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Females and males carry nearly identical genomes, which can constrain the
evolution of sexual dimorphism and generate conditions that are favourable
for maintaining sexually antagonistic (SA) polymorphisms, in which alleles
beneficial for one sex are deleterious for the other. An influential theoretical
prediction, by Rice (Rice 1984 Evolution 38, 735-742), is that the X chromo-
some should be a ‘hot spot’ (i.e. enriched) for SA polymorphisms. While
important caveats to Rice’s theoretical prediction have since been high-
lighted (e.g. by Fry (2010) Evolution 64, 1510-1516), several empirical
studies appear to support it. Here, we show that current tests of Rice’s
theory—most of which are based on quantitative genetic measures of fitness
(co)variance—are frequently biased towards detecting X-linked effects.
We show that X-linked genes tend to contribute disproportionately to
quantitative genetic patterns of SA fitness variation whether or not the X
is enriched for SA polymorphisms. Population genomic approaches for
detecting SA loci, including genome-wide association study of fitness and
analyses of intersexual Fsy, are similarly biased towards detecting X-linked
effects. In the light of our models, we critically re-evaluate empirical
evidence for Rice’s theory and discuss prospects for empirically testing it.

1. Introduction

Females and males often experience divergent selection on traits they both
express, with ‘sexually antagonistic’ (SA) selection favouring the evolution of
sexual dimorphism [1]. However, the sexes are also part of the same popu-
lation, they inherit nearly identical genomes and genetic variation similarly
affects trait expression variation within each sex, resulting in strong genetic con-
straints to the evolution of sexual dimorphism [2-5]. At the population genetic
level, SA selection on traits with strong cross-sex genetic correlations can give
rise to balancing selection that maintains SA genetic polymorphisms, wherein
the alleles that increase the relative fitness of one sex reduce the relative fitness
of the other [6]. Such polymorphisms may contribute disproportionately to
standing genetic variation for fitness and account for the surprisingly high
levels of genetic variation observed in many life-history traits that are correlated
with fitness [7-9].

Evidence for SA genetic variation for fitness and fitness components has
been documented in a range of animal and plant species [10], including studies
reporting SA directions of selection on quantitative traits with positive cross-
sex genetic correlations [11,12], sex-limited experimental evolution studies in
which fitness gains to the selected sex are offset by fitness declines within the
non-selected sex [13,14], and studies reporting a negative intersexual genetic
correlation for fitness, which is an unambiguous signal of SA variation
[15-18]. Despite this evidence, little is known about the population genetic
basis of SA fitness variation (reviewed in: [19-21]; but see [22]). For example,
it remains unclear how many genes are polymorphic for SA alleles, how such
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Figure 1. Conditions for maintaining a balanced SA polymorphism on the X chromosome and autosomes. (a) Parameter combinations of sex-specific selection and
dominance leading to balancing selection at X-linked and autosomal SA loci. Each locus has two alleles: a female-beneficial allele (4;) and a male-beneficial allele
(A,), with s¢ and s, representing female and male selection coefficients, and h and h,, represent the sex-specific dominance coefficients of SA alleles (table 1). The
region between each matching pair of curves defines combinations of s; and s, that generate balancing selection of SA polymorphisms. Conditions for balanced SA
polymorphisms are broader on the X compared with the autosomes when SA alleles exhibit ‘parallel dominance” with male-beneficial alleles partially recessive in
females (e.g. hf=1— hy, = 0.2). Otherwise, conditions for maintaining SA polymorphism are typically broader on autosomes. (b and ¢) Parameter conditions for
balancing selection of SA alleles, and their equilibrium frequencies, for cases where balancing selection is equally permissive on the X and autosomes (i.e. equation
(2.3) is true). Theoretical curves are based on equations (2.1) and (2.2). (Online version in colour.)

genes are distributed within and among chromosomes, and
how processes of selection, recurrent mutation, and genetic
drift affect the maintenance of SA variation [19,23-30].

Given the logistical difficulty of directly characterizing
the fitness effects of most genetic variants (e.g. [31]), efforts to
test hypotheses about the population genetic basis of fitness
variation (including SA variation) rely upon close engagement
between quantitative genetic data—on which most evidence
for fitness variation is based—and population genetic models
of fitness variation. Such models show that conditions for
maintaining SA alleles via balancing selection can differ
markedly between the X chromosome and autosomes
([27,28,30,32]; figure 1a). Rice [27] emphasized that conditions
for balanced SA polymorphisms are broader on the X relative
to autosomes when the dominance relations between SA alleles
at a locus are identical between the sexes (i.e. there is ‘parallel
dominance’ between sexes), and male-beneficial alleles are par-
tially or completely recessive to female-beneficial alleles
[28,32,33]. Several other studies have identified conditions
where SA polymorphisms are easier to maintain on autosomes,
including when (i) SA alleles have additive fitness effects [30],
(ii) male-beneficial alleles are partially dominant to female-
beneficial alleles [28], and (iii) SA alleles exhibit ‘beneficial
reversals of dominance’ with male-beneficial alleles (partially)
dominant in males and female-beneficial alleles dominant in
females [32]. The dominance properties of SA alleles are largely
unknown [33,34], precluding firm theoretical predictions about
the permissibility of balanced SA polymorphism on the X rela-
tive to autosomes. Consequently, a wide range of empirical
work has sought to test for the enrichment of SA polymorphism
on the X chromosome and thereby obtain insights into the fit-
ness effects of SA alleles and the evolutionary mechanisms by
which they are maintained.

Four general approaches have been used to test whether
the X chromosome harbours proportionally more SA
polymorphisms than autosomes (electronic supplementary
material, table S1). First, Gibson et al. [35] used a set of

chromosome extraction lines (“hemi-clone’ lines; see [22,36])
to estimate the cross-sex additive genetic covariance for fitness
in a laboratory-adapted Drosophila melanogaster population
and partitioned the total fitness covariance into X-linked and
autosomal components. They reported a negative cross-sex
genetic covariance for fitness—indicating an abundance of
SA fitness variation [18]—and estimated that the X accounted
for nearly all of the negative fitness covariance between the
sexes [35]. Second, Ruzicka et al. [22] carried out a genome-
wide association study (GWAS) of sex-specific fitness in
the same population and estimated that the X accounted for
39% of the genome-wide, SNP-based estimate of SA fitness
variation (i.e. approximately double the proportion of the
D. melanogaster genome that is X-linked). Third, several studies
have estimated the heritability of fitness between fathers
and offspring of each sex [16,37-43]; among studies reporting
a negative covariance between the fitness (or fitness com-
ponents) of fathers and their daughters, some report no
significant heritability of fitness between fathers and sons
[37-40,43], which is consistent with X-linked inheritance of
SA polymorphisms (i.e. because the X is transmitted from
fathers to daughters but not from fathers to sons). Finally,
Lucotte et al. [44] showed that estimates of allele frequency
differences between adult human females and males (i.e.
‘intersexual Fsr’ estimates) are elevated on the X compared
with autosomes, which may imply an enrichment of SA poly-
morphisms on the human X due to sex differences in viability
selection [45,46].

All four empirical approaches appear to provide at least
some support for the prediction that X chromosomes are
enriched for SA polymorphisms (see electronic supplemen-
tary material, table S1). However, an important, yet tacit,
assumption of each approach is that empirical signals of SA
polymorphism are equally detectable on sex chromosomes
and autosomes. We critically examine this assumption and
find that it does not hold. By modelling the relative contri-
butions of autosomal and X-linked polymorphisms to
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patterns of sex-specific fitness (co)variance and genomic
patterns of intersexual Fsy, we show that empirical proxies of
SA fitness variation are consistently biased towards detecting
X-linked effects. Indeed, each empirical approach outlined
above is expected to detect disproportionately large X-linked
effects even when SA polymorphisms are equally abundant
on the X and autosomes. In the light of these results, we revisit
previous empirical tests of Rice’s theory and find that
most studies are consistent with scenarios in which the X
chromosome is not a hot spot for SA polymorphisms.

2. Models and results

We begin by briefly reviewing conditions of sex-specific selec-
tion and dominance that can maintain SA polymorphisms on
the X'and the autosomes. From this theory, we identify a critical
state of dominance that equalizes opportunities for balanced
SA polymorphism on each chromosome and delineates con-
ditions for the enrichment of SA polymorphism on the X
versus conditions for enrichment on autosomes. We then use
this dominance state to develop explicit theoretical predictions
for the relative contributions of X-linked and autosomal genes
to empirical signals of SA variation in the idealized case where
the X and autosomes are equally permissive genomic locations
for maintaining polymorphic SA alleles. By clarifying empiri-
cal signals of SA polymorphism for cases where the X is not
enriched (i.e. where there is no difference between X and auto-
somes in the proportion of loci that are polymorphic for
SA alleles), our models provide theoretical benchmarks for
evaluating whether SA genetic variation is non-randomly
distributed across the genome.

(a) Conditions for maintaining sexually antagonistic

polymorphism at X-linked and autosomal genes
We first consider the evolution of bi-allelic loci with SA fitness
effects. Let A; represent the female-beneficial allele and A, rep-
resent the male-beneficial allele at an SA locus (table 1).
Following previous theory [26-28,30,32], the parameter criteria
for maintaining SA polymorphism at X-linked and autosomal
loci, respectively, are:

Zthf <5 < 2Sf(1 — hf)
1+ hese 1 — hys¢

(2.1)

and

s¢hy s¢(1 — hg)

Tl sh ™ (1 —5p)” (22)

where sg, s, I, and h,, are the selection and dominance coeffi-
cients for the SA locus (table 1; electronic supplementary
material, appendix A). We note that inbreeding, population
structure, and overlapping generations can somewhat
modify these criteria for balancing selection, though we do
not consider such effects here (see [47-49]).

Criteria for maintaining SA polymorphisms are identical
for X-linked and autosomal loci (i.e. condition (2) simplifies
to (1)) under the following state of male dominance:

1
2 —5Sm

o = , (2.3)

which, to our knowledge, has not previously been reported in
the theoretical literature. Parameter criteria for balanced SA

Table 1. Sex-specific fitness for each genotype at the ith autosomal or X-  [JEJi}
linked locus™®.

genotype
A Avis Ani Ayi Ay Ay
female fitness Wiy, Wiy, Wai
(X or autosome)
male fitness (autosome) 3y, Vi V3
male fitness (X) Vi — Vi

%A selection: Wiy ; =1, Wapi=1=seife, Woy;=1=5¢; Vo, =Vyq,=1-
Smir Vazi =1=5mi hmir Vo= Vi ="1— 5, where 0 <, S i he,

hi < 1.

YSC selection: Wiy ;= Viy;= Vi =1, Wig= 1=ty hajy Vigs=1—tm; hy,
Wyi=1-1t; and Vy;=Vy;=1—1y;, where 0 <t tm ha; < 1.

polymorphism are broader on the X than autosomes when
hm>1/@2 - s5) and are otherwise broader on autosomes.
Equation (2.3) implies that opportunities for balanced SA
polymorphism will be approximately equal between the X
and autosomes when SA alleles have small and nearly addi-
tive fitness effects in males (s,, <1 so that 2—s,) ' ~1/2),
consistent with the common argument that small-effect
mutations should tend towards additivity in their fitness
effects (see [50,51]).

Following Patten and Haig [28], the equilibrium fre-
quency of a female-beneficial allele at a polymorphic
X-linked SA locus is:

o 2511 — hy) — sm(1 — hgsy)

- 7 2.4
PE= T 0500 = 20 + smhy) (242)
in eggs or ovules contributing to each generation, and
. Pl —sm)
— s 24
e (240)

in sperm or pollen, with an overall allele frequency of
Px = (2pf + pm)/3 (assuming an equal sex ratio at birth).
Numerical evaluation of exact recursion equations for autoso-
mal loci shows that autosomal and X-linked equilibrium
frequencies for SA alleles are approximately the same when
criteria for balanced polymorphism are equal between
chromosomes (see equation (2.3); figure 1). These theoretical
predictions are robust to effects of genetic drift as long as bal-
ancing selection is strong relative to genetic drift (see
electronic supplementary material, appendix B).

(b) Contributions of single X-linked and autosomal
genes to cross-sex fitness covariances

Some of the most compelling empirical examples of SA genetic
variation are derived from quantitative genetic estimates
of the cross-sex additive genetic covariance for fitness based
on either hemi-clone experiments (i.e. sex-specific fitness esti-
mates of randomly sampled haploid genotypes tested in
outbred individuals [15,22,35,36]) or breeding experiments
that estimate the fitness covariance between fathers and their
daughters [16,37-43]. For both experimental designs (see
electronic supplementary material, appendices C and D),
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Figure 2. The relative contributions of an X-linked locus versus an equivalent autosomal locus to the cross-sex genetic covariance for fitness. Curves in (a) are based
on equation (2.7), with p representing the frequency of the female-beneficial allele (4;) and h;, representing the degree of dominance of the female-heneficial allele
in males (0 < hy,, < 0.5 corresponds to partial recessivity of A; in males; 0.5 < hy, < 1 corresponds to partial dominance of A;). Curves in (b) are based on equation
(2.8), with & and ¢, representing female and male selection coefficients for the deleterious allele at each locus, and vy, and u representing the male and female

mutation rates. (Online version in colour.)

the contribution of an arbitrary ith autosomal locus to the
cross-sex genetic covariance for fitness is:

cov(wgi,wm,i|A) = pigi( piWir,i + (qi — pd Whai — qiWaz,)
X (piViy, + (qi — pd)Vi2,i — qiV 22,0,
2.5)

where p; and g, refer to A, ; and A, allele frequencies of the
locus and fitness parameters as defined in table 1. The contri-
bution of the ith X-linked locus to the cross-sex covariance is:

cov(wgi,wmi|X) = pigi( piWir,i + (@i — p) Whai — GiWaa,)
x (Vi = Vo),
(2.6)

with the ratio of equation (2.6) to equation (2.5) quantifying
the relative contributions of an X-linked versus an autosomal
locus to the cross-sex genetic covariance for fitness (see
electronic supplementary material, appendix E and F for
covariance expressions that are functions of selection and
dominance coefficients).

Given equivalent allele frequencies and sex-specific fit-
ness parameters between the autosomes and X, the relative
contributions of an X-linked versus an autosomal locus to
the fitness covariance are given by:

cov(wy;,wmi|X) 1
A) I, + Pz(l - th,i) ’

2.7
cov(W j, W i @7)

where p; is the frequency of the female-beneficial allele, and s¢,
Sm,ir Ngj, and Ny, ; are the selection and dominance parameters
(table 1; electronic supplementary material, appendix E).
Equation (2.7) implies that polymorphic X-linked SA loci con-
tribute disproportionately to the cross-sex fitness covariance,
which is a consequence of the elevated contributions of
hemizygous (haploid) loci relative diploid loci to variation in
fitness. The magnitude of the difference between X-linked
and autosomal loci is a function of the frequencies and
dominance coefficients of SA alleles (figure 2a). For loci segre-
gating for intermediate-frequency SA alleles (p; = 0.5), X-linked
loci contribute twice as much as autosomal loci to fitness
covariances, with greater discrepancies between chromosomes

arising when the female-beneficial allele is rare and recessive
in males (p;, Iy <0.5), or common and dominant in males
(pi, hm,i>0.5). When conditions for balanced SA polymorph-
ism are equally permissive on the X and autosomes (i.e.
equation (2.3) is true), then cov(wy;, W ; 1 X)/cov(ws;, Wy | A) =
2+ O(sp,) at polymorphic equilibrium, and an X-linked SA
locus will contribute roughly twofold more than an equivalent
autosomal SA locus to the cross-sex covariance.

Sexually concordant (SC) loci are subject to directional
selection and evolve to mutation-selection balance. Assuming
deleterious alleles are not completely recessive, then the rela-
tive contribution of an X-linked SC locus to the cross-sex
fitness covariance is given by:

coV(Wi, W i|X) 24 tm,i/ug )1 + tmi/tr)
cov(wej,wmilA) (1 + tmi/ug)2hg + tmi/te)

(2.8)

(electronic supplementary material, appendix F), where uy, ;
and ug; are the male and female mutation rates, g, is the
dominance coefficient, and t,,; and f;; are the male and
female selection coefficients for the ith locus (table 1). With
additive effects of deleterious alleles and no sex-bias in
the mutation rate (hg;=%, ty;=1u;), an X-linked locus at
mutation-selection balance has a 1.5-fold greater contribution
to the cross-sex genetic covariance than an equivalent auto-
somal locus (figure 2b). Stronger purifying selection and/or
higher mutation rates in males (uy,;>ug; and/or ty,;>tg;,
which may both be common in animals: [52-55]; but see
[56]) decrease the relative contribution of X-linked SC loci
to the cross-sex covariance. Partial recessivity of deleterious
alleles (hq; <'4), female-biased purifying selection (fy,; < f¢,),
and female-biased mutation rates (u,;<us;) increase the
contribution of X-linked SC loci to the cross-sex covariance.

(<) Multilocus cross-sex genetic covariances under the
hemi-clone design

We are now in a position to consider the X chromosome’s con-
tribution to the multilocus cross-sex genetic covariance for
fitness, as obtained in hemi-clone experiments [35] and given
SA and SC polymorphism. For simplicity, we will consider
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Figure 3. Contribution of the X chromosome to a negative multilocus cross-sex genetic covariance for fitness, given varying amounts of SC and SA genetic variation.
Results assume that, at equilibrium, polymorphic SA loci are uniformly distributed across the X and autosomes (i.e. equation (2.3) is true). (@) How sex-biased
mutation (o = uy,/Us), sex-biased purifying selection (5 = t,,/t;), and dominance of deleterious mutations (hy) affect the contributions of the X and autosomes
to the cross-sex fitness covariance. At the dominance state hy = hj (see equation (2.13)), the contribution of the X chromosome to a negative cross-sex covariance
is fy = 2Px/(1 + Py), where Py is the proportion of the genome that is X-linked. When hg > hy, the contribution of the X is further inflated (7, > 2Py/(1+ Py)
above the black lines); when hy << hy, the contribution of the X is reduced (£ < 2Pyx/(1 + Px) below the black lines). The red data point shows point estimates of 3
and hy (with 95% confidence intervals) from a mutation-accumulation experiment in the Drosophila melanogaster Ives population [53]. (b) How SC fitness variation
(Vso) can inflate f,. Examples are shown for the case where the X and autosomes contribute to an overall negative cross-sex genetic covariance for fitness, which
occurs when fop/(1 — fsp)Elcov(w;, Wiy {SA, A)I/ETty, e ] > maxthy(1 + a)/(1+ B), he(2 + a)/(2hy + B)} (see electronic supplementary material, appendix G). The
solid black curve shows the case where all fitness variation is SA: fx = 2Py/(1 + Py). The dashed curves show the effects of SA and SC variation on fy, with orange
and red curves using the point estimates, and the grey curve using the lower 95% Cl intervals, for hy and S from [53]. Other parameters include: o = 1; fop/(1 —
fspElcov(we;, i, {SA, A)/ETty, g ) = 1.025h4(1 + @)/(1+ ) for the orange curve; and fop/(1 — fsp)Elcov(we;, Wi {SA, A)I/E[ty, gl = 1.00125max{hy(1 + @)/
(T+ ), hy2+ a)/(2hy + )} for the red and grey curves. Empirical point estimates of fx from the LHy, population are shown as a square (Gibson et al.

[35]) and a triangle (Ruzicka et al. [22]).

the idealized case where neither X nor autosomes are enriched
for SA alleles (i.e. equation (2.3) applies) and assume that
selection coefficients are small (0 < s¢;, Sy fri fmi << 1), SA
and SC loci segregate independently at equilibrium, and
there is no epistasis between loci. Let Ix and I represent the
set of polymorphic SA loci on the X and autosomes, respect-
ively, and Lx and L represent the set of SC loci at mutation-
selection balance on the X and autosomes. The total contri-
bution of the X chromosome and the autosomes
(respectively) to the cross-sex fitness covariance will be:

Z cov(wy,j,Wm | X)

cov(wg,wy|X) ~

i€lx
2+ aphg,
+§ t 29
i€Lx i g + By 2hdl+Bz ( )

and

oV (g wm|A) & covwg;,wmi|A)

SN
1+ al)hdl
+ b itk , 2.10
IEXL; Ufj—————— 1 +Bz ( )

where f; =t ;/ts; and o; = uy, ;/ug; (electronic supplementary
material, appendix G). Provided cov(wy, wy, | A) and cov(wy,
Wm | X) have the same sign, then the contribution of the X
chromosome to the cross-sex genetic covariance for fitness
will be:

cov(wg,wm|X)
cov(wg,wm | X)+cov(wg,wy|A)

fi = (211)

Assuming that SA variation is sufficiently common for the
cross-sex genetic covariance to be negative (i.e. cov(wg, Wy, |

A), cov(wg, w1 X) <0) and there are no systematic differences
between the X and autosomes in the fitness effect distributions
of SA and SC alleles, equation (2.11) simplifies substantially.
For example, when fitness variation is overwhelmingly
SA, the contribution of the X to a negative cross-sex fitness
covariance is:

2Px Px(1 — Px)
fX~l+PX_PX+ 1+PX 2

(2.12)

where Py is the proportion of the genome that is X-linked (elec-
tronic supplementary material, appendix G). Equation (2.12)
shows that the X will contribute disproportionately to the
cross-sex genetic covariance for fitness (fx>Px; figure 3b)
even though it is not enriched for SA polymorphism. When a
small proportion of the genome is X-linked, the contribution
of the X to the cross-sex fitness covariance is approximately
twofold greater than its relative size (fx ~ 2Px when Px < 1).

SC variation can either dampen the negative cross-sex gen-
etic covariance for fitness or cause it to become positive, with
the effects of SC variation on the relative contribution of the X
to the cross-sex covariance depending on hg;, o;, and f;. Letting
ha,, a;, and B; remain constant across SC loci, the conditions
leading to a negative cross-sex genetic covariance for fitness
will be more permissive for the X chromosome than the auto-
somes when dominance coefficients of deleterious mutations
(hg) exceed the threshold:

2+ al-P)
= 2.1
T 4l+ 219
(electronic supplementary material, appendix G), whereas the
condition for a negative fitness covariance is more permissive
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for autosomes when g <hj (electronic supplementary
material, appendix G).

Given a mixture of SA and SC genetic variation, and
assuming that both chromosome types contribute to a nega-
tive cross-sex fitness covariance (i.e. cov(wy, w1 A), cov(wy,
w1 X) <0), SC variation will further inflate the X-linked
contribution to the cross-sex fitness covariance when
hqg > Iy (e fx>2Px/(1+Px), as in the yellow-shaded
region in figure 3a and red and orange curves in figure 3b).
SC variation dampens the relative contribution of the X to
the cross-sex covariance when hq < hj (i.e. fx <2Px/(1 + Px),
as in the grey-shaded region and the grey curve in
figure 3a,b). Parametrization of our model with empirical
point estimates of hq and B from D. melanogaster mutation-
accumulation data suggests that SC genetic variation will
inflate the contribution of the X to a negative cross-sex genetic
covariance for fitness (figure 3).

(d) Multilocus fitness covariances between fathers and
offspring

Experiments estimating genetic covariances for fitness between
fathers and their same- and opposite-sex offspring can poten-
tially provide information about the genomic locations of SA
polymorphisms [16,37-43]. To develop baseline predictions
for such experiments, we assume that the X and autosomes
are equally permissive for maintaining SA polymorphism
(i.e. equation (2.3) applies), with further assumptions
about SA and SC loci as outlined previously (see ‘Multilocus
cross-sex genetic covariances under the hemi-clone design’).
Under these assumptions, the overall genetic covariance
for fitness between fathers and their daughters is
CoV(Wm,Wp) = cov(wg,wm|X) + cov(wg,wm|A), where X-linked
and autosomal covariances are given in equations (2.9) and
(2.10). The total covariance between fathers and sons will be:

COV(Wm,Ws) & Y cOV (W s,i)

icla
(ugi + Uumdhq i

+ #2 — 2.14

R 219

where cov(wy, ,Ws ;) = sfn’ipiqi(hm,,- +pi(1 - th,i))2 for SA loci
(electronic supplementary material, appendices E and G).

When fitness variation is predominantly SA, the ratio of
the magnitudes of father-to-son versus father-to-daughter
fitness covariances will be:

cov(wWm,Ws) _1-Px

_ _ _ Px(1—Px)
|cov(wm,@p)] 1+ Px

1+ Px

Rep X , (2.15)
(see electronic supplementary material, appendix G).
Equation (2.15) illustrates that two factors reduce the magni-
tude of fitness covariance between fathers and sons relative to
the covariance between fathers and daughters (figure 4; solid
black curve). First, X-linked inheritance decreases the number
of genes that fathers transmit to their sons relative to their
daughters. Ignoring Y-linked genes, the number of paternally
inherited genes in sons is reduced by a factor of 1—-Px com-
pared with daughters, as captured by the first term of the
final expression for equation (2.15) (i.e. the dotted black line
in figure 4). Second, polymorphic X-linked genes contribute
disproportionately to the fitness covariance to daughters
compared with autosomal genes (figure 2a), which further
reduces the relative magnitude of covariance between fathers

_— — V=0
2.0 ] SC N
0 \ = = Ve > 05 hy>hy
\ V>0 < i

1.5 \

Rsp 1.0

0.5

T T T \ T
0 0.2 0.4 0.6 0.8 1.0
X-linked genomic fraction (P,)

Figure 4. Effects of X-linked inheritance of SA genetic polymorphism on the
ratio of the magnitudes of the multilocus fitness covariances between fathers
and sons versus fathers and daughters (Rsp). Examples are shown for the case
where the X and autosomes contribute to an overall negative cross-sex gen-
etic covariance for fitness, which occurs when fsp/(1 — fsp)Elcov(we;, Wiy SA,
AN/Elty, e > maxthy(1 + @)/(14 B), hy(2 + &)/(2hy + B)} (see electronic
supplementary material, appendix G). The solid black curve applies under the
idealized case where SA polymorphism is equally abundant on the X and
autosomes (i.e. equation (2.3)), and all fitness variation is SA (see equation
(2.15)). The dashed curves show Rsp in the presence of SC fitness variance
(Vsc > 0) maintained at mutation-selection balance, with orange and red
curves using the point estimates, and the grey curve using the lower
95% (I intervals, for hy and S from [53]. Other parameters include o =
1; fspl (1 — fop)ELcov(Wej, Wi |SA, A/t tie ) = 2h4(1 + @)/(1 + B) for the
orange curve; and fsp/(1 — fsp)Elcoviwe;, Wi {SA, A)I/ELt s ] = 4maxthy
(1+a)/(1 + P), hy(2+ a)/(2hg+ B)} for the red and grey curves. The
broken black line shows the proportion of the genome that is autosomal
(i.e. 1—"Py), which sons inherit from their fathers.

and sons (see the second term of the final expression for
equation (2.15)). Overall, the positive covariance between
fathers and sons can be substantially lower than the negative
covariance between fathers and daughters, even when SA
polymorphism is not enriched on the X or autosomes.

These predictions are strongly affected by SC fitness vari-
ation, which increases the covariance between fathers and
sons, and dampens (or overturns) the negative covariance
between fathers and daughters (figure 4; electronic sup-
plementary material, appendix G). This effect of SC variation
can be dramatic, particularly when SC fitness variance is
high and fitness effects of deleterious alleles are male-biased
(figure 4).

(e) Allele frequency differences between sexes (Fsr)
Sex differences in selection generate allele frequency differ-
ences between the female and male gametes that give rise
to offspring of the next generation, with fertilized eggs or
ovules enriched for female-beneficial alleles, and fertilizing
sperm or pollen enriched for male-beneficial alleles [57].
Allele frequencies are often estimated from samples of the
adults of a population, and estimates of between-sex Fsr
may indirectly reflect sex differences in viability selection
(reviewed in [45,46]).

In line with several recent population genomics studies
[44,58-61], we quantify allele frequency differences between
adults of each sex using Wright's Fgr statistic. For the ith
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bi-allelic locus with focal allele frequency of p¢; and py,; in
adult females and males of the population (respectively),
between-sex Fgr is:

~ (pei— Pmi)

R 1

Fsr,i

where p; = (psi + pm,)/2. In practice, Fgr; is calculated using
allele frequency estimates from samples of adults, in which
case, estimated allele frequency differences between sexes
reflect actual allele frequency differences in the population
as well as statistical noise associated with allele frequency
estimation (see [46]). Accounting for both effects, the
expected Fsy; estimates for an autosomal and X-linked
locus (respectively) are:

- M + 15 (Pri — Pmi)”
ElEsr;|A] ~ L i 217
Fsril AT~ g im 4 p = po (217)
and
T Nm + 27’lf (Pfi - pmi)2
ElFsr | X] ~ £ R 2.1
e T X (2.18)

where n; and 1, are the sample sizes of females and males
that are sequenced for each locus, and [%ST,,- refers to the esti-
mate of Fsr; (for full IEST,I' distributions, see electronic
supplementary material, appendix H).

Each of the two terms within equations (2.17) and (2.18) is
likely to be inflated for X-linked relative to autosomal loci,
regardless of whether or not the X is enriched for SA poly-
morphism. The first term of each, which captures the average
effect of sampling noise on the Fgy; estimate, is smaller for
autosomal loci as a result of male X-linked hemizygosity
(i.e. the sample size of gene sequences is 1 =2n;+2n,, for
autosomal loci and nyx=2n¢+n,, for X-linked loci). With
similar sample sizes of females and males, sampling noise
is roughly 50% higher on the X, though this effect can be con-
trolled through subsampling of the data to equalize the
numbers of female- and male-derived sequences on each
chromosome [44].

The second terms of equations (2.17) and (2.18), which
reflect genuine allele frequency differences between sexes,
are also typically greater for X-linked compared with autoso-
mal loci, even in cases where SA polymorphisms are equally
abundant on each chromosome. Because autosomes are bi-
parentally inherited, allele frequency differences between
reproductively successful females and males from the pre-
vious generation are eliminated at fertilization; the initial
equality of autosomal allele frequencies between sexes at
the start of each generation should persist in adults of the
population unless the locus differentially affects the viability
of each sex. By contrast, X-linked allele frequency differences
between reproductively successful females and males from
the previous generation—due to recent admixture, meiotic
drive, sex-biased migration, and most forms of selection
[62-65]—carry over to the next generation, thereby inflating
X-linked Fgr estimates at birth and potentially throughout
the life cycle. With respect to polymorphic SA loci, those
affecting viability leave similar empirical signals at X-linked
and autosomal loci, while those affecting adult fitness com-
ponents (e.g. mating success and fecundity) exhibit stronger
X-linked than autosomal allele frequency differentiation
between sexes (see electronic supplementary material,

appendix H), even when SA polymorphisms are uniformly
distributed across the X and autosomes.

3. Discussion

Rice’s hypothesis that the X chromosome is enriched for SA
polymorphism (i.e. that a higher proportion of X-linked com-
pared with autosomal loci will be polymorphic for SA alleles
[27,28,32,35]) is attractive, in part, because of its broader evol-
utionary implications. Such an enrichment hints at answers to
long-standing questions in our field, such as balancing selec-
tion’s role in maintaining genetic variation [31], the causes of
genetic dominance [32,66,67], the potential for indirect gen-
etic benefits of mate choice (i.e. ‘good genes’ [68]), and the
evolutionary dynamics of sex chromosomes and sex determi-
nation systems [69-71]. Whether the X or autosomes are, in
fact, enriched for SA polymorphisms requires an empirical
resolution, as either possibility is theoretically plausible
(figure 1; [32]). Yet testing this hypothesis is challenging
due to the mismatch between theoretical predictions about
SA polymorphisms, which are based on population genetic
models that focus on parameter conditions for balancing
selection (i.e. the ‘parameter space’ of s, sy, hg and Iy, that
maintains polymorphism), and common empirical metrics
of SA variation, which instead focus on quantitative genetic
measures of sex-specific fitness (co)variance or indirect
genomic proxies for SA polymorphism.

To bridge the gap between theoretical predictions and
empirical metrics of SA variation, we have merged and
extended three independent strands of prior theory: (i) popu-
lation genetic models of SA polymorphism [27,28,30,32],
(ii) quantitative genetic models of sex-specific fitness (co)vari-
ance [72-74], and (iii) models of between-sex Fsr estimates
[46]. To set clear empirical benchmarks for testing Rice’s hypoth-
esis, we have derived predictions for what empiricists might
expect to observe in cases where the X and autosomes are
equally permissive locations for SA polymorphism. These
benchmarks overturn the common assumption that signals of
SA polymorphism should be equally detectable at individual
X-linked and autosomal loci, and suggest that strong empirical
signals of SA fitness variation on the X chromosome are compa-
tible with population genetic scenarios in which SA
polymorphisms are not enriched on the X chromosome. Our
results, therefore, highlight an important difference in perspec-
tive between population genetic predictions about
polymorphism—the primary focus of theoretical studies of SA
variation on sex chromosomes and autosomes—and measures
of phenotypic and allele frequency differences among individ-
uals of a population (e.g. variances of quantitative traits,
including fitness, and Fsr-based metrics), which predominate
in empirical studies of SA variation and are disproportionately
affected by X-linked polymorphism. In the light of our
models, we revisit current evidence for Rice’s hypothesis and
highlight opportunities for future tests of it.

(a) Re-evaluating the evidence for Rice’s hypothesis

The most direct approach for testing Rice’s prediction is to
partition the cross-sex genetic covariance for SA fitness vari-
ation into X-linked and autosomal components (e.g. using
D. melanogaster hemi-clones: [22,35]). In D. melanogaster, the
X chromosome comprises roughly 20% of the genome
(Px =0.2). Our models predict that the fractional contribution
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of the X to the cross-sex genetic covariance for fitness should
be fx=1/3 when most of the genetic variation for fitness is
SA and SA polymorphisms are equally abundant on the X
and autosomes (equation (2.12)). From a sample of 20
hemi-clones from the laboratory-adapted LHy; population,
Gibson et al. [35] reported an estimate of fx=0.97 for the
net cross-sex genetic covariance for fitness, which was not
statistically different from 1/3 and, therefore, consistent
with the hypothesis of no X-linked enrichment of SA poly-
morphisms. To the extent that SC genetic variation also
contributed to the cross-sex fitness covariance among
hemi-clone lines, and given fitness parameter estimates of
deleterious mutations from the same species (figure 3; [53]),
our models predict yet further inflation of the X-linked
contribution to the negative cross-sex fitness covariance.

A GWAS of sex-specific fitness variation, based on a
sample of 202 hemi-clone lines from the LHy population
[22], estimated that the X accounted for 39% of the cross-sex
covariance due to SA SNPs (fx=0.39, which did not
significantly differ from Px=0.2). Importantly, the GWAS
approach permits SNPs to be partitioned by their estimated fit-
ness effects, resulting in a GWAS estimate of fx that is
minimally affected by SC variation. This may explain why
the GWAS point estimate of fx is close to the idealized theoreti-
cal prediction for SA polymorphisms uniformly distributed
across the genome (fx = 1/3 ~ 0.33), though there is substantial
imprecision in the estimate (as already noted).

The most experimentally feasible approach for testing
Rice’s hypothesis is to compare covariances for fitness (or fit-
ness components) between fathers and sons (who do not
inherit their father’s X) with covariances between fathers and
daughters (who do). As noted by Fry [32], studies of this
type return mixed results (electronic supplementary material,
table S1). In the side-blotched lizard Uta stansburiana, the
ground cricket Allonemobius socius, and the fruit fly Drosophila
serrata, father—daughter covariances are negative and father—
son covariances are positive [16,41,42]. Elsewhere, studies on
D. melanogaster and red deer (Cervus elaphus) populations
have reported significantly negative father-daughter covari-
ances and father—son covariances that are not significantly
different from zero [37-40,43]; such studies are consistent
with the enrichment of SA polymorphisms on the X, though
it should be noted that none of them formally tested whether
the magnitude of the negative covariance between father and
daughter fitness was significantly greater than the magnitude
of the covariance between fathers to sons. Nevertheless, the
consistency of point estimates of father-daughter versus
father—son fitness covariances in D. melanogaster studies
offers the most compelling evidence to date for the enrichment
of SA polymorphisms on the X.

Finally, two studies have used genome-wide patterns of
transcription or population genetic diversity to indirectly
infer the chromosomal locations of SA loci. First, Innocenti &
Morrow [75] used LHy; hemi-clones in D. melanogaster to test
for associations between gene expression and fitness, and
reported an excess (greater than 20%) of X-linked genes with
putative SA effects of transcript abundance. However, it is
not possible to infer the locations of SA polymorphic variation
with these data unless one can assume that transcriptional
variation is caused by gene-specific cis-regulatory polymorph-
isms, which appears unlikely given the predominance of trans-
acting variation within Drosophila populations [76]. Second,
Lucotte et al. [44] showed that the human X chromosome is

enriched for outliers of Fgr estimated between adult females n

and males [44]. We have shown that X-autosome contrasts of
between-sex Fsy estimated from a random sample of adults
can provide an unbiased, albeit indirect, test of
Rice’s hypothesis when they are applied to SA loci affecting
viability (electronic supplementary material, appendix H).
By contrast, recent admixture, sex-biased migration and sex-
specific selection affecting adult fitness components (e.g.
mating success and fecundity) generate sex differences in the
allele frequencies of X-linked but not autosomal loci (i.e.
because sex-specific allele frequencies are equalized at con-
ception on autosomes but not the X), creating a bias towards
X-linked Fgry outliers. Sampling error and mis-mapping of Y-
linked reads to the X or autosomes can also artificially inflate
between-sex Fst estimates [45,46,77,78], and these technical
issues may further exacerbate X-linked versus autosomal
differences. Taken together, these genomics studies do not pro-
vide conclusive evidence regarding the chromosomal locations
of SA polymorphisms.

(b) Conclusions and further considerations

Our models provide empirical predictions for an idealized case
in which SA polymorphisms are uniformly distributed across
the genome. Current data on SA genetic variation for fitness
are largely compatible with this idealized model, though we
acknowledge the logistical difficulties of empirically testing
for chromosomal disparities in SA polymorphism. Precise esti-
mates of fitness (co)variance are difficult to obtain, and
comparisons between fitness variances and/or covariances
often suffer from low statistical power [18,79]. Our hope is
that our predictions provide better guidelines for future tests
of Rice’s hypothesis, including GWAS analyses of SA variation
and estimates of cross-sex fitness covariances from a broader
array of populations and species.

While our models establish baseline expectations against
which data can be compared, it is important to keep in mind
that our theoretical predictions apply to scenarios in which SA
polymorphisms are maintained at equilibrium under balancing
selection and the distributions of SA and SC fitness effects are
equal between the X and autosomes, though both assumptions
may be violated in real populations. First, SA alleles, including
those under balancing selection, may be strongly susceptible
to genetic drift, leading to substantial deviations from determi-
nistic equilibrium, particularly on the X, which has a lower
effective population size than autosomes [23,25,80]. We have
shown that genetic drift will not fundamentally change our pre-
dictions regarding SA polymorphisms under strong balancing
selection (electronic supplementary material, appendix B). Yet,
for SA loci subject to directional selection or weak balancing
selection, recurrent mutation will be important in maintaining
polymorphism and will tend to elevate SA polymorphism
on autosomes relative to the X. Second, it remains unclear
whether or not the distribution of phenotypic (including
fitness) effects of mutations is equivalent between the X and
autosomes. Such assumptions are central to many theoretical
predictions for sex chromosome evolution, and while there is
some qualitative indirect support for them [12,81-84], further
attention to the issue would greatly improve our ability to pre-
dict the potential contributions of X-linked and autosomal
genes to population genetic diversity and species divergence.

Data accessibility. All supporting data are available in the Supplementary
Materials.
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