evolution-
ary trajectories of male and female trait values and the direction of changes in genetic variation are

remarkably well-predicted by adaptive dynamics and quantitative genetic models. This close match

15



Flintham, Lesaffre et al. (in press) Sexually antagonistic selection: a review of the theory and its implications Philosophical
Transactions of the Royal Society BDOI: 10.1098/rstb.2025.0304

has been observed across simulations considering a wide range of genetic architectures, including dif-
ferent numbers of loci, patterns of linkage, and skew in the distributions of allelic effects amongst loci
[12, 18, 22, 103] (see also [45] and [104-106] for examples outside of sexual antagonism; and [103, 107]

for a summary of quantitative discrepancies between simulations and theory).

Comparatively less is known about the evolutionary dynamics of complex traits that may show sex-
specific phenotypic dominance (although see [22] for an example, and [108] for equivalent analyses
with seasonally fluctuating selection). In Fig. 5 and Appendix C.2, we present simulation results for
traits encoded by multiple loci at which new alleles may differ in their homozygous and heterozygous
contributions to phenotype in each sex (i.e., sex-specific allelic and dominance effects, respectively).
We show that when constraints on sex-specific allelic effects are weak or moderate, such that muta-
tions may readily exhibit different homozygous phenotypic contributions in males and females, the
consequences of sex-specific dominance are largely imperceptible. Here, the evolution of sexual di-
morphism proceeds in a similar fashion to simulations with additive gene action, and is associated

with low levels of genetic variation (Fig. 5 and Supp. Fig. S1).

When constraints on sex-specific allelic effects are strong, meanwhile, divergence of male and female
trait values is slower and can be associated with a transient period of inflated levels of genetic variation,
especially if constraints on sex-specific dominance are much weaker than those on allelic value. This
elevated variation is produced by the appearance of adaptive sex-specific dominance for phenotype
at individual loci, leading to balanced polymorphisms (see Appendix C.2 for details). These polymor-
phisms also generate sexual dimorphism as heterozygote loci make sex-specific contributions to trait
value [22]. These simulations are thus in agreement with adaptive dynamics (section 2.3.3 and Ap-
pendix B) and single-locus population-genetic models (Appendix A.1.1) that sex-specific dominance
may offer a source of elevated genetic variation, but only when tight constraints exist on the potential

for alleles with sex-specific effects.

3 Extensions

The results reviewed in section 2 concern a baseline setting that considers large populations, random
mating and competition, and focuses on a single trait with autosomal inheritance. In Appendix D, we
review in detail how these findings change when these assumptions are relaxed. In the following sec-

tion we summarise the main conclusions of this, especially regarding polymorphism and adaptation.
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Genetic drift. Several studies have examined how finite population size influences the amount of
variation expected under sexually antagonistic selection [17, 42-44, 65]. Drift may be especially rele-
vant here because balancing selection owing to sexual antagonism is thought to be weaker than that
arising under other scenarios such as classical overdominance [17]. In fact, these studies show that
substantial increases in heterozygosity relative to neutrality are expected only when effective popu-
lation size or mutational input is large, and when the equilibrium allele frequency is not too close to
loss or fixation (requiring fairly symmetrical selection in females and males [42, 43]). When sexual
antagonism does not generate balancing selection, opposing selection in the two sexes can slow allele-
frequency change relative to sex-concordant directional selection, thus increasing segregation time

relative to comparable selected loci — but not relative to neutral loci [42].

Non-random interactions. Population genetic models have examined how departures from random
mating and random competition influence sexually antagonistic polymorphism. Non-random mat-
ing changes the genotype frequencies on which sexually antagonistic selection acts. Inbreeding, self-
ing, and genotype-based assortative mating generally increase homozygosity and therefore reduce the
scope for polymorphism to be maintained via dominance reversal, because this mechanism depends
on heterozygotes being sufficiently common [44, 65, 109-111]. By contrast, assortative mating by fit-
ness can increase heterozygosity under sexual antagonism as high-fitness males and high-fitness fe-
males tend to carry different alleles [111, 112]. Limited dispersal and interactions among relatives
within groups introduce a further effect through kin competition [68]. For sexually antagonistic al-
leles, this entails that selection tends to favour alleles that benefit the sex experiencing weaker kin

competition (e.g., the more dispersive or more numerous sex in the group [44, 71]).

Demographic effects and feedbacks. When sexually antagonistic traits affect survival, fecundity, or
mating success in ways that impact species’ vital rates (i.e., under “hard” selection [113]), their evo-
lution can alter population size and demographic or age structure [8, 14, 28, 114, 115]. In such cases,
sexual antagonism can impose a demographic cost on populations, primarily when antagonistic ef-
fects constrain female survival or fecundity and thereby reduce recruitment [116]. However, appre-
ciable demographic effects usually require substantial fitness costs [28-30], and may therefore be un-
common [14]. In principle, demographic changes caused by sexual antagonism could feed back onto
sex-specific selection, especially when population density, age structure, or sex ratio influence the rel-
ative strength of selection in females and males [117-119]. These feedbacks however remain largely

unexplored in existing theory.
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Multiple traits. Sexually antagonistic selection may act on a suite of traits rather than on a single
phenotype [1, 3, 8, 9, 120]. Quantitative genetic models have treated this problem most explicitly by
extending the response to selection from single male and female traits to vectors of traits expressed
in each sex ([121, 122], see chap. 13 in [92]; [50] for review). These models show that the response
to sex-specific selection depends not only on the additive genetic variance of each trait, but also on
covariances among traits within sexes and between male and female traits. As a result, sexual dimor-
phism need not evolve in the direction of direct selection on any one trait. Selection on one trait in
females can produce correlated responses in other female traits, in male traits, or both. Cross-sex
genetic covariances can therefore either constrain or facilitate sex-specific adaptation, depending on

how traits are genetically correlated [52].

Population genetic and adaptive dynamics models can also be extended to investigate how multivari-
ate structure affects the maintenance and emergence of polymorphism, although this has been ex-
plored less extensively [28]. We develop several such extensions in Appendix E where we show that
the consequences depend on correlational selection, where the fitness effect of variation in one trait
depends on the value of another trait. For a pleiotropic allele, such selection can alter dominance
for fitness: negative correlational selection among traits can make deleterious effects more recessive,
thereby broadening the conditions for dominance reversal (Appendix E.2.1). When the traits are en-
coded by different loci, similar fitness interactions appear as negative epistasis and can instead narrow
the conditions for multilocus polymorphism (Appendix E.2.2; [41]). With adaptive dynamics models,
we find more generally that correlational selection can facilitate branching along particular directions
in trait space, even when selection on each trait individually is stabilising [123-126]. However, such
polymorphism requires a genetic architecture that allows selection to act on the favoured trait combi-
nations, for example through pleiotropy or very tight linkage among loci (e.g. [37]), limiting the scope

for it to contribute to polygenic variation (variation across segregating loci).

Sex-linkage and sex-biased inheritance. Some loci experience sex-biased inheritance. In species
with genetic sex determination, this includes loci in the non-recombining region of the X-chromosome
that have no functional homologue on the Y. Population genetic models have shown that the con-
ditions for protected polymorphism on the X can be more or less permissive than for autosomes,
depending on dominance patterns and on the relative strength of selection in females and males
[16, 19, 127]. Complete X-linkage therefore does not by itself predict a general enrichment or deficit
of sexually antagonistic polymorphism, nor a general bias towards the fixation of male- or female-
beneficial alleles, at least in the short term [16, 128]. Adaptive dynamics models show that the condi-

tions for evolutionary branching and thus long-term polymorphism are in fact more restrictive under
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complete X-linkage than under autosomal inheritance, because X-linked sexually antagonistic alleles
become negatively associated with the sex in which their alleles are favoured [18]. Such a pattern is
also expected for the scope for X vs. autosomal polygenic variation underlying complex sexually an-
tagonistic traits [18]. Finally, quantitative genetic models show that trait evolution can differ when
variation is X-linked rather than autosomal, because X-linkage changes the partitioning of additive ge-
netic variance between the sexes, especially when dosage compensation is incomplete [4, 12, 129, 130].
This affects evolutionary responses but not the long-term equilibrium: as long as sex-specific genetic
variation is available, male and female traits will evolve towards their respective optima, irrespective

of whether variation is autosomal or X-linked [12].

Different expectations apply to pseudo-autosomal regions, where loci recombine with the sex-
determining region (in which case they show functional X and Y copies). Here, population genetic
models show that sexually antagonistic polymorphism is maintained under broader conditions when
recombination with the sex-determining region is weak relative to selection [25, 131-133]. The reason
is that linkage allows alleles to become associated with the sex in which they are beneficial: male-
beneficial alleles can build associations with Y-bearing haplotypes, while female-beneficial alleles can
build associations with X-bearing haplotypes. Adaptive dynamics models and simulations of complex
traits extend this result to long-term polymorphism and polygenic variation, showing that evolution-
ary branching as well as multilocus balancing selection is much more readily obtained in pseudo-

autosomal regions than on autosomes [18, 48].

Other forms of sex-biased inheritance, and processes other than selection that distinguish sex-linked
regions from autosomes are discussed in Appendix D. These include maternally inherited mitochon-
drial genomes, where selection mainly reflects effects on female fitness, as well as differences among

genomic regions in mutation rates and effective population sizes.

4 Genetic modifiers and the resolution of sexual antagonism

The extensions reviewed above vary the ecological, demographic or genomic context in which sexual
antagonism operates. By contrast, modifier models ask whether sexual antagonism itself favours evo-
lutionary changes in these contexts, for example by changing dominance, expression, recombination,
sex ratio, sex determination, or mating preferences [134]. Modifier models of sexual antagonism of-
ten distinguish target loci, at which alleles have sex-specific fitness effects, from modifier loci, which
change how those target alleles are expressed or transmitted. These models typically study whether

such changes, when selected, maintain or stabilise polymorphism, reduce the sex load, or resolve an-
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tagonism. We review these models in detail in Appendix F; here, we again summarise the main findings

from this theory. Table 1 provides an overview.

Modification of the genotype-fitness map. A first class of modifiers alters the genotype-fitness map,
i.e. how sexually antagonistic variation is expressed at target loci. Dominance modifiers are a clear
example. When a sexually antagonistic polymorphism is present, selection can favour modifiers that
make the allele beneficial in a sex more dominant in that sex, producing adaptive dominance rever-
sal [61]. This can broaden the conditions for protected polymorphism and reduce the sex load, but it
does not eliminate the load because maladapted homozygotes can still be produced. More mechanis-
tic models reach a similar conclusion when dominance evolves through sex-specific allelic expression
in heterozygotes or through genetic imprinting: these modifiers generate better adapted, sexually di-

morphic heterozygotes, and thus stabilise polymorphism [22, 47, 135].

Another modifier of the genotype-phenotype map, but in an importantly different way, is an expression
modifier. Expression modifiers change the phenotypic contribution of a target locus in a sex-specific
manner in homozygotes as well as heterozygotes. As a result, they can spread when they move male
and female phenotypes closer to their respective optima [20, 21], even if target loci are not polymor-
phic [22]. Such modifiers can reduce or eliminate the sex load by allowing the sexes to approach their
optima while target loci are fixed. In doing so, they may remove the polymorphism that dominance

modifiers would otherwise stabilise [22].

Modification of genetic transmission. A second class of modifiers changes genetic transmission,
that is, how variation is inherited. Recombination modifiers play a special role here because of their
relevance to sex-chromosome evolution. Models show that reduced recombination can be favoured
when it preserves associations between sexually antagonistic alleles and the sex-determining region,
i.e., because recombination breaks associations between alleles and the sex in which they are beneficial
[24, 136]. Tighter linkage to the sex-determining region can broaden the conditions for polymorphism
and reduce the production of maladapted genotypes, but sex linkage alone need not eliminate the sex
load altogether [26, 48]. These results provide a theoretical pathway for sexually antagonistic variation
in partially sex-linked regions to drive recombination suppression and sex-chromosome differentia-

tion [131].

Selection can also favour alleles that bias transmission toward the sex in which they are beneficial.
Sex-ratio modifiers that allow a female to adjust the sex ratio of her brood can spread when they

increase the probability that sexually antagonistic alleles are transmitted to offspring of the sex they
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benefit [33]. Sex-determination modifiers follow the same logic: a new sex-determining allele can in-
vade when it becomes associated with sexually antagonistic alleles beneficial in the sex it produces
[34, 35, 137, 138]. These models demonstrate how sexual antagonism can contribute to transitions
between sex-determining systems, including sex-chromosome turnover and transitions between en-

vironmental and genetic sex determination.

The importance of standing genetic variation for modifier evolution. Selection on many types of
modifier depends on standing variation at the loci being modified. For dominance, recombination,
and sex-ratio, selection arises because the modifier becomes associated with segregating sexually an-
tagonistic alleles. These associations can reduce the sex load by increasing the expression, transmis-
sion, or production of alleles in the sex in which they are beneficial (Table 1). However, this also
means that many modifiers require prior segregating sexually antagonistic polymorphism in order to

be favoured.

This reliance may be restrictive when such variation can only be maintained by balancing selection,
as stable autosomal polymorphism is often difficult to generate when multiple alleles or multiple
loci are possible [18, 45]. The requirement is much less restrictive for recombination modifiers near
sex-determining regions, where sex linkage itself broadens the conditions for polymorphism at sex-
ually antagonistic loci (Appendix D.5). In the absence of balancing selection, mutation-selection-
drift balance may still generate enough transient heterozygosity for modifiers to evolve [22, 47].This
however requires substantial mutational input, either through high mutation rates or or from a spe-
cific, highly connected modifier-target architecture, in which a modifier has coordinated effects across
many downstream sexually antagonistic target loci, or each antagonistic locus is affected in compara-

ble ways by many upstream modifiers [139].

By contrast, this constraint does not apply in the same way to expression modifiers, because these can
spread as ordinary beneficial mutations when they move male and female phenotypes closer to their
optima, irrespective of standing variation at target loci. The conditions for these modifiers to invade

are therefore very permissive.

5 Discussion

The theory reviewed above suggests that sexual antagonism can influence several major aspects of the
biology of sexual species. In the following section, we synthesise the main implications of this theory

for the emergence, persistence, and consequences of sexual antagonism, focusing in particular on its
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relationship with fitness and genetic variation, sex determination, and sexual dimorphism. In doing

so, we highlight gaps in current knowledge that could be fruitful avenues for future theoretical work.

5.1 Sexload, fitness variation, demographic and co-evolutionary outcomes

By impeding sex-specific adaptation, sexual antagonism can reduce mean fitness below the value at-
tainable if males and females evolved independently (Box I [8, 9, 14, 55]). This additional load (the
sex load) is expected to be most pronounced when populations are already close to their sex-specific
optima (i.e., are well-adapted). Here, male and female selection gradients are more likely to point in
opposite directions, and positive cross-sex genetic correlations become a major constraint on adapta-
tion [5, 13, 14, 55]. By contrast, after a substantial environmental change, males and females are likely
to be displaced from their optima in the same direction. Selection is then largely concordant across
the sexes, and positive cross-sex correlations, rather than acting as a source of maladaptation, in fact

facilitate adaptation in the short-term (Fig. 4A; [13, 14]).

This implies that the sex load should usually be transient in stable environments. If genetic variation
with sex-specific effects is available, males and females are expected to evolve towards their respective
optima, dissipating both antagonism and the associated load (Fig. 4B; [8, 22, 54, 55]). A persistent
sex load is therefore most likely when ecological conditions change often enough that dimorphism
cannot catch up, but not so strongly that male and female selection gradients become aligned (Fig. 4C
[12, 13]). This may occur under temporally or spatially varying sex-specific selection [115], as generated
by abiotic environmental changes or potentially by recurrent biotic change due to co-evolutionary
dynamics (e.g., between males and females via mate choice or sexual conflict, or through sex-specific
interactions with parasites, predators, competitors or mutualists), although the latter remains little

explored theoretically [119].

By slowing the evolution of traits towards their (male and female) optima, sexual antagonism can af-
fect sex-specific variance in fitness and population demography. Strong cross-sex genetic constraints
result in populations experiencing sex-specific selection spending more time in regions of the fitness
landscape where phenotypic differences translate into large fitness differences [4, 18]. Consequently,
sexual antagonism may be associated with high variance in individual fitness even when it does not
maintain high levels of genetic polymorphism at underlying selected loci (Fig. 4 [18, 42, 43]). The de-
mographic impacts of sexual antagonism, meanwhile, are likely to be more circumscribed (section 3,
Appendix D). Although displacing the sexes from their optima can in principle reduce population

growth by lowering sex-specific fitness components, especially in females, substantial demographic
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effects are expected only when the ensuing fitness costs translate directly into large effects on recruit-
ment [14, 29, 30, 116, 140]. Conditions for this appear restrictive [14], suggesting that sexual antago-

nism may have evolutionary consequences without causing large changes in population size.

Because in most cases male and female trait values eventually reach their optima, sexual antagonism
is generally thought to weakly impact trait values over evolutionary timescales. However, exceptions
are possible in the presence of co-evolutionary dynamics, in which case sexual antagonism can in fact
affect long-term trait evolution. For example, cross-sex genetic correlations in sexually selected traits
can dampen escalation during co-evolutionary runaways or arms races between females and males
(because changes favoured in one sex induce correlated costs in the other), and this alters the ultimate
phenotypic outcomes of these dynamics [141]. With ecological traits, meanwhile, sexual antagonism
can constrain the evolution of sex-specific niche use. This is because intense competition for resources
can favour ecological divergence between the sexes [142], but this divergence only happens if cross-
sex correlations are weak enough. If correlations are strong, ecological divergence between the sexes
is impeded and instead ecological speciation may be favoured [46, 143]. These examples therefore
suggest sexual antagonism may play an underappreciated role in the long-term response to selection

from male-female interactions and thus in directing sex-specific ecology [144].

5.2 The effect of sexual antagonism on genetic polymorphism

Much of the theory on sexually antagonistic selection has been concerned with the potential to main-
tain polymorphism (e.g., [15-19, 22, 25, 36, 41-45, 47, 56, 57, 59, 60, 69, 71, 102, 109, 112, 131, 132, 145]).
That is, for more genetic variation to be present under sexually antagonistic selection than in its ab-
sence (i.e., than under neutrality), which requires balancing selection [42, 43]. As highlighted in sec-
tion 2, when examining the simplest case, namely variation at a single large-effect locus acting in iso-
lation, this question is best separated into two. First, whether a fixed set of alleles can be maintained in
the short term, and second, whether polymorphism persists over longer timescales when new alleles

can arise.

Considering autosomes, population genetic models have identified two main routes for short-term
polymorphism owing to sexual antagonism at such a locus: (1) strong and opposing selection in the
two sexes (large sf and sy, in eq. 3, [15]); and/or (2) sex-specific dominance for fitness, whereby al-
leles tend to be more dominant in the sex in which they are favoured (low k¢ and hy, in eq. 3, [15]).
This reversal may be due to sex-specific properties of either the genotype-phenotype map (sex-specific

dominance for phenotype, Fig. 2A1) or the phenotype-fitness map ([22, 47], Fig. 2A2).
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For polymorphism to be maintained over longer evolutionary timescales, two additional requirements
must be met. First, sexual antagonism must persist, which means that ecological conditions must con-
tinue to generate opposing selection in the sexes and that genetic constraints must prevent complete
resolution of the antagonism through the evolution of sex-specific allelic effects or gene expression.
Second, recurrent mutation must not eliminate polymorphism, i.e., due to the appearance of new sex-
ually antagonistic alleles that are able to fix. At a large-effect locus, the most direct way to meet this
second requirement is through a genotype—-phenotype map that is so constrained that it permits only
a small set of discrete phenotypic states. Polymorphism can then persist despite recurrent mutation

just because no better intermediate or compromise phenotype is mutationally accessible.

By contrast, when mutations can generate a wider range of trait values, long-term polymorphism is
substantially more difficult to maintain. If sexual antagonism leads to stabilising selection (H Z)° 0
eq. 11), recurrent mutation favours alleles encoding values that better balance selection in females and
males, ultimately favouring the fixation of an allele encoding a compromise value Z~ (eq. 13). Long-
term polymorphism therefore requires either: (i) a phenotype-fitness map that generates disruptive
(rather than stabilising) selection on trait values, thereby disfavouring intermediate phenotypes such
asZ (eq. 14 [18]); or (ii) a genotype-phenotype map that systematically generates adaptive sex-specific
dominance for phenotype, such that an allele whose homozygous phenotype is better adapted in one

sex is also more dominant in heterozygotes of that sex [22, 47] (section 2.3.3).

Analogous conditions apply to small-effect loci underlying polygenic traits [18, 22, 45]. Balancing se-
lection across multiple contributing loci, in either the short or long term, is expected only if sexual
antagonism generates disruptive selection on the trait or if individual loci show adaptive sex-specific
dominance for phenotype, so that heterozygotes express trait values closer to the sex-specific optimum
in each sex (Appendix C). Otherwise, sex-averaged selection is stabilising around z~, and balancing se-
lection can maintain polymorphism at no more than one locus: one whose homozygotes straddle 2~

(thereby generating dominance reversal for fitness at this locus [18, 45]).

Owing to the unusual fitness landscapes required for disruptive selection in dioecious populations
[18], long-term or polygenic balancing selection appears to rely primarily on dominance reversal for
phenotype. Such patterns of non-additive gene action may arise following the spread of sex-specific
dominance modifiers [22, 47]. Selection on these modifiers is, however, proportional to heterozygos-
ity at target loci [61, 146, 147]. This creates a chicken-and-egg problem: sex-specific dominance can
evolve to stabilise a polymorphism only if the polymorphism is there in the first place, requiring either
prior balancing selection (e.g., because alleles already show some sex-specific dominance) or very high

mutational input at/across these loci (section 4, Appendix E1.1; [22, 47, 139]). Moreover, the mainte-

24



Flintham, Lesaffre et al. (in press) Sexually antagonistic selection: a review of the theory and its implications Philosophical
Transactions of the Royal Society BDOI: 10.1098/rstb.2025.0304

nance of dominance modifiers entails constraints on alternative routes to resolving antagonism more
completely, such as sex-specific gene expression [22], which would otherwise displace polymorphism.
Given these challenges, the scope for sexual antagonism to generate long-term or polygenic balanc-
ing selection likely hinges on how often new mutations show adaptive sex-specific dominance when
they first appear (adaptive “intrinsic” dominance) as well as on aspects of population structure and

reproductive ecology that otherwise contribute to higher levels of heterozygosity [44, 109, 111, 112].

Outside of autosomes, similar outcomes are also observed for sex-linked loci in non-recombining sex
chromosomes (X or Z chromosomes). Here, large-effect loci can more readily exhibit balancing selec-
tion when alleles have non-additive fitness effects in the homogametic sex [16, 19]. However, long-term
or polygenic balancing selection again requires disruptive selection, and the conditions for this are in
fact more restrictive than for autosomal loci [18]. By contrast, sexual antagonism can more readily
generate long-term or polygenic polymorphism in the recombining or pseudo-autosomal regions of
sex chromosomes [25, 131, 132]. This is because sex-linkage in these regions allows antagonistic alle-
les to become associated with the sex they benefit, creating more permissive conditions for disruptive

selection and polymorphism [18, 48].

What can we glean from all of this? Overall, while sexual antagonism is adept at producing balancing
selection at large-effect loci when there are few potential alleles, long-term or polygenic polymorphism
should be uncommon outside of certain sex-linked regions, unless traits experience unusual patterns
of selection [18] — as may occur for sex allocation loci [49] (BoxI) — or unless loci exhibit particular forms
of sex-specific trait expression; with sex-specific effects in heterozygotes but not in homozygotes. Un-
common does not mean impossible. Several empirical examples of large-effect and/or phenotypically
dominance-reversed sexually antagonistic loci are known [70, 148-151]. The theoretical expectation is
simply that such cases should be exceptions rather than the general outcome of sex-specific selection

on shared traits.

Even if sex-specific selection on shared traits rarely elevates standing genetic variation relative to neu-
trality, it may still result in more variation (although still at sub-neutral levels) than would be seen
under sex-concordant selection, all else being equal [42-44] (see also [152] for an analogous result un-
der fluctuating selection). This is because opposing selection in females and males reduces net direc-
tional selection relative to sex-concordant selection, leading to weaker erosion of variance at mutation-
selection-drift balance (Appendix D.1). Moreover, because sexually antagonistic traits should on av-
erage underlie greater fitness variance than sex-concordant ones for a given level of trait variation
(section 5.1), antagonistic alleles that do segregate may disproportionately contribute to fitness differ-

ences. Sexual antagonism may therefore generate substantial genetic variance for fitness even while
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eroding genetic variation itself.

5.3 The evolution of sex chromosomes, sex-determining and sexual systems

Because the fitness effects of sexually antagonistic variation depend on whether it is carried by males or
females, sexually antagonistic alleles have particularly strong evolutionary implications for processes
that influence their likelihood of being found in the sex in which they are beneficial, including the

evolution of sex chromosomes and sex determination mechanisms.

A well-established theoretical prediction is that sexual antagonism readily drives recombination sup-
pression along sex chromosomes. This is because sexually antagonistic variation is relatively easily
maintained at loci in pseudo-autosomal regions of sex chromosomes [18, 48, 59, 65, 131-133] (see sec-
tion D.5). Such polymorphism in turn favours recombination suppression between these loci and the
sex-determining region [23, 24, 26, 48, 136, 153-155] (see section 4, Appendix E2.1), which can even-
tually result in the evolution of non-recombining sex chromosomes [156]. After recombination arrest,
however, selective interference (e.g., Muller’s ratchet) can lead to the accumulation of deleterious al-
leles and gene loss [157, 158]. This degeneration can favour mutations that restore recombination,
such as the reversion of inversions [159], or the movement of sex-determining genes to other genomic

regions [160, 161], leading to sex-chromosome turnover.

The presence of sexually antagonistic variation can influence this turnover in multiple ways. On
one hand, sexually antagonistic alleles segregating elsewhere in the genome can promote turnover
when new sex-determining factors arise in linkage with alleles beneficial to the sex they produce (Ap-
pendix E2.2; [34, 137, 138, 162]). On the other hand, once antagonistic alleles have become associated
with a sex chromosome, recombination restoration can become costly because it breaks associations
between alleles and the sex in which they are favoured. This stabilising effect may be reinforced after
recombination has been suppressed: degeneration of the heterogametic chromosome reduces expres-
sion in that sex, and compensatory upregulation can generate further sexual antagonism when regula-
tory effects are shared across males and females [163]. As dosage compensation and other sex-specific
regulatory differences accumulate, recombination restoration and sex-chromosome turnover become
increasingly costly because these events would disrupt the regulatory context in which linked genes
have evolved (i.e., the accumulation of regulatory differences between the sexes eventually generates

sexual antagonism) [159, 164].

Sexual antagonism may also contribute to the evolution of sex-determining cascades — the regulatory

hierarchies linking the initial sex-determining signal to downstream genes involved in sexual differ-
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entiation. For instance, it has been proposed that Drosophila’s cascade evolved through successive re-
cruitment of upstream regulators when mutations sharpened male-female developmental divergence,
with sexually antagonistic mutations acting as transient steps in this process [165]. More generally, the
lability of sex-determining pathways across taxa suggests that such cascades can evolve rapidly, al-
though the role of sexual antagonism in driving this lability remains unclear. A model of hierarchical
gene regulation with shared expression across sexes shows that when sexually antagonistic selection
maintains polymorphism in gene expression, selection can favour the displacement of this variation
upstream in the cascade, as this reduces the fitness cost of intermediate expression at downstream

targets [166].

Finally, sexual antagonism can reshape sexual systems more fundamentally by favouring the evolution
of separate sexes from hermaphroditism. Because allocation to male versus female function draws on
a shared resource budget, sex allocation itself is intrinsically antagonistic in hermaphrodites (Box I).
While many ecological mechanisms favour the maintenance of hermaphroditism in these species,
others have been proposed to favour specialisation into male and female functions [49, 167, 168]. Ad-
ditional sexually antagonistic variation can facilitate this transition, either by favouring sterility muta-
tions linked to alleles beneficial to the sex they produce [36] or by allowing individuals specialising into
male or female function to express phenotypes more beneficial to their preferred function, leading to
the simultaneous emergence of separate sexes and sexual dimorphism through correlational selection

[37].

5.4 The evolution of sexual dimorphism

While sexual dimorphism can arise through sex-concordant selection when males and females differ
in their evolutionary response to the same selective pressure (Fig. 4D [52, 55]), and even transiently
simply through genetic drift [169], the more pronounced and persistent cases of sexual dimorphism
observed in many taxa are generally thought to result from sex-specific selection [1-3]. When male
and female traits have different optima but share a common genetic basis, such selection generates
sexual antagonism. If constraints on male and female trait expression are not immutable (see Box I),
evolution can proceed through several routes that decouple male and female phenotypes, at least in
stable environments, allowing each sex to move closer to its optimum and thereby reducing sexual

antagonism and the associated sex load [5, 9, 54, 55, 170].

Some of these routes involve the modification of aspects of the genotype-fitness map, such as sex-

specific dominance, or changes to genetic transmission, such as sex linkage (section 4; Table 1 for
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summary; Appendix F for detail). But the impact of these mechanisms on sexual dimorphism may
be limited, as most of them act only when there is genetic variation at target loci and provide only a
partial resolution of sexual antagonism. For example, the evolution of sex-specific dominance, which
requires substantial heterozygosity at target loci, can improve heterozygote fitness while still leaving

maladapted homozygotes in each sex [70].

The complete resolution of sexual antagonism, whereby females and males evolve to their respective
optima and the sex load is eliminated, is likely to instead require evolutionary responses at loci with
direct sex-specific effects on phenotype. Once such sex-specific genetic variation is present, quan-
titative genetic models predict that male and female trait values diverge under sex-specific selection
(section 2.4; [12, 103, 171]). An outstanding question is how an initially shared genetic basis, with a
between-sex genetic correlation close to one, evolves into an architecture that allows both sexes to
adapt partly independently. Sex-specific gene expression provides a natural route to this transition
[170, 172-175], but, perhaps because this mechanism is so direct and is so well-recognised, it has re-
ceived remarkably little theoretical attention. Indeed, while existing models have addressed parts of
the problem (e.g., [20-22]), several fundamental questions remain: how does sex-specific expression
evolve at the molecular level (e.g., through sex-specific transcription or translation, including alter-
native splicing [176]), how does it affect phenotype through development and environmental inter-
actions, how quickly does it reduce the between-sex genetic correlation, and what genetic signatures
should it generate? Future work addressing these gaps could leverage tools such as gene regulatory
network models (GRNs, [177, 178]), models of modifiers of mutational effects (so-called M matrices

[179]), and theoretical approaches that integrate sex-specific development (e.g., [28]).

6 Concluding remarks

Sexual antagonism may be an inevitable consequence of the sexes sharing most of their genome. For
more than 70 years, mathematical and computational models have been used to ask when this antag-
onism should arise, what form it should take, and what consequences it should have for adaptation,
polymorphism, and the evolution of sex chromosomes and sexual dimorphism. One aim of this review
has been to clarify how these questions have been addressed across three main modelling traditions:
population genetics, invasion analysis, and quantitative genetics. At times these approaches can ap-
pear to give different answers, but this largely reflects differences in assumptions and in the quantities
they track. For comparable scenarios, they provide consistent and complementary views of the same

process, from short-term allele frequency change, to long-term evolutionary trajectories and the re-
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sponse of highly polygenic traits constrained by cross-sex genetic covariance.

Alarge part of this theory has focused on whether sexual antagonism can maintain genetic polymor-
phism. That focus has been productive, leading to clear predictions about when balancing selection
should be expected. Outside certain sex-linked regions, sexual antagonism does not seem especially
effective at maintaining variation either across long time periods or across multiple loci unless traits
show very specific patterns of sexual dimorphism in heterozygous but not homozygous genotypes.
Whilst observed in a handful of systems, it remains unclear how common such patterns of sex-specific
dominance are in nature or how they can be connected with an underlying molecular mechanism.
The restrictive nature of polymorphism criteria does not imply that sexual antagonism is unimportant
for genetic variation: it can still contribute to substantial genome-wide sex-specific genetic variance
in fitness even without maintaining balanced polymorphism at underlying loci. Rather than asking
whether sexual antagonism acts to maintain elevated genetic variation, it may be more fruitful to ask
when the genetic architecture of traits makes the resolution of antagonism slow enough for antagonis-
tic variation to persist. Answering this will require more explicit representations of how traits are built,
for example through gene regulatory networks or other mechanistic descriptions of how allelic effects

are expressed acCross sexes.

The emphasis on genetic polymorphism has perhaps left the ecological side of sexual antagonism less
fully developed. This matters because sexual antagonism is likely to be most persistent when selec-
tion on males and females changes through time, such that sexual dimorphism does not simply catch
up and resolve it. Much of the existing theory has treated this in terms of fluctuating external envi-
ronments. Yet the selective environment of each sex is also shaped by biotic interactions, and this
remains less well explored. What counts as a fit male or a fit female may change continuously owing to
co-evolution between the sexes, for example through mate choice or sexual conflict, and owing to sex-
specific interactions with co-evolving parasites, predators, prey, or mutualists. Sex-specific selection
may also depend on how sexual traits and preferences are acquired, yet such considerations remain

largely absent from existing models of sexual antagonism.

In addition to co-evolutionary change, sex-specific selection can vary over shorter timescales, for ex-
ample across developmental or life-history stages and with changing demographic conditions. What is
favoured in males and females may depend on when in the life cycle a trait is expressed, on the condi-
tion or age of the individual, and on the demographic setting in which mating and competition occur.
How traits respond to such fluctuations in selection will also depend on developmental constraints
that limit when, where, or how far trait expression can diverge between the sexes. These processes are

still only weakly integrated into most models, yet they are likely to be important because they affect
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mating opportunities, the strength of sexual selection, and the relative importance of survival, fecun-
dity, and mating success. Extending theory in these directions should help place sexual antagonism

within a more explicit genetic and ecological setting.
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Figure 1: Genetic architectures and resulting evolutionary dynamics under the three main theoretical ap-
proaches that have been used to investigate evolution under sex-specific selection. A Population genetic mod-
els of sexual antagonism consider evolution at one or a handful of loci with a finite, fixed set of alleles that may
have sex-specific properties (e.g., different dominance coefficients in males and females), resulting in a discrete
distribution of male and female phenotypes. This approach studies the change in allele frequencies at these
loci to answer questions such as when we should expect them to remain polymorphic given a fixed set of al-
leles, therefore focusing on short-term evolution (Section 2.2 for details). B The adaptive dynamics approach
is primarily concerned with how selection shapes phenotypic evolution in the long-term. To investigate this,
it assumes that traits are encoded by a single locus at which alleles encoding any (potentially sex-specific) trait
value may arise through mutation. Mutations are assumed to be rare and to have small effects so that evolution
proceeds gradually, potentially leading to the emergence of divergent alleles maintained in a long-term poly-
morphism (see Section 2.3 for details). C Quantitative genetic models of sexual antagonism assume that male
and female traits are affected by an infinite number of loci that may each carry either trait-increasing or trait-
decreasing alleles with potentially sex-specific effects. Under this assumption, the phenotypic distributions of
males and females in the population can be described statistically. The quantitative genetic approach describes
how the moments of these distributions (their means and (co)variances under normal closure) are changed by
selection, segregation and mutation to answer questions such as how genetic correlations between the sexes
delay sex-specific adaptation (Section 2.4 for details).
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Figure 2: Sources of dominance and their relationship to different notions of weak selection. A Fitness dom-
inance at a diallelic locus under sex-specific selection may be produced in two ways. The first occurs when the
locus shows phenotypic dominance (top panel), such that heterozygotes express trait values that do not sit half-
way between homozygotes. This leads heterozygotes to have sex-specific fitnesses that deviate from the average
of the two homozygotes (i.e., to fitness dominance). The second way to produce fitness dominance is for the
phenotype-to-fitness map to be non-linear (bottom panel), which causes heterozygote fitnesses to deviate from
the mean homozygote even when alleles combine additively at the phenotypic level. B Weak selection can be
incorporated in different ways. In population genetics, it is common to assume that the fitness cost of carrying
the least-preferred allele in each sex is small (i.e., sy, and s¢ small, top panel). This preserves dominance relation-
ships between alleles irrespective of whether they stem from phenotypic dominance or non-linear phenotype-
to-fitness maps. In contrast, many other models assume that weak selection stems from the fact that alleles
encode similar trait values (bottom panel). This causes fitness to vary linearly with trait value over the small
phenotypic range spanned by the alleles, which negates dominance effects coming from non-linear phenotype-
to-fitness maps. Fitness dominance at a locus with small effects on phenotype must then stem from phenotypic
dominance.
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Figure 4: Evolutionary trajectories
and associated sex-specific fitness
variances in a polygenic trait. For
each case, the left panel illustrates
the expected trajectory of the poly-
genic trait in phenotypic space, with
optimum shown as a gray circle
and population represented as el-
lipse. Grey areas indicate regions
where sexual antagonism occurs un-
der positive cross-sex genetic corre-
lation (i.e. where male and female
traits are selected in opposite direc-
tions); and the right panel shows
sex-specific selection gradients (top)
and sex-specific variances in relative
fitness (bottom) along the expected
evolutionary trajectory. A Evolution
towards a sex-concordant optimum.
B Sex-specific optima and transient
sexual antagonism. The population
first evolves sex-concordantly before
overshooting the female optimum,
resulting in sexual antagonism, and
then slowly converges to the opti-
mum. Sex-specific fitness variances
thus remain elevated for longer than
in A. C Fluctuating sex-specific op-
tima. The population evolves to sit
between the male and female optima
that periodically switch positions,
preventing the resolution of sexual
antagonism, resulting in the per-
sistence of substantial genetic vari-
ance for fitness in males and fe-
males. D Sex-concordant optimum
with large differences in sex-specific
variance and no covariance across
sexes. Because females have much
more heritable variation for selection
to act on, their trait evolves towards
the sex-concordant optimum much
more rapidly than the male trait does.
This results in transient sexual di-
morphism in the absence of sexual
antagonism.
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