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Sexual antagonism leads to a mosaic of X–autosome conflict

Steven A. Frank
1
and Manus M. Patten

2

Males and females have different optimal values for some traits, such as body size. When the same
genes control these traits in both sexes, selection pushes in opposite directions in males and females.
Alleles at autosomal loci spend equal amounts of time in males and females, suggesting that the sex-
ually antagonistic selective forces may approximately balance between the opposing optima. Frank
and Crespi noted that alleles on the X chromosome spend twice as much time in diploid females as in
haploid males. That distinction between the sexes may tend to favor X-linked genes that push more
strongly toward the female optimum than the male optimum. The female bias of X-linked genes con-
flicts with the intermediate optimum of autosomal genes, potentially creating an X-autosome conflict.
Patten has recently argued that explicit genetic assumptions about dominance and the relative mag-
nitude of allelic effects may lead X-linked genes to favor the male rather than the female optimum,
contradicting Frank and Crespi. This article combines the insights of those prior analyses into a new,
more general theory. We find some parameter combinations for X-linked loci that favor a female bias
and other parameter combinations that favor a male bias. We conclude that the X likely contains a
mosaic pattern of loci that conflict with autosomes over sexually antagonistic traits. The overall ten-
dency for a female or male bias on the X depends on prior assumptions about the distribution of key
parameters across X-linked loci. Those parameters include the dominance coefficient and the way in
which ploidy influences the magnitude of allelic effects.
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Introduction

Sexual antagonism arises when males and females

have different optimum values for a trait with a

shared genetic basis. Selection in males pushes the

evolution of the trait in one direction, and selection

in females pushes in the other direction (Rice & Chip-

pindale, 2001; Bonduriansky & Chenoweth, 2009; van

Doorn, 2009). For autosomal alleles, which occur

equally in males and females, the opposing male and

female selective pressures tend to balance, and we

expect intermediate phenotypes.

How do opposing selective forces in males and fe-

males play out on the X chromosome? Females are

diploid on the X, with two alleles at each locus. Males

are haploid, with one allele at each locus. Frank &
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Crespi (2011) argued that selection will tend to push

more strongly toward the female optimum, because

each allele spends two-thirds of its time in females

and one-third of its time in males. The resulting

tendency toward female-biased optima on the X con-

flicts with the tendency toward intermediate pheno-

types favored by autosomes.

Patten (2019) argued that selection on the X may

favor traits that tend toward the male optimum

rather than the female optimum. His conclusion fol-

lows from two factors. First, dominance can mask

some mutations on diploid female X chromosomes

but not on haploid male X chromosomes. Second, if

the effect per locus on trait expression is the same

in females as in males, then each allele in a diploid

female has half the effect of an allele in a haploid

male.

Each of these assumptions reduces the genetic

variance in fitness in females, weakening the overall

selective pressure that females impose on trait evolu-

tion relative to males. In consequence, trait evolution

may tend toward the male optimum.
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These contrasting conclusions about the direction

of sex bias favored by X-linked genes arise from dif-

ferent assumptions about the genetics of traits. In

this article, we develop a more general theory that

subsumes the prior models. From that more general

analysis, we show why X-linked loci may vary with re-

gard to the direction of sex bias. Thus, the X may be

a mosaic of loci that conflict in different ways with

the intermediate tendency for trait evolution caused

by autosomal loci.

Mosaic sex bias along the X is interesting because

X-autosome conflict potentially plays a role in dis-

ease (Frank & Crespi, 2011), in speciation (Crespi &

Nosil, 2013), and in genomic evolution (Patten, 2018).

With regard to the specific genetic assumptions, X-

autosome conflict depends in interesting ways on the

variability among loci in dominance and the relation

between ploidy level and the contribution of each al-

lele to phenotypic value.

We first develop a simple model that highlights

how the key genetic parameters influence the bias

of the X-linked genes toward the male or female op-

timum. We then consider how the distribution of ge-

netic parameter values determines the mosaicism in

bias of the X and whether the overall bias is toward

the male or the female optimum.

Analysis

Frank & Crespi (2011) noted that two genetic fac-

tors can influence the dynamics of selection on the

X chromosome under sexual antagonism. First, fe-

males are diploid on the X, whereas males are hap-

loid. Thus, X-linked alleles spend twice as much time

in females as in males, which can lead to a greater

potential for selection in females relative to males.

For example, when females have a double dose of

the same allele in homozygotes, that potentially in-

creases the effect of the locus on trait values rela-

tive to the same hemizygous locus in males. Sec-

ond, alleles in females at loci that are heterozygous

may be hidden from expression if recessive, weaken-

ing the relative selection pressure in females (Vicoso

& Charlesworth, 2006). In males, all alleles are po-

tentially exposed to selection because they are not

paired with another allele at the same locus.

Frank & Crespi (2011) did not analyze the role

of dominant versus recessive allelic effects in fe-

males. Instead, they argued that most traits of in-

terest would be influenced by many genetic loci. The

alleles at each of those many loci would tend to have

a small and more or less additive effect on the over-

all trait value. In addition, epistatic interactions be-

tween loci may contribute more strongly to any non-

additivity than dominance within loci, such that hap-

loid males and diploid females do not experience

greatly differing nonadditivity and masking of rare

alleles. As shown in the following analysis, these as-

sumptions favor a female bias on the X.

Patten (2019) extended the theory by explicitly in-

cluding a dominance parameter. In addition, Patten

(2019), following Rice (1984), assumed that each fe-

male homozygous locus and male hemizygous locus

have equivalent phenotypic consequences. By con-

trast, Frank & Crespi (2011) assumed that, at a sub-

set of loci, a female homozygote has a greater phe-

notypic effect than a male hemizygote. Here, we ana-

lyze a more general model that subsumes the earlier

work and clarifies the different assumptions in the

prior analyses.

Parameters

Suppose an X-linked locus is fixed for the X1 allele,

with X1X1 females and X1Y males. Consider the fit-

ness of a sexually antagonistic mutant X2 allele that

increases fitness in one sex and decreases fitness

in the other. Let mutant males, X2Y , have fitness

1+M . Homozygous mutant females, X2X2, have fit-

ness 1 − γM , with γ > 0. If M is positive, the mu-

tant has beneficial effects in males and deleterious

effects in females. The opposite effects hold for neg-

ative M . Heterozygous mutant females, X1X2, have

fitness 1 − hγM , in which 0 ≤ h ≤ 1 is the standard

dominance coefficient.

The parameter γ = αδ has two separate compo-

nents. First, α > 0 scales fitness effects in females

relative to males, such that the mutant effect is M
in males and −αM in females. Second, 1 ≤ δ ≤ 2,

scales the effect of a diploid female locus relative to

a haploid male locus.

Rice (1984) and Patten (2019) assumed equal per

locus effects in females and males, δ = 1, which

means that each allele in a female has, on average,

one-half the effect of each allele in a male, or, equiv-
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alently, that the lone allele in a male has twice the

effect of each allele in a female. Frank & Crespi

(2011) assumed equal per allele effects in females

and males, δ = 2, which means that each allele has

the same effect in females and males. Here, we gen-

eralize the analysis by specifying the continuous pa-

rameter, δ, between those two endpoints.

Invasion of a rare mutant

For M > 0, a rare male-beneficial mutant invades

when (Parsons, 1961)

hγ <
1

2+M . (1)

When this condition holds for a sufficiently large

fraction of new mutations, then X-linked loci will be

biased toward the male optimum.

For M < 0, a rare female-beneficial mutant allele,

X2, invades and spreads in a population fixed for X1,

when

hγ >
1

2−M . (2)

When this condition holds for a sufficiently large

fraction of new mutations, then X-linked loci will be

biased toward the female optimum.

Sex bias of individual X-linked loci

If new mutations at a locus are biased toward the op-

timum favored by one sex, then that locus will tend

to push in the direction of the favored sex. Muta-

tional bias can arise at both autosomal and X-linked

loci.

Several additional factors uniquely influence sex

bias at X-linked loci. First, if new mutants at a lo-

cus are biased with regard to dominance, h, then

that bias can lead to the favoring of one sex over the

other. Dominant mutations, h > 1/2, favor a female

bias, and recessive mutations, h < 1/2, favor a male

bias. The greater the deviation of h from 1/2, the

greater the expected bias.

Second, larger fitness effects of mutants, with

greater absolute M values, favor a male bias. That

bias arises because the condition for male beneficial

mutants in eqn 1 becomes relatively easier to satisfy

for increasing M than does the condition for female

beneficial mutants in eqn 2 for decreasing values of

M .

Third, in the composite parameter γ = αδ, the pa-

rameter δ is the female:male ratio for the per locus

contribution to fitness. An increase in δ enhances the

relative selective intensity acting on females relative

to males, with the consequence of increasing the ten-

dency of X-linked loci to favor the female optimum.

Simplifying assumptions provide further insight

about the conditions for sex bias. Suppose that mu-

tations have symmetric effects on females and males,

α = 1, and that mutations have relatively small ef-

fects on fitness, M → 0. Then the condition for a

male-beneficial mutation (M > 0) to increase is

hδ < 0.5, (3)

and the condition for a female-beneficial mutation

(M < 0) to increase is

hδ > 0.5. (4)

If we assume that allelic effects are additive, that is,

neither dominant nor recessive, with h = 0.5, then

the condition for male bias, δ < 1 is never satisfied.

The condition for female bias is δ > 1. If δ = 1, then

there is no bias.

The parameter δ takes on its minimal value of one

when a mutant allele in a female has one-half the ef-

fect of a mutant allele in a male. If the effect in a

female is greater than one-half that in males, then

δ > 1. When mutant alleles have the same addi-

tive effect in females and males, then δ = 2. As-

suming that at least some loci have δ > 1, the bias

is always toward females for loci that experience

new mutations with small additive effects (Frank &

Crespi, 2011).

By contrast, when δ = 1, a male bias can arise un-

der particular assumptions about dominance. Sup-

pose, for example, that fitness is a bell-shaped func-

tion of phenotype in both sexes, such that mutations

benefitting females (M < 0) are dominant and muta-

tions harming females (M > 0) are recessive because

of the curvature of the fitness surface (Connallon &

Chenoweth, 2019). Patten (2019) showed that such

reversals of dominance can lead to a male bias for

sexually antagonistic traits at X-linked loci.

Finally, dosage compensation by X inactivation

causes females to be effectively haploid. With males

and females effectively haploid, there is no sex-

associated asymmetry on the X, and therefore no in-

herent tendency for the X to favor one sex over the
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other.

However, as noted by Frank & Crespi (2011),

“About 15% of genes on the human X chromosome

escape inactivation, and another 10% of X-linked loci

are variably expressed on inactive X chromosomes

(Carrel & Willard, 2005). Thus, a significant number

of X-linked loci may be expressed from both copies

and may conflict with autosomes. Occasional diploid

expression on the X is sufficient to create the con-

flict.” Under systems with X inactivation, our theory

applies to the many loci that at least partially escape

inactivation.

Conclusion

Variation in parameter values across loci means that,

inevitably, some loci will have a male bias and other

loci will have a female bias. The X chromosome

will therefore be mosaic for the direction of sex bi-

ases and X-autosome conflict, with some X-linked

loci pushing toward the female optimum and other

loci pushing toward the male optimum.

Across the entire X chromosome, the overall ten-

dency for a bias toward females or males depends

on the distribution of parameter values. If muta-

tions tend to have small additive effects (M → 0 and

h ≈ 1/2), as may happen for the sort of polygenic

traits likely to be influenced by sexual antagonism,

then the overall bias when δ > 1 is strongly toward

females (Frank & Crespi, 2011). By contrast, if new

mutations tend be recessive (h < 1/2), have suffi-

ciently large fitness effects (M � 0), or have an asso-

ciation between dominance and fitness effects, then

the overall bias when δ = 1 is likely to be toward

males (Patten, 2019).

In summary, a simple genetic model and broadly

reasonable assumptions lead to mosaicism in X-

autosome conflict over sexually antagonistic traits.

Acknowledgments

The Donald Bren Foundation supports SAF’s re-

search. SAF completed this work while on sabbatical

in the Theoretical Biology group of the Institute for

Integrative Biology at ETH Zürich.

Author contributions

SAF initiated this research. SAF and MMP jointly

worked out the differences in their prior models, for-

mulated the final form of the analysis, and wrote the

manuscript.

References

Bonduriansky, R. & Chenoweth, S. F. (2009). Intralo-

cus sexual conflict. Trends in Ecology & Evolution,

24, 280–288.

Carrel, L. & Willard, H. F. (2005). X-inactivation pro-

file reveals extensive variability in X-linked gene

expression in females. Nature, 434, 400–404.

Connallon, T. & Chenoweth, S. F. (2019). Dominance

reversals and the maintenance of genetic variation

for fitness. PLOS Biology, 17, 1–11.

Crespi, B. & Nosil, P. (2013). Conflictual speciation:

species formation via genomic conflict. Trends in

Ecology & Evolution, 28, 48–57.

Frank, S. A. & Crespi, B. J. (2011). Pathology from evo-

lutionary conflict, with a theory of X chromosome

versus autosome conflict over sexually antagonis-

tic traits. Proceedings of the National Academy of

Sciences, 108(suppl 2), 10886–10893.

Parsons, P. (1961). The initial progress of new genes

with viability differences between sexes and with

sex linkage. Heredity, 16, 103–107.

Patten, M. M. (2018). Selfish x chromosomes and spe-

ciation. Molecular Ecology, 27, 3772–3782.

Patten, M. M. (2019). The X chromosome favors males

under sexually antagonistic selection. Evolution,

73, 84–91.

Rice, W. R. (1984). Sex chromosomes and the evolu-

tion of sexual dimorphism. Evolution, 38, 735–742.

Rice, W. R. & Chippindale, A. K. (2001). Intersexual

ontogenetic conflict. Journal of Evolutionary Biol-

ogy, 14, 685–693.

van Doorn, G. S. (2009). Intralocus sexual conflict.

Annals New York Academy of Science, 1168, 52–71.

Vicoso, B. & Charlesworth, B. (2006). Evolution on the

X chromosome: unusual patterns and processes.

Nature Reviews Genetics, 7, 645–653.

4

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 24, 2019. ; https://doi.org/10.1101/746032doi: bioRxiv preprint 

https://doi.org/10.1101/746032
http://creativecommons.org/licenses/by-nc/4.0/

	Parameters
	Invasion of a rare mutant
	Sex bias of individual X-linked loci
	References
	Appendix: Discrete and continuous distributions

