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Abstract

Theoretical work suggests that sexual conflict should promote the maintenance of

genetic diversity by the opposing directions of selection on males and females. If such

conflict is pervasive, it could potentially lead to genomic heterogeneity in levels of

genetic diversity an idea that so far has not been empirically tested on a genomewide

scale. We used large‐scale population genomic and transcriptomic data from the

collared flycatcher (Ficedula albicollis) to analyse how sexual conflict, for which we use

sex‐biased gene expression as a proxy, relates to genetic variability. Here, we demon-

strate that the extent of sex‐biased gene expression of both male‐biased and female‐
biased genes is significantly correlated with levels of nucleotide diversity in gene

sequences and that this correlation extends to diversity levels also in intergenic DNA

and introns. We find signatures of balancing selection in sex‐biased genes but also

note that relaxed purifying selection could potentially explain part of the observed

patterns. The finding of significant genetic differentiation between males and females

for male‐biased (and gonad‐specific) genes indicates ongoing sexual conflict and sex‐
specific viability selection, potentially driven by sexual selection. Our results thus indi-

cate that sexual antagonism could potentially be considered as one viable explanation

to the long‐standing question in evolutionary biology of how genomes can remain so

genetically variable in face of strong natural and sexual selection.
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1 | INTRODUCTION

A classical problem in evolutionary biology is to explain the wealth of

genetic variability, especially multivariate variation for quantitative

traits, displayed by most species in the face of selection (Barton & Tur-

elli, 1989; Kruuk & Hill, 2008; Mitchell‐Olds, Willis, & Goldstein, 2007).

In the general sense, directional selection is expected to reduce genetic

diversity at trait loci and in genomic regions linked to such loci. In addi-

tion, sexual selection might be a particularly potent force in depleting

genetic variance for traits related to male–male competition (Kokko,

Brooks, Jennions, & Morley, 2003), although there are several explana-

tions as to how the “lek paradox”might be resolved (Radwan, 2008).

One factor that could potentially contribute to maintenance of

genetic diversity is sexual conflict. Here, opposing directions of
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selection in males and females for sexually antagonistic alleles (intralo-

cus sexual conflict) should increase the fixation time for positively

selected mutation and act towards stable maintenance of segregating

variation (Connallon & Clark, 2012, 2014; Jordan & Connallon, 2014),

that is, one form of balancing selection. Loci experiencing balancing

selection are expected to show an excess of intermediate frequency

variants, elevated diversity and longer coalescence times than under

neutrality (Charlesworth, 2006; Hudson & Kaplan, 1988; Turelli & Bar-

ton, 2004). An excess of trans‐species polymorphisms might be

observed if coalescent times are deeper than speciation times (Muir-

head, Glass, & Slatkin, 2002). However, there is limited empirical sup-

port to the idea that balancing selection driven by sexual conflict

would have some overall influence on genomewide levels of genetic

diversity. This is thus a question that awaits formal testing in different

systems using large‐scale genomic data sets.

Males and females pursue different strategies for reproduction ulti-

mately resulting in large phenotypic differences between sexes (Arn-

qvist & Rowe, 2005). Yet, males and females are almost identical at the

genetic level, with the exception of sex chromosomes when they are

present. It is the high degree of genetic similarity between sexes that

introduces sexual conflict. It has become increasingly understood that

this conflict might result in, and might ultimately be solved by, sex‐
biased gene expression (Connallon & Knowles, 2005; Ellegren & Parsch,

2007; Mank, 2017). This could be in many forms, including different

expression levels between sexes in one or more tissues, sex‐limited

expression or temporal variation in gene expression between sexes.

Sex‐biased expression can thus be used as a signal of ongoing

antagonistic selection or a signature of a recent resolution of sexual

conflict. In a seminal paper, Innocenti and Morrow (2010) designed

fitness assays in hemiclonal lines of Drosophila melanogaster to

demonstrate that 8% of the genes with sex‐biased expression

showed sexually antagonistic fitness effects. This is likely to be an

underestimate for several reasons, not least because only a narrow

window of time in the lifespan of flies was investigated. It was sug-

gested that genetic variation for fitness might actually be dominated

and maintained by sexual antagonism. Such experimental approaches

are out of scope in studies of natural populations, but it seems rea-

sonable to assume that a significant proportion of loci with sex‐
biased gene expression evolve or have evolved under the influence

of sexual antagonism in many organisms.

Here, we test whether levels of nucleotide diversity are associ-

ated with the extent of sex‐biased gene expression in the genome of

the collared flycatcher (Ficedula albicollis). We use large‐scale popula-

tion genomic data to assess genetic diversity and transcriptomic data

from multiple organs to quantify gene expression in males and

females. We augment this approach with an analysis of the potential

genomic consequences of a specific aspect of sexual conflict: sexu-

ally antagonistic viability selection. Our main observation is a posi-

tive correlation between levels of nucleotide diversity in gene

sequences and sex‐biased gene expression. Relaxed purifying selec-

tion could potentially play a role but the finding of significant genetic

differentiation between males and females for sex‐biased genes is

consistent with ongoing sexual conflict.

2 | MATERIALS AND METHODS

2.1 | Sampling

We used whole‐genome resequencing data from 172 collared fly-

catchers sampled as breeding pairs at the Baltic Sea islands Gotland

(n = 43 males and 43 females) and Öland (n = 86 males). Description

of sequencing methods and other methodological details for the

Öland population are given in Kardos, Husby, McFarlane, Qvarn-

strom, and Ellegren (2016). For the Gotland population, each individ-

ual was sequenced with a paired‐end approach to a mean coverage

of 38.6× (range: 29.5–50.2×) on an Illumina HiSeqX instrument.

Read length was 150 bp and insert size ~350 bp. Reads from all indi-

viduals were mapped to the collared flycatcher reference genome

assembly version FICALB1.5 (GenBank Accession GCA_000247815.2)

with BWA mem version 0.7.13 (Li & Durbin, 2009) and processed

with SAMTOOLS version 1.3 (Li et al., 2009). The reads were dedupli-

cated with PICARD version 2.0.1 (http://broadinstitute.github.io/pica

rd/), and realigned and recalibrated with GATK version 3.6 (DePristo

et al., 2011). Variants were then called with GATK's HaplotypeCaller

and GenotypeGVCFs version 3.

In order to reduce the number of false positives and to improve

concordance between variants of the two samples, we validated the

variants in each of the two populations against a high‐quality variant

set for flycatchers obtained from sequencing of 200 individuals from

10 populations where different methods for variant calling had been

intersected (Burri et al., 2015). Variants that had not been found in

these 200 individuals were conservatively excluded.

2.2 | Annotation

We extracted coding sequences for all genes from the ENSEMBL

annotation of the flycatcher genome assembly version FICALB1.4 and

translated them to the FICALB1.5 version. Genes that span two or

more scaffolds were removed, as were overlapping genes on com-

plementary strands. We only used autosomal genes and hence

excluded sex‐linked genes and genes that had not been assigned to

a specific chromosome. In total, 14,300 annotated genes were avail-

able and analysed.

2.3 | Transcriptomics

We used RNA‐seq data from seven different organs (gonads, brain,

kidney, liver, lung, muscle and skin) of four male (NCBI/SRA study

ERP001377; coll_01, coll_03, coll_04, coll_05) and four female

(coll_06, coll_07, coll_08, coll_10) collared flycatchers described in

Ref. (Uebbing, Kunstner, Makinen, & Ellegren, 2013). Reads were

quality‐checked using FASTQC and duplicates were removed using PI-

CARD v 2.0.1 (http://broadinstitute.github.io/picard/). Reads were

then mapped to the FICALB1.5 assembly version using STAR v.2.5.1b

(Dobin et al., 2013) with default parameters. Uniquely mapped reads

with a mapping quality above 30 were used to assess transcript

abundance based on HTSEQ v0.6.1 (Anders, Pyl, & Huber, 2015). The
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DESEQ2 package (Love, Huber, & Anders, 2014) in R (R core Team,

2017) was then used to estimate the log2‐fold change in expression

between sexes. This log2‐fold change is referred throughout the text

as the level of sex‐bias for males and females respectively. To

increase the signal‐to‐noise ratio in the statistical analyses and to be

able to investigate male‐biased genes and female‐biased genes inde-

pendently, we grouped genes into 10 bins of male‐biased genes and

10 bins of female‐biased genes according to the level of sex‐bias for

each organ. Note that this grouping was based on all genes such

that the bin(s) with the lowest sex‐bias essentially comprised unbi-

ased genes. Each bin contained the same number of genes and 10

bins proved empirically to be the number of bins retaining most of

the signal while limiting the noise. We chose to not use a discrete

classification of sex‐bias because filtering criteria and thresholds

have major effects on the number of genes defined as sex‐biased
(Ingleby, Flis, & Morrow, 2014).

2.4 | Population genomics

A site was considered for population genetics analyses if covered by

at least one read for all individuals within the population. To calcu-

late population genetic statistics, we computed the allelic frequency

spectrum using in‐house scripts and the PYTHON package PYVCF 0.4.0

(https://pyvcf.readthedocs.org). Nucleotide diversity, the average

number of pairwise differences per site within the sample (π; Nei &

Li, 1979), was used as a measure of diversity. It was calculated inde-

pendently for each location and then taken as the mean between

the two samples.

We assessed whether the extent of sex‐biased gene expression

in gonads had the potential to explain genomewide patterns of

diversity across 200‐kb windows by regression analysis when

accounting for recombination, gene density, intergenic GC content

and mutation rate (approximated by the lineage‐specific synonymous

substitution rate, dS, for flycatcher estimated from three‐species
alignments of collared flycatcher, chicken Gallus gallus and zebra

finch Taenopygia guttata). Data for the explanatory variables were

taken from Bolívar, Mugal, Nater, and Ellegren (2016) and Dutoit

et al. (2017). We calculated the level of sex‐bias per window as the

average over all genes in that window and were able to retrieve data

for 2,190 windows. Explanatory variables with particularly skewed

distributions were transformed prior to regression analysis in order

to reduce skewness in their distribution. Recombination rate was

log‐transformed to base 10 after adding a constant 1, and gene den-

sity and dS were square‐root‐transformed. Associations between

variables were assessed by correlation analysis. We then performed

a principal component regression (PCR), a method able to handle

collinearity between explanatory variables, using axes obtained from

a principal component analysis as predictors of the response variable

(Mugal, Nabholz, & Ellegren, 2013).

Two population genetics parameters that may signal balancing

selection were investigated. First, Tajima's D (Tajima, 1989) was esti-

mated using the allelic frequency spectrum (see above). Second, we

quantified the amount of shared polymorphism between collared

flycatcher and semicollared flycatcher (Ficedula semitorquata) as the

number of variant sites in collared flycatchers that were also variable

in semicollared flycatchers, divided by the total number of variants

across both species in 200‐kb windows. Polymorphism data were

obtained from Burri et al. (2015).

To further examine the potential explanatory power of relaxed

purifying selection, we extracted the ratio of the nonsynonymous to

the synonymous substitution rate (dN/dS) from Bolívar et al. (2016).

Nucleotide diversity was also extracted for 0-fold and 4-fold degen-

erated sites to obtain the ratio of nonsynonymous to synonymous

polymorphisms (pN/pS).

We estimated weighted FST (Weir & Cockerham, 1984; Eq. 6)

between males and females within the Gotland sample using

VCFtools (Danecek et al., 2011). As we were unable to match the

assumptions of normal distribution of the residuals and homoscedas-

ticity (and faced a low signal‐to‐noise ratio in the per‐gene analysis),

genes were concatenated into three bins with equal numbers of

genes classified as female‐biased genes, unbiased, and male‐biased
based on data from gonads. The average sex‐bias for the category of

female‐biased genes was a log2‐fold change of 2.40 and for male‐
biased genes a log2‐fold change of 2.23; unbiased genes had on

average a small female bias of 0.13. Genes were resampled with

replacement 500 times within each bin to estimate the 95% confi-

dence interval of a bootstrap sample.

FST is zero when the variance within groups is equal to the vari-

ance between the groups; this should be the null expectation for

two random samples drawn from the same population. To test this

assumption and to obtain an empirical background level of FST in the

population, we randomly assigned individuals to two groups 1,000

times and calculated FST over all genes. We then extracted a 95%

confidence interval of the distribution of the bootstrap. We esti-

mated FST between males and females for all genes, and for genes in

the three bins defined above, and resampled genes with replacement

500 times to be able to test whether genomewide FST between

sexes was higher than the null expectation.

3 | RESULTS

We first quantified the extent of sex‐biased gene expression in

seven different organs of adult collared flycatchers (brain, gonads,

kidney, liver, lung, muscle and skin). As expected, gonads showed

the highest degree of sex‐bias with 49% of genes being differentially

expressed between sexes at a significance threshold of p < 0.05

(after false discovery rate correction, Benjamini & Hochberg, 1995;

Table 1, Figure 1a). More genes were female‐biased (n = 3,914, in

ovary) than male‐biased (n = 3,085, in testis). For all nonreproductive

organs, less than 2% of genes showed a significant sex‐bias (Table 1,

Figure 1c). Similar proportions of sex‐biased genes were seen when

considering the mean fold change in expression between the sexes

and using a fold change as cut‐off. Sixty‐two per cent of gonadal

genes were expressed at least twice as much in one sex than in the

other, while this proportion was below 2% in all other organs. Levels
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of sex‐bias were weakly correlated across organs, with Pearson's cor-

relation coefficients ranging from 0.04 for the gonads–brain compar-

ison to 0.27 for the muscle‐kidney comparison.

We used whole‐genome resequencing data from 172 collared

flycatchers to estimate coding sequence diversity. When binning

genes into 10 equally sized categories according to the level of sex‐
biased expression, we observed strong positive relationships

between genetic diversity and level of sex‐bias for most organs. In

gonads, the relationship was statistically significant both for male‐
biased genes (ρ = 0.83, p = 0.0056, Spearman rank correlation) and

female‐biased genes (ρ = 0.87, p = 0.0027; Figure 1b). Despite much

lower levels of sex‐bias (magnitude of sex‐bias as well as proportion

of sex‐biased genes) in nonreproductive organs, the same pattern for

male‐biased genes were observed in brain (Figure 1d; male‐biased:
(ρ = 0.85, p = 0.0035; female‐biased: (ρ = 0.77, p = 0.01) and, to a

lower extent, also in kidney, liver, skin, muscle for one or both of

the sexes (Supporting information Table S1). Moreover, similar pat-

terns were seen in separate analyses of diversity at nonsynonymous

(pN) and synonymous sites (pS), respectively (Supporting information

Figure S1), again with the strongest effects detected in gonads for

both male‐biased (nonsynonymous sites) and female‐biased (synony-

mous sites) genes, but with statistically significant effects also in sev-

eral somatic organs (Supporting information Table S2). These data

thus indicate that genes, which show sex‐biased expression, are typi-

cally associated with higher levels of genetic diversity than unbiased

genes. This would be compatible with, but does not prove, the

TABLE 1 Description of sex‐biased
gene expression per organ

Organ
No. of genes
expressed

No of genes with significant
sex‐biasa

No of genes with fold change
>2

Total, females,
males

Proportion
(%)

Total, females,
males

Proportion
(%)

Gonads 14,067 6,999, 3,914,

3,085

49.8 8,824, 5,379,

3,445

62.7

Kidney 9,583 139, 20, 119 1.5 46, 6, 40 0.5

Lung 9,719 96, 27, 69 1.0 154, 63, 91 1.6

Liver 9,063 38, 19, 19 0.4 140, 69, 71 1.5

Skin 10,836 38, 4, 34 0.4 49, 9, 40 0.5

Brain 8,862 21, 0, 21 0.2 8, 0, 8 0.1

Muscle 8,010 17, 3, 14 0.1 92, 29, 63 1.1

aSignificance was based on a model using the negative binomial distribution and corrected estimates

of gene counts as implemented in DESEQ2 by Love et al. (2014).
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F IGURE 1 Patterns of sex‐biased gene
expression in gonads (a, b) and brain (c, d).
(a) and (c) show the distribution of sex‐
biased expression among genes with male‐
biased genes in blue and female‐biased in
red. (b) and (d) are the relationships
between sex‐bias (log2) and nucleotide
diversity for male‐biased genes (blue) and
female‐biased genes (red)
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action of balancing selection where different alleles are favoured in

males and females, respectively, due to sexual antagonism.

Having demonstrated a link between coding sequence diversity

and sex‐biased gene expression, we asked whether the sex‐bias also

affects genomewide levels of genetic variation, that is, diversity in

genomic regions outside genes including intergenic regions and

introns. Several factors can potentially affect nucleotide diversity on

a genomic scale and thus need to be taken into account. We per-

formed multiple regression analysis incorporating coding sequence

density, GC content, recombination rate, repeat density, the synony-

mous substitution rate, dS (meant to approximate the mutation rate)

and levels of sex‐biased gene expression in gonads as candidate

explanatory variables for variation in nucleotide diversity in 200‐kb
windows across the genome. Sex‐biased expression correlated weakly

with dS (R = 0.10; p = 3.24 × 10−6) but not with any of the other

genomic variables. However, several of these other explanatory vari-

ables showed correlations with each other (Supporting information

Table S3). To be able to handle the problem of collinearity between

explanatory variables, we used a principal component regression

(PCR, Figure 2; Supporting information Table S4). PC6 explained most

of the variance (8.9%) and was mainly driven by GC content, coding

sequence density and recombination rate. This is consistent with pre-

vious evidence indicating a strong role of linked selection in govern-

ing genomic levels of genetic diversity in flycatchers (Burri et al.,

2015; Dutoit et al., 2017); note that GC content is strongly correlated

with recombination rate in avian genomes (Backström et al., 2010;

Kawakami et al., 2014; Mugal et al., 2013). PC5 explained 6.1% of

the variance and was driven by dS. PC1 explained 4.4% of the vari-

ance but without a clearly dominating explanatory variable. PC2

explained 4.2% of the variance and was mainly driven by sex‐biased
gene expression. PC3 and PC4 explained less variance and were

difficult to interpret. A conclusion from the PCR analysis was thus

that the higher genetic diversity of genes with sex‐biased gene

expression extends to be associated with heterogeneity in the overall

levels of nucleotide diversity in the collared flycatcher genome.

While the above observations are consistent with balancing

selection in sex‐biased genes as a cause to elevated genetic diver-

sity, relaxed purifying selection in such genes could also give rise to

this pattern. To test this possibility, we performed additional analy-

ses. First, we estimated the ratio of the nonsynonymous to synony-

mous substitution rate (dN/dS). For genes expressed in gonads, dN/dS

was significantly higher for male‐biased but not female‐biased, genes
compared to unbiased genes as well as to all genes irrespective of

where they were expressed (Figure 3). Moreover, dN/dS was posi-

tively correlated with the degree of sex‐bias for male‐biased but not

female‐biased genes (Supporting information Figure S2). Elevated

dN/dS is often interpreted as a signature of either relaxed purifying

selection or adaptive evolution. A way to distinguish between these

scenarios is to examine the ratio of the nonsynonymous to synony-

mous polymorphism (pN/pS); relaxed constraint should increase the

frequency of segregating nonsynonymous polymorphisms and hence

lead to increased pN/pS. For male‐biased genes, pN/pS was positively

correlated with the degree of sex‐bias (ρ = 0.71, p = 0.028) while

this was not the case for female‐biased genes (ρ = 0.16, p = 0.66;

Figure 4). We note that increased pN/pS could also be predicted from

balancing selection.

Another way to explore the potential role of balancing selection,

associated with sexual antagonism, is to investigate the persistence

of alleles. Balancing selection should led to deeper coalescence and

thereby set the stage for trans‐species polymorphisms (Charlesworth,

2006). We assessed the proportion of polymorphic sites within col-

lared flycatchers that also segregate in the semicollared flycatcher;

1 2 3 4 5 6

0
2

4
6

8
10

12
14

sex bias
repeat density
recombination rate
dS

GC
gene density

%
 o

f v
ar

ia
nc

e 
ex

pl
ai

ne
d 

(R
2 )

 

Principal component 

F IGURE 2 Amount of nucleotide diversity in 200‐kb windows
explained by the different principal components in a principal
component regression

0.
10

0.
12

0.
14

0.
16

0.
18

0.
20

d
N

/d
S

All genes Female–biased Unbiased Male–biased

F IGURE 3 Mean dN/dS with 95% confidence interval for female‐
biased, unbiased, and male‐biased genes expressed in gonads, as well
as for all genes irrespective of where expressed [Colour figure can
be viewed at wileyonlinelibrary.com]

3576 | DUTOIT ET AL.



the two species diverged 1–1.5 million years ago and have been

shown to share many variable sites (Nater, Burri, Kawakami, Smeds,

& Ellegren, 2015). Using the same binning approach as above, the

proportion of shared variants between the two species was posi-

tively correlated with the level of sex‐biased expression for male‐
biased genes (Figure 5a, p = 0.020), but not for female‐biased genes

(ρ = −0.33, p = 0.35). Consistent with this, Tajima's D was positively

correlated with the level of sex‐bias for male‐biased genes (Fig-

ure 5b; (ρ = 0.83, p = 0.0056), but not for female‐biased genes

(ρ = −0.60, p = 0.07). High estimates of Tajima's D indicate an

excess of intermediate frequency alleles.

Finally, if sexual conflict is strong such that contemporary sexual

antagonism at loci showing sex‐biased expression is associated with

viability selection, it may potentially be visible as allele frequency dif-

ferences between sexes. To test this possibility, we estimated genetic

differentiation (FST) between males and females from the same sam-

ple (n = 43 individuals of each sex). To maximize power, we grouped

genes into three different categories based on expression patterns in

gonads (unbiased, female‐biased, and male‐biased genes, Figure 6).

We also estimated “background” levels of FST within the population

by randomly assigning individuals to two groups and calculating FST

between these groups. The latter confirmed an expectation of a null

FST (mean = −3.55 × 10−6, 95% CI: −3.60 × 10−4 to 3.87 × 10−4).

However, FST between males and females across all genes proved to

be significantly different from zero (mean = 8.30 × 10−4, 95% CI

2.95 × 10−4 to 1.45 × 10−3. When genes were divided into three

categories according to sex‐biased expression, only FST for male‐
biased genes remained significantly different from zero (mean = 1.59

× 10−3; 95% CI 3.66 × 10−4 to 3.03 × 10−3), suggesting that these

genes might be driving the signal seen for all genes. For female‐
biased genes (mean FST = 3.41 × 10−4, 95% CI −2.05 × 10−4 to

9.18 × 10−4) and unbiased genes (mean FST = 5.39 × 10−4, 95% CI

−3.14 × 10−4 to 1.69 × 10−3), FST was not significantly different

from zero. When analysing genes specifically expressed in gonads,

both testis‐specific and ovary‐specific genes had significant and non-

zero mean FST estimates (Supporting information Figure S3).

4 | DISCUSSION

This study demonstrates a genomewide association between the

extent of sex‐biased gene expression and levels of genetic diversity

that, to our knowledge, has not previously been documented. The

association was seen for diversity both at the level of individual

genes and at the level of 200‐kb windows across the genome. These

observations are consistent with predictions from theory of sexual

conflict, namely that sexual antagonism promotes the maintenance

of segregating variation with opposing effects on male and female

fitness via balancing selection (Balaresque, Toupance, Quintana‐
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Murcilluis, Crouau‐Roy, & Heyer, 2004; Connallon & Clark, 2014;

Crow & Kimura, 1970; Kidwell, Clegg, Stewart, & Prout, 1977; Rice,

1984). It relies on the assumption that sex‐biased gene expression is an

indicator of sexual antagonism. While it is unlikely that all genes show-

ing sex‐biased expression are currently exposed to sexually antagonis-

tic selection, we consider sex‐biased genes to represent a set of loci

that are highly enriched for genes subject to ongoing sexual conflict.

But it also means that this may not hold true for any particular gene.

The positive correlation between sex‐biased expression and

nucleotide diversity seen in collared flycatcher is no evidence for a

causal relationship between sexual conflict and genetic diversity. In

theory, it could be that some other factor that covaries with sex‐
biased expression affects diversity levels. Within‐genome variation in

diversity levels is governed by a complex interplay of several factors

(Ellegren & Galtier, 2016). Mutation rate variation and introgression,

for example, are two such factors. In flycatchers (Burri et al., 2015;

Dutoit et al., 2017), as in many other species (Begun & Aquadro,

1992; Elyashiv et al., 2016; Slotte, 2014), linked selection is a major

determinant of local variation in diversity levels. This was confirmed

in this study. The extent of linked selection is in turn affected by

recombination rate variation and the density of targets of selection

(Cutter & Payseur, 2013). The principal component regression analy-

sis that we used was intended to disentangle the effects of different

explanatory variables. One principal component was found to be dri-

ven by sex‐biased expression, and to some extent, it thus

strengthens the probability of a causal link between sexual conflict

and diversity levels. While sex‐biased gene expression is not a major

determinant of diversity, the effect appears to be detectable.

Balancing selection, opposite to background selection and selec-

tive sweeps (reviewed in Cutter & Payseur, 2013 and Ellegren & Gal-

tier, 2016), can act to maintain and promote genetic diversity at

genetically linked sites (Charlesworth, Nordborg, & Charlesworth,

1997; Hudson & Kaplan, 1988; Schierup, Charlesworth, & Vekemans,

2000). Our analyses of the relationship between sex‐biased gene

expression and genetic diversity in nearby genomic regions were

indeed made with this premise. However, relaxed purifying selection

could also promote genetic diversity, both directly at functional sites

but also indirectly by reducing the effect of background selection.

This is an important caveat in our study that should be kept in mind.

In our data male‐biased genes showed elevated dN/dS and elevated

pN/pS, for which relaxed purifying selection could be an as viable

explanation as balancing selection. For female‐biased genes, this was

not the case. Similarly, the findings that both Tajima's D and the pro-

portion of shared variants between two flycatcher species were pos-

itively correlated with the level male‐biased expression would be

compatible with balancing selection as well as relaxed purifying

selection (the latter would locally increase the effective population

size (Ne) and thereby coalescence times). Again, this was not

observed for female‐biased genes.

An intriguing observation was that of nonzero mean FST estimates

between the sexes for genes showing male‐biased expression. Intu-

itively, FST should be expected to be zero between any (sufficiently

large) samples taken from a randomly mating population— that is,

where there is no population stratification—and in the absence of fre-

quent sex‐specific admixture. Two recent studies have argued that

sex‐specific viability selection could give rise to small but detectable

allele frequency differences between males and females within a gen-

eration and have provided genomewide empirical support for such

differences in humans and Drosophila melanogaster (Cheng & Kirk-

patrick, 2016; Lucotte, Laurent, Heyer, Ségurel, & Toupance, 2016;

see also Balaresque et al., 2004). The idea is that if some alleles con-

fer a very strong disadvantage to one sex, fewer individuals of that

sex carrying those alleles will survive until the time of sampling, intro-

ducing allele frequency differences between sexes in the sample. Ran-

dom assortment of chromosomes at meiosis will then reset these

differences such that FST is again zero at conception.

The pattern of mean FST between males and females for male‐
biased genes being significantly different from zero is consistent

with sex‐specific viability selection and ongoing sexual conflict. The

power in our data is far too low to allow analyses at the level of

individual genes, and it is difficult to judge what proportion of genes

are affected by sex‐specific viability selection. Therefore, we cannot

test whether the correlation between sex‐biased expression and FST

in flycatchers mirrors the quadratic relationship that Cheng and Kirk-

patrick (2016) observed in humans and D. melanogaster. They found

that FST peaks at intermediate levels of sex‐bias (both for male‐
biased and for female‐biased genes) gave rise to a “twin tower” pat-

tern. It was suggested that this can be explained by that sexual
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conflict tends to be solved in genes with pronounced sex‐biased
expression, meaning that viability selection should no longer give rise

to allele frequency differences between sexes. While we do not know

if this is the case in flycatchers, we note that in our binned data the

relationship between nucleotide diversity and extent of sex‐biased
expression was linear both for male‐biased and female‐biased genes.

Also, we found that, for male‐biased genes, sex‐biased expression

increased linearly with Tajima's D over the whole range of binned

sex‐biases. This is somewhat surprising because the probability for

any form of intralocus conflict over gene expression (i.e., not only via-

bility selection) to be resolved could be expected to be highest for

genes with the highest degree of sex‐bias. Further work will be

needed to better characterize the relationship between nucleotide

diversity and sex‐bias. For example, it would be valuable to have

RNA‐seq data from much larger population samples to be able to

make analyses at the level of individual genes rather than bins.

An obvious question arising from our results is why the signa-

tures of balancing selection (trans‐species polymorphisms, Tajima's

D) and nonzero FST between males and females were seen for genes

with male‐biased expression but not for genes with female‐biased
expression. Of course, we cannot exclude that low power or lower

effect sizes rendered relationships nonsignificant for female‐biased
genes. Moreover, the correlation between the extent of sex‐biased
expression and nucleotide diversity was observed both for male‐
biased and female‐biased genes. Yet, it may very well be that sexual

antagonism is more prevalent in male‐biased genes than in female‐
biased genes due to sexual selection (Harrison et al., 2015; Pointer,

Harrison, Wright, & Mank, 2013), which in collared flycatchers is vis-

ible as distinct sexual dimorphism and a high rate of extrapair pater-

nity (Sheldon & Ellegren, 1999). Harrison et al. (2015) showed that

sexual selection leads to rapid turnover of male‐biased expression

within a clade of birds. Such rapid turnover would set the stage for

transient phases of unresolved antagonism that promotes genetic

diversity via balancing selection. If so, and somewhat paradoxically

given that sexual selection is usually thought of as depleting genetic

variability, sexual selection might be particularly important to the

maintenance of genetic diversity by ongoing sexual conflict.

The role of balancing selection in maintaining genetic diversity

has been a long‐standing issue in evolutionary biology (Charlesworth,

2006; Gillespie, 1991; Lewontin, 1974). It is well documented in

many organisms that genetic diversity in a limited number of genes

involved in coevolutionary arms races is driven by balancing selec-

tion (Fijarczyk & Babik, 2015). There has recently also been genomic

data in support of balancing selection affecting diversity levels at

many loci across the human genome (Andrés et al., 2009; DeGiorgio,

Lohmueller, & Nielsen, 2014), but a link to sexual conflict has not

been obvious. Our results from flycatchers provide a step in this

direction and offer such a link. We note that relaxed purifying selec-

tion could potentially explain some, but not all, of the observations

related to the observed correlations between sex‐biased expression

and different measures of diversity. This will need further investiga-

tion and our conclusions should therefore be seen as suggestive

rather than conclusive. However, it cannot easily be imagined how

relaxed purifying selection of male‐biased genes would lead to the

finding of nonzero FST between males and females for such genes.

In summary, it is therefore the combined picture provided by several

observations that leads us to favour the interpretation of the corre-

lation between sex‐biased gene expression and genetic diversity to

at least in part be driven by sexual antagonism.
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