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ABSTRACT 31 

Intra-locus sexual conflict, where an allele benefits one sex at the expense of the 32 

other, has an important role in shaping genetic diversity of populations through 33 

balancing selection. However, the potential for mating systems to exert balancing 34 

selection through sexual conflict on the genome remains unclear. Furthermore, the 35 

nature and potential for resolution of sexual conflict across the genome has been 36 

hotly debated. To address this, we analysed de novo transcriptomes from six avian 37 

species, chosen to reflect the full range of sexual dimorphism and mating systems. 38 

Our analyses combine expression and population genomic statistics across 39 

reproductive and somatic tissue, with measures of sperm competition and 40 

promiscuity. Our results reveal that balancing selection is weakest in the gonad, 41 

consistent with the resolution of sexual conflict and evolutionary theory that 42 

phenotypic sex differences are associated with lower levels of ongoing conflict. We 43 

also demonstrate a clear link between variation in sexual conflict and levels of 44 

genetic variation across phylogenetic space in a comparative framework. Our 45 

observations suggest that this conflict is short-lived, and is resolved via the 46 

decoupling of male and female gene expression patterns, with important 47 

implications for the role of sexual selection in adaptive potential and role of 48 

dimorphism in facilitating sex-specific fitness optima. 49 
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INTRODUCTION 60 

Males and females in many species often have divergent evolutionary interests and 61 

are subject to conflicting selection pressures (Andersson 1994). However, with the 62 

exception of the sex chromosomes, the sexes share an identical genome, and this 63 

can give rise to intra-locus sexual conflict, where an allele benefits one sex at the 64 

expense of the other (Parker and Partridge 1998). This shared genomic architecture 65 

is thought to hamper males and females simultaneously evolving towards their 66 

respective fitness peaks, and in turn acts as a constraint in the evolution of sexual 67 

dimorphism (Mank 2017; Rowe, et al. 2018; Stewart and Rice 2018).  68 

Recently, studies have used population genomic statistics to detect the signature of 69 

sexual conflict across the genome (Cheng and Kirkpatrick 2016; Lucotte, et al. 2016; 70 

Mank 2017; Mostafavi, et al. 2017; Dutoit, et al. 2018; Rowe, et al. 2018; Wright, et al. 71 

2018). Ongoing sexual conflict can arise from a number of different factors and these 72 

leave distinct population genomic signatures in sequence data (Mank 2017; Wright, 73 

et al. 2018). Sexual conflict can result over reproduction, where an allele increases the 74 

reproductive fitness of one sex at a cost to the other (Barson, et al. 2015; Lonn, et al. 75 

2017). Alternatively, sexual conflict can result when an allele has differential effects 76 

on survival between males and females (Czorlich, et al. 2018). Both of these scenarios 77 

are predicted to result in elevated genetic diversity and higher Tajima’s D, a 78 

population genomic statistic that estimates the proportion of polymorphic nucleotide 79 

sites in a given sequence within a population. 80 

To distinguish between sexual conflict arising over reproduction or survival, it is 81 

necessary to employ contrasts with intersexual FST (Lewontin and Krakauer 1973), 82 

which measures divergence in allele frequency between males and females within a 83 

generation. As allele frequencies are identical between the sexes at conception, 84 

different allele frequencies in male and female adults are assumed to be the result of 85 

sexual conflict over survival. Elevated FST can therefore be used to identify alleles 86 

that have differential effects on survival parameters, including viability, mortality or 87 

predation. By contrasting these two population genomic statistics, it is possible to 88 

determine the relative importance of conflict over reproduction, which only leads to 89 
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increased Tajima’s D, versus conflict over survival, which leads to elevated Tajima’s D 90 

and intersexual FST (Mank 2017; Wright, et al. 2018). 91 

Population genomic approaches such as these have made it possible to investigate 92 

the manifestation of different types of intra-locus sexual conflict at the genomic 93 

level and the mechanisms by which they can be resolved. In theory, sexual conflict 94 

should be most prevalent in genes with similar expression patterns in males and 95 

females, where mutational inputs will be manifest in both sexes. Ultimately, sexual 96 

conflict is thought to be resolved via the evolution of sex-biased gene expression 97 

(Connallon and Knowles 2005; Ellegren and Parsch 2007), which, because of primary 98 

expression in one sex or the other, in principle allows for the emergence of male- 99 

and female-specific fitness optima (Mank 2017). However, the exact nature of the 100 

relationship between sex-biased gene expression and resolved sexual conflict has 101 

been hotly debated, with some recent studies suggesting that sex-biased genes are 102 

subject to ongoing sexual antagonism (Cheng and Kirkpatrick 2016; Dutoit, et al. 103 

2018). If true, this suggests that sexual conflict can persist even after gene 104 

expression diverges between males and females, and is potentially an unrelenting 105 

constraint on sex-specific optima. It would also suggest that, although expressed 106 

primarily in one sex, sex-biased genes function similarly in both males and females, 107 

and are therefore not appropriate for studying molecular signatures of sex-specific 108 

selection, as is often done (Ellegren and Parsch 2007). 109 

Moreover, the signature of balancing selection for sex-biased genes detected by 110 

recent studies is discordant with the rapid molecular evolutionary rates of 111 

directional selection (Meiklejohn, et al. 2003; Pröschel, et al. 2006; Zhang, et al. 112 

2007) and relaxed constraint (Gershoni and Pietrokovski 2014; Harrison, et al. 2015; 113 

Dapper and Wade 2016) observed in this class of genes across a wide variety of 114 

species. At the same time, and consistent with the molecular signatures observed, 115 

other work has suggested that sex-biased genes represent resolved conflict, and 116 

therefore exhibit lower average levels of balancing selection than unbiased genes 117 

(Connallon and Knowles 2005; Mank 2009; Innocenti and Morrow 2010; Wright, et 118 

al. 2018). If broadly true, this suggests that conflict is prevalent in genes with similar 119 

expression patterns between the sexes, and is primarily resolved through regulatory 120 
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decoupling of males and females into separate male and female genetic 121 

architectures. This conclusion is intuitively concordant with the fact that sex-biased 122 

genes are primarily expressed in either males or females, and also suggests that 123 

sexual conflict is a short-lived constraint, given the rapid turn-over in sex-biased 124 

gene expression across related species (Zhang, et al. 2007; Harrison, et al. 2015).  125 

Importantly, recent theoretical work indicates that implausibly large selective 126 

pressures and mortality loads are required to generate the patterns of intersexual 127 

FST observed in the literature attributed to ongoing sexual antagonism (Kasimatis, et 128 

al. 2017; Kasimatis, et al 2019). This calls into question the application of FST based 129 

approaches for detecting sexual conflict arising from survival differences between 130 

the sexes. Consistent with this, a recent study found evidence that elevated 131 

intersexual FST for sex-biased genes is actually the product not of sexual conflict, but 132 

of sex-specific genetic architecture (Wright, et al. 2018), where an allele only affects 133 

one sex or the other. Sex-specific genetic architecture invokes relatively lower 134 

genetic loads, and there is increasing evidence that many loci exhibit profound sex 135 

differences in their phenotypic effects (Gilks, et al. 2014; Dapper and Wade 2016; 136 

Karp, et al. 2017). Similarly, recent analyses of large genomic datasets indicated only 137 

a very small number of loci subject to antagonistic selection on survival (Mostafavi, 138 

et al. 2017; Czorlich, et al. 2018). 139 

Furthermore, a major challenge in evolutionary biology is to explain the 140 

maintenance and variation in genetic diversity across many species. The existence of 141 

elevated genetic diversity relative to neutral expectations across species is puzzling, 142 

as directional selection and drift are both expected to erode variation. However, 143 

there is increasing evidence that intra-locus sexual conflict, through balancing 144 

selection, can significantly increase genome-wide patterns of variability 145 

(Chippindale, et al. 2001; Foerster, et al. 2007; Delcourt, et al. 2009; Mokkonen, et 146 

al. 2011; Hawkes, et al. 2016; Lonn, et al. 2017). Therefore, variation in sexual 147 

conflict across lineages, likely mediated by mating systems, could drive variation in 148 

genetic diversity across species and resolve this apparent paradox. However, the 149 

exact nature of the relationship between sexual conflict, mating system and genetic 150 

diversity remains unclear. Sexual conflict also has important implications for sexual 151 
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selection, adaptation and evolvability. For instance, on the one hand, balancing 152 

selection would be expected to slow rates of sequence evolution arising from 153 

directional selection. However, balancing selection can also facilitate rapid 154 

adaptation from standing variation by maintaining multiple alleles within the 155 

population at high allele frequencies (Charlesworth 2006; Hartl and Clark 2006). 156 

In order to assess the degree to which sex-biased genes exhibit signatures of 157 

unresolved conflict and the potential for mating systems to exert balancing selection 158 

through sexual conflict on the genome, it is necessary to compare population 159 

genomic patterns of species and tissues with different levels of sexual dimorphism. 160 

We therefore estimated population genomic statistics for genes expressed in 161 

reproductive and somatic tissue across six avian species spanning the full range of 162 

mating systems and sexual selection in birds. Reproductive tissue has multiple sex-163 

specific functions and is phenotypically more sexually dimorphic, whereas the 164 

function of many somatic tissues is largely similar in males and females. By exploiting 165 

natural variation in the magnitude of sexual conflict across the body plan within 166 

individuals, as well as across mating systems between species, we were able to study 167 

the manifestation and resolution of sexual conflict, and subsequent genomic and 168 

phenotypic consequences. Our results reveal that the resolution of genomic sexual 169 

conflict is associated with the evolution of phenotypic sex differences. We 170 

demonstrate a clear link between variation in sexual conflict over reproduction and 171 

levels of genetic variation across phylogenetic space in a comparative framework. 172 

MATERIALS & METHODS 173 

Tissue collection 174 

We previously extracted RNA from the left gonad and spleen of individuals with the 175 

RNeasy Kit (Qiagen), following the manufacturer’s instructions, from the following 176 

captive avian populations; mallard duck (Anas platyrynchos), wild turkey (Meleagris 177 

gallopavo), common pheasant (Phasianus colchicus), helmeted guinea fowl (Numida 178 

meleagris), Indian peafowl (Pavo cristatus) and swan goose (Anser cynoides) 179 

(Harrison, et al. 2015) (Figure 1). These captive populations are not maintained with 180 

sterile or biosafety conditions. Samples were collected during the first breeding 181 

season from five males and five females of each species, with the exception of the 182 
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pheasant, where six male gonad and spleen samples were collected, and turkey 183 

where four male and two female spleens were collected. 184 

These six species were deliberately chosen to reflect a full range of sexual 185 

dimorphism, ranging from monogamous and sexually monomorphic species such as 186 

the swan goose and guineafowl, to polygynous and sexually dimorphic species such 187 

as the peafowl and wild turkey. We estimated the intensity of sexual conflict in each 188 

species using three proxies of sperm competition and male promiscuity; sexual 189 

dichromatism score, sperm number and relative testes size, obtained from Harrison 190 

et al. 2015. 191 

Transcriptome assembly 192 

Samples were sequenced on an Illumina HiSeq 2000 with 100 bp paired-end reads 193 

and are available in the NCBI SRA (BioProject ID PRJNA271731). We assembled and 194 

filtered transcriptomes for each species using previously implemented approaches 195 

(Harrison, et al. 2015). Briefly, we quality filtered RNA data using Trimmomatic v0.36 196 

(Bolger, et al. 2014) to filter reads containing adaptor sequences and trim reads if 197 

the sliding window average Phred score over four bases was <15 or if the 198 

leading/trailing bases had a Phred score <3. Reads were removed post filtering if 199 

either read pair was <36 bases in length. We assembled a de novo transcriptome for 200 

each species using Trinity v2.4.0 (Grabherr, et al. 2011) with default parameters. We 201 

then filtered each transcriptome to remove spurious and low confidence genes. 202 

First, we selected the ‘best isoform’ per gene to avoid redundancy. We used the 203 

Trinity script align_and_estimate_abundance.pl to map RNA-seq reads to 204 

transcriptomes using bowtie2 and to quantify expression for each sample using 205 

RSEM. We suppressed unpaired and discordant alignments for paired reads. We 206 

then picked the most highly expressed isoform per gene to obtain a set of ‘best 207 

isoforms’ for each species. RNA-seq reads were remapped to the set of ‘best 208 

isoforms’ in each species using the same approach as above to ensure consistency 209 

between expression and sequence data. Second, we filtered the transcriptome to 210 

remove lowly expressed genes. Specifically, we removed genes with expression < 211 

2FPKM in half or more of the individuals in either tissue. We assessed the 212 
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completeness of our transcriptome assembly using eukaryota_odb9 BUSCO v3.0.2 213 

(Waterhouse, et al. 2018) (Table S1). 214 

Identification of orthologs 215 

We used BLAST (Altschul, et al. 1990) to identify orthologous genes across the six 216 

species. First, we identified pairwise reciprocal orthologs between the chicken 217 

reference genome (Gallus_gallus-5.0) and the wild turkey, common pheasant, 218 

helmeted guinea fowl, and Indian peafowl, and between the duck reference genome 219 

(BGI_duck_1.0) and mallard duck, and swan goose (Zerbino, et al. 2018). We 220 

downloaded cDNA sequences from Ensembl (Zerbino, et al. 2018) and selected the 221 

longest transcript per gene. We ran reciprocal BLASTn with an e-value cut-off of 1 x 222 

10-10 and selected the best hit reciprocal ortholog using a minimum percentage 223 

identity of 30% and the highest bitscore following previous approaches (Harrison, et 224 

al. 2015; Wright, et al. 2018). If two hits shared the same highest bitscore, then the 225 

hit with the highest percentage identity was chosen. If both hits had the same 226 

highest bitscore and percentage identity, the gene was discarded.!227 

For the wild turkey, common pheasant, helmeted guinea fowl, and Indian peafowl, 228 

we assigned chromosomal location and gene position from the pairwise reciprocal 229 

ortholog in the chicken reference genome. Chromosomal positional information is 230 

not available in the duck reference genome and so we used a synteny based 231 

approach to obtain chromosomal location using MScanX (Wang, et al. 2012). Briefly, 232 

we downloaded chicken and duck protein sequences from Ensembl, selected the 233 

longest protein per gene in each species, and then conducted a reciprocal BLASTp 234 

with an e-value cut-off of 1 x 10-10. We restricted the number of BLASTp hits for each 235 

gene to the top five, generated gff files, and concatenated the duck and chicken 236 

results as recommended by MScanX. We then identified syntenic regions between 237 

the duck and chicken reference genome using MScanX run with default parameters. 238 

For the mallard duck and swan goose, we assigned chromosomal location and gene 239 

position from the syntenic information available for the pairwise reciprocal ortholog 240 

in the duck reference genome.!For all species, we split genes into autosomal or Z-241 

linked based on location in the chicken reference genome (Table S1) as evolutionary 242 
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forces including sexual conflict act differently across these genomic regions (Rice 243 

1984; Wright and Mank 2013).  244 

Second, we identified reciprocal orthologs using the same approach across all 245 

species using the chicken and duck reference genomes to assign chromosomal 246 

location. This resulted in 1,457 autosomal reciprocal orthologs, which we used to 247 

contrast population genetic statistics across species. Finally, potential immune loci 248 

were identified from GOterms in Biomart in the chicken and duck reference 249 

genomes (Zerbino, et al. 2018). Specifically, we removed all loci with the terms 250 

‘immune’ or ‘MHC’ in their Gene Ontology annotations from subsequent analyses. 251 

This was to reduce any potential confounding effects as heterozygote advantage in 252 

immunity can produce patterns of balancing selection independent of sexual conflict 253 

(Stahl, et al. 1999; Hedrick 2011; Ghosh, et al. 2012).!254 

Gene expression analyses 255 

Read counts for autosomal and Z-linked genes were extracted for all gonad and 256 

spleen samples and normalized using TMM in EdgeR (Robinson, et al. 2010). We 257 

identified gonad-biased, spleen-biased, and non-tissue-biased genes using a 258 

standard log2 fold change value of 2 (Wright, et al. 2018) in each species (Tables S2 & 259 

S3). The gonad is transcriptionally more sexually dimorphic than the spleen and so 260 

we identified tissue-biased genes in each sex separately instead of combining all 261 

samples to avoid biasing our analyses against highly sex-biased or sex-limited genes. 262 

We report results from tissue-biased genes identified in males in the main text but 263 

results based on tissue-biased genes identified from female expression data are fully 264 

detailed in SI. The results are qualitatively identical unless otherwise indicated. Sex-265 

biased genes were identified in each set of tissue-biased genes separately using a 266 

log2 fold change value of 1. We identified tissue-biased genes on the Z chromosome 267 

separately due to the unique expression profile of the avian Z chromosome arising 268 

from incomplete dosage compensation (Itoh, et al. 2007; Mank and Ellegren 2008; 269 

Wright, et al. 2012).  270 

Filtering data for population genomic analyses 271 

Population genomic analyses were conducted on BAM files generated by mapping 272 

RNA-seq data to the set of ‘best isoforms’ in each species with RSEM. For each 273 
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individual, we merged the spleen and gonad BAM files using SAMtools (Li, et al. 274 

2009). The exception was the turkey, where the spleen and gonad were not 275 

sequenced for all individuals so we used only gonad data for subsequent analyses. 276 

We used ANGSD (Korneliussen, et al. 2014) to estimate population genetic summary 277 

statistics, following our previous approach (Wright, et al. 2018) as ANGSD 278 

implements methods to account for sequencing uncertainty and is appropriate for 279 

uneven sequencing depth associated with transcriptome data. We filtered BAM files 280 

to discard reads if they did not uniquely map, had a flag >=256, had a mate that was 281 

not mapped or had a mapping quality below 20. Bases were filtered if base quality 282 

fell below 13 or there was data in less than half the individuals. Mapping quality 283 

scores were adjusted for excessive mismatches and quality scores were adjusted 284 

around indels to rule out false SNPs. 285 

We identified and removed related individuals (four peacock, two wild turkey and 286 

two swan goose individuals) from our analyses using ngsRelate (Korneliussen and 287 

Moltke 2015) to avoid violating Hardy Weinberg assumptions, and calculated 288 

inbreeding coefficients using an EM algorithm with the ngsF package in ngsTools 289 

(Fumagalli, et al. 2014) (full details in SI Methods).!For all species, inbreeding 290 

coefficients were <0.03 with the exception of the peacock where we identified two 291 

inbred individuals. We incorporated inbreeding coefficients for the peacock in 292 

subsequent analyses.  293 

Calculating Tajima’s D 294 

ANGSD was used for each species to calculate sample allele frequency likelihoods at 295 

each site from genotype likelihoods calculated with the SAMtools model. We 296 

calculated allele frequency likelihoods separately for the Z chromosome and the 297 

autosomes as they are subject to different evolutionary pressures and differ in 298 

ploidy. The Z chromosome is diploid in males yet haploid in females, therefore, we 299 

used only male samples to estimate allele frequency to avoid violating Hardy 300 

Weinberg assumptions. Next, we estimated the overall unfolded site frequency 301 

spectrum (SFS) for each species (Nielsen, et al. 2012) (Figure S1). Specifically, at each 302 

site we randomly sampled an allele frequency according to its likelihood, as 303 

calculated by ANSGD. Finally, we computed genetic diversity indices, including allele 304 
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frequency posterior probability and Tajima’s D using the site frequency spectrum as 305 

prior information with ANGSD thetaStat (Korneliussen, et al. 2014). 306 

For each species, we calculated a relative measure of Tajima’s D for spleen-biased 307 

and gonad-biased genes. Specifically, we quantified median D relative to non-tissue-308 

biased genes, our neutral estimate of D for each species. Calculating a relative 309 

measure of Tajima’s D makes it possible to circumvent problems arising from 310 

demographic changes in population size that would otherwise bias comparative 311 

analyses of population genetic statistics across species. 312 

Calculating intersexual FST 313 

Intersexual FST was calculated using the same procedure and filtering criteria as 314 

Tajima’s D, except that RNA-seq data were instead filtered to remove bases where 315 

we had data in less than half the individuals in males and females separately. This 316 

ensures we do not exclude sex-limited genes from the analysis. Hudson’s FST, which 317 

is less sensitive to small sample sizes (Bhatia, et al. 2013), was estimated as 318 

implemented in ANGSD (Korneliussen, et al. 2014). Estimates across loci were 319 

obtained using weighted averages (see Fumagalli et al 2013, equations 4 and 12), 320 

where per-gene FST is the ratio between the sum of the between-populations 321 

variance across loci and the sum of the total variance across loci. Given the Z 322 

chromosome is haploid in females, we do not have the power to analyze patterns of 323 

FST across the Z chromosome in this study. 324 

 325 

RESULTS 326 

Lower levels of ongoing sexual conflict in reproductive versus somatic tissue 327 

Reproductive tissue, such as the gonad, has many sex-specific functions whereas the 328 

function of somatic tissue, such as the spleen, is more aligned between male and 329 

female fitness. In order to test whether phenotypic sexual dimorphism is associated 330 

with resolved sexual conflict at the genomic level, we contrasted population 331 

genomic statistics between genes expressed in the gonad versus the spleen.  332 

As heterozygote advantage in immunity can produce patterns of balancing selection 333 

independent of sexual conflict (Stahl, et al. 1999; Hedrick 2011; Ghosh, et al. 2012), 334 
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we removed all loci with potential immune function from downstream analyses. We 335 

found that median Tajima’s D is significantly lower for gonad-biased genes relative to 336 

genes expressed in both tissues in all species across the autosomes (Figures 2 & S2, 337 

panels A). This result is consistent with lower levels of ongoing sexual antagonism in 338 

the gonad. In contrast, we found no significant difference in Tajima’s D between 339 

spleen-biased genes and loci expressed in both tissues in the majority of species. We 340 

observe consistent patterns on the Z chromosome (Figure S5), however, our power 341 

to detect statistically significant differences is reduced due to limited numbers of 342 

tissue-biased Z-linked genes (Table S1).  343 

The proportion of sex-biased genes varies across the spleen and gonad (Harrison, et 344 

al. 2015) and sex-biased genes are subject to different selective pressures (Ellegren 345 

and Parsch 2007; Harrison, et al. 2015) as well as distinct patterns of balancing 346 

selection relative to unbiased genes (Cheng and Kirkpatrick 2016; Dutoit, et al. 2018; 347 

Wright, et al. 2018). In order to ensure that differences in the number of sex-biased 348 

genes between the two tissues are not responsible for the lower Tajima’s D we 349 

observe in gonad-biased genes, we repeated the analyses using Tajima’s D calculated 350 

only from unbiased genes in each tissue. We find a consistent pattern across the 351 

majority of species, where Tajima’s D is significantly lower in gonad-biased but not 352 

spleen-biased genes relative to loci expressed similarly in both tissues (Figure S3). 353 

However, these species differ in mating system, which could explain the variation in 354 

the strength of balancing selection we observe across species, addressed in more 355 

detail below. 356 

It is important to note that multiple factors can influence population genetic 357 

statistics for any particular locus. Therefore, we tested whether our results could 358 

also be attributed to the effect of covariates that might vary across tissue-biased 359 

genes. We incorporated measures of gene length, average expression level, GC 360 

content and Watterson’s theta into a multiple regression (TD ~ Tissue bias + log(tW) 361 

+ log(Gene length) + log(GC) + log(Gene expression level)). Tissue-bias remains a 362 

significant factor in explaining variation in Tajima’s D once accounting for these 363 

covariates (Table S11). However, the effect size in some species is relatively small, 364 

indicating that the pattern we detect is subtle and influenced by multiple factors. 365 
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Limited power of intersexual FST to detect sexual conflict arising over survival 366 

We tested the power of intersexual FST to detect sexual conflict arising over survival 367 

through contrasts between the spleen and gonad. Given its role in the lymphatic 368 

system and in filtering blood components, we might expect the spleen to be subject 369 

to viability selection more so than the gonad, whose role is primarily reproductive. 370 

We removed sex-biased genes from this analysis to avoid biasing the results, as the 371 

abundance of sex-biased expression differs between reproductive and somatic tissue 372 

and previously we have shown that intersexual FST is often elevated for sex-biased 373 

genes (Cheng and Kirkpatrick 2016; Dutoit, et al. 2018; Wright, et al. 2018). 374 

We contrasted intersexual FST for gonad and spleen-biased genes using three 375 

approaches. First, we found no significant difference in median FST  for unbiased 376 

genes expressed primarily in the gonad relative to those expressed broadly across 377 

both the gonad and spleen (Table S4). We observed the same pattern in the spleen, 378 

with the exception of the goose and turkey where FST was elevated marginally. 379 

Second, there was no significant difference in the number of unbiased genes with 380 

elevated intersexual FST  that were expressed primarily in the gonad compared to 381 

those with non-tissue-specific expression patterns (Table 1). We observe the same 382 

result in the spleen, with the exception of the turkey. However, all of these 383 

differences become non-significant when we analyse tissue-biased genes identified 384 

from female expression data (Tables S5 & S6). Lastly, we found no significant effect 385 

of tissue bias on FST  after accounting for gene length, average expression level, GC 386 

content and Watterson’s theta in a multiple regression (TD ~ Tissue bias + log(tW) + 387 

log(Gene length) + log(GC) + log (Gene expression level)) (Table S11). 388 

Intriguingly, despite the limited potential role of the gonad in survival, elevated 389 

intersexual FST has been previously detected in gonad expressed genes in flycatchers 390 

(Dutoit, et al. 2018). Consistent with this, we find a weak relationship between 391 

intersexual FST and sex-biased gene expression in the gonad, where FST is significantly 392 

elevated in sex-biased genes in some species (Figures S7, Table S12). However, it is 393 

important to note that our power to quantify intersexual FST is limited by our sample 394 

size. Whilst our results are consistent with flycatchers, the associated effect sizes are 395 

weak (sex-bias and FST for gonad-biased genes r2 =0.000-0.042, spleen-biased genes 396 
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r2 =0.000-0.008). Most importantly, our results are consistent with theoretical work 397 

suggesting that intersexual divergence in allele frequency may not always be a 398 

reliable indicator of ongoing sexual conflict over viability (Kasimatis, et al. 2017; 399 

Kasimatis, et al 2019), particularly in studies with low numbers of samples.  400 

Regulatory evolution is associated with resolved conflict over long evolutionary 401 

timeframes. 402 

We contrasted population genomic statistics across sex-biased and unbiased genes 403 

to test the role of regulatory variation in sexual conflict resolution. We found that 404 

autosomal sex-biased genes expressed in the gonad have significantly lower Tajima’s 405 

D than unbiased genes across all six species, consistent with largely resolved sexual 406 

conflict (Figures 2 & S2). However, male and female-biased genes also have 407 

significantly elevated intersexual FST in many species (Figures S7), even after 408 

accounting for potential covariates (Table S12). These results are consistent with a 409 

potential role of regulatory evolution in conflict resolution via the evolution of sex-410 

specific architecture (Wright, et al. 2018). We observed a similar pattern across 411 

spleen-biased genes (Figures 2 & S2), however, the differences are non-significant, 412 

likely because of reduced power due to limited numbers of sex-biased genes in 413 

somatic tissue.  414 

Employing discrete thresholds to identify sex-biased genes has been shown to have a 415 

major effect on the number of genes identified (Ingleby, et al. 2015). We therefore 416 

next investigated the relationship between Tajima’s D and sex-bias using a 417 

polynomial approach (Cheng and Kirkpatrick 2016). These results confirmed our 418 

finding that sex-biased genes have lower Tajima’s D (Tables S7, S8, S9 & S10). It is 419 

important to note that the variance in Tajima’s D that is accounted for by these 420 

associations is extremely low (sex-bias and D for gonad-biased genes r2 = 0.007-421 

0.147, spleen-biased genes r2 = 0.000-0.018), similar to findings of previous somatic 422 

studies in fish (Wright, et al. 2018), likely resulting, at least in part, from the inherent 423 

noise in Tajima’s D estimates. 424 

In order to quantify the pervasiveness of sexual conflict and extent to which 425 

balancing selection shapes patterns of genetic diversity across related species, we 426 

identified reciprocal orthologs across the six species, which last shared a common 427 
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ancestor 90 million years ago. Across reciprocal orthologs on the autosomes, we 428 

identified genes with elevated Tajima’s D in all species; specifically, where Tajima’s D 429 

was in the top 10% quantile in each species separately. The average range of 430 

Tajima's D values for this highest 10% class across species was 1.41-3.26. Using 431 

ancestral reconstructions of gene expression levels (Harrison, et al. 2015) (SI 432 

Methods), we identified gonadal genes that were ancestrally and universally either 433 

sex-biased or unbiased across all six species. We found that gonadal genes that were 434 

ancestrally sex-biased across the clade were significantly less likely to show elevated 435 

Tajima’s D across all six species than expected from random permutations (245 436 

genes, χ2 p<0.001, 1000 permutes). In contrast, universally unbiased genes were 437 

significantly enriched in genes with elevated Tajima’s D across all species (141 genes, 438 

χ2 p<0.001, 1000 permutes). Our results are robust across multiple quantile 439 

thresholds used to define elevated Tajima’s D (SI Results). This indicates that sexual 440 

conflict can shape patterns of genetic diversity in certain sets of sex-biased genes 441 

across evolutionary time frames.  442 

Conflict over reproductive potential is greatest in sexually dimorphic species. 443 

To investigate the relationship between sexual conflict and levels of genetic diversity 444 

across the genome, we conducted a phylogenetically controlled comparative 445 

analysis of Tajima’s D across species that vary in mating system and sexual 446 

dimorphism. Specifically, we used phylogenetic generalized least squares (PGLS) 447 

from the R package caper (Orme, et al. 2013) to test the relationship between 448 

Tajima’s D and measures of sexual dimorphism, while accounting for the observed 449 

level of phylogenetic signal in the data. For each species, we quantified median 450 

Tajima’s D for spleen-biased and gonad-biased genes relative to non-tissue-biased 451 

genes. Tajima’s D cannot be compared directly across species or populations, as 452 

demographic history has a major influence on genetic diversity, and therefore 453 

Tajima’s D estimation. Calculating a relative measure of Tajima’s D makes it possible 454 

to circumvent problems arising from demographic changes in population size. There 455 

are a number of phenotypic indices of sexual conflict, including degree of sexual 456 

dichromatism, sperm number, and residual testes weight, that are widely used 457 

indicators of post-copulatory sexual selection and therefore a measure of variance in 458 
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male mating success in birds (Moller 1991; Birkhead and Moller 1998; Pitcher, et al. 459 

2005). We recovered a significant and positive relationship between relative Tajima’s 460 

D in the gonad and sexual dichromatism (r2=0.890, p=0.003) after correcting for 461 

phylogeny, and marginally non-significant positive associations with both sperm 462 

number (r2=0.491, p=0.073) and residual testes weight (r2=0.298, p=0.152). 463 

The proportion of sex-biased genes varies with mating system across these species 464 

(Harrison, et al. 2015), which together with the fact that sex-biased genes have 465 

distinct patterns of Tajima’s D (Cheng and Kirkpatrick 2016; Dutoit, et al. 2018; 466 

Wright, et al. 2018) and are subject to different selective pressures relative to 467 

unbiased genes (Ellegren and Parsch 2007; Harrison, et al. 2015), may confound the 468 

pattern we observe. We therefore repeated the analyses using relative median 469 

Tajima’s D calculated using only unbiased genes in each tissue. In doing so, we found 470 

that relative Tajima’s D in the gonad becomes significantly and positively correlated 471 

with sexual dichromatism (r2=0.788, p=0.011), and sperm number (r2=0.679, 472 

p=0.027) after correcting for phylogenetic relationships (Figure 3), and marginally 473 

non-significantly associated with residual testes weight (r2=0.446, p=0.089). In 474 

contrast, there was no significant association with Tajima’s D in the spleen and 475 

measures of sexual dimorphism (Figure S4). 476 

Interestingly, we found no significant relationship between Tajima’s D and 477 

phenotypic sexual conflict for Z-linked genes in either tissue (Figure S6). Given there 478 

are fewer genes on the Z chromosome relative to the autosomes, this pattern might 479 

simply be a consequence of smaller sample sizes and therefore greater uncertainty 480 

around the median. In order to assess the role of gene number in our population 481 

genetic parameter estimates, we subsampled tissue-biased genes on the autosomes 482 

to the equivalent number of the Z-linked genes in each species 1000 times. The 483 

Pearson’s correlation coefficients for the relationship between Tajima’s D and sexual 484 

dichromatism, testes weight, and sperm number for gonad-biased Z-linked genes are 485 

smaller relative to the subsampled dataset (p=0.027, p=0.048, p=0.168). The slope of 486 

the regression is also smaller than the subsampled data (p=0.024, p=0.058, p=0.121). 487 

This indicates that our failure to observe a significant relationship between Tajima’s 488 
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D and sexual conflict on the Z is not a consequence of reduced gene numbers 489 

relative to the autosomes.  490 

DISCUSSION 491 

The manifestation, resolution, and consequences of intra-locus sexual conflict have 492 

been the subject to considerable recent debate. To address this, we exploited 493 

natural variation in the magnitude of sexual conflict across the body plan within 494 

individuals, and across mating systems between species, in a clade of birds that 495 

diverged 90 million years ago. 496 

The role of regulatory variation between males and females in the resolution of 497 

sexual conflict has received substantial attention in recent literature, with 498 

population genomic studies suggesting that sex-biased genes are subject to ongoing 499 

sexual antagonism (Cheng and Kirkpatrick 2016; Dutoit, et al. 2018) and others 500 

indicating that they represent resolved conflict (Innocenti and Morrow 2010; Wright, 501 

et al. 2018). Sex-biased genes in the guppy tail, particularly male-biased genes, 502 

resolve conflict arising over reproduction through the evolution of separate sex-503 

specific genetic architectures (Wright, et al. 2018). However, as this tissue is heavily 504 

implicated in female mate choice and therefore primarily affects male reproductive 505 

fitness, it is possible that the relative importance of male versus female expression is 506 

unusual in this tissue and that sex-biased genes play equal roles in most species. 507 

Contrary to this, Dutoit et al. (2018) suggest that ongoing sexual antagonism is more 508 

prevalent in male-biased than female-biased genes in the gonad, potentially hinting 509 

at an important role for female-biased expression in conflict resolution. However, 510 

without a direct comparison between sex-biased and unbiased genes, the 511 

relationship remains unclear. Finally, both male- and female-biased genes in humans 512 

show elevated FST measures (Cheng and Kirkpatrick 2016), although it is not clear 513 

how much of this signal is due to somatic versus gonadal expression, or whether this 514 

was associated with elevated Tajima’s D. 515 

Here, we find that balancing selection is weaker in sex-biased genes relative to 516 

unbiased genes, consistent with an important role for sex-biased expression in the 517 

resolution of sexual conflict. Lower Tajima’s D in sex-biased genes is consistent with 518 

the rapid rates of evolution in this class of genes observed across many species 519 
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(Ellegren and Parsch 2007; Parsch and Ellegren 2013; Mank 2017; Rowe, et al. 2018), 520 

either through positive selection (Meiklejohn, et al. 2003; Pröschel, et al. 2006; 521 

Zhang, et al. 2007), or relaxed purifying selection (Gershoni and Pietrokovski 2014; 522 

Harrison, et al. 2015; Dapper and Wade 2016; Dutoit, et al. 2018). Balancing 523 

selection, which slows the fixation of alleles, is inconsistent with accelerated rates of 524 

sequence evolution observed for sex-biased genes (Wright and Mank 2013; Harrison, 525 

et al. 2015). In contrast, resolved conflict, which results in sex-specific selection and 526 

separate male and female genetic architectures suggested by our data, is expected 527 

to lead to the higher levels of standing diversity and faster rates of evolution 528 

observed across sex-biased genes in a broad array of taxa (Dapper and Wade 2016). 529 

Whereas identifying the mechanisms responsible for the resolution of genomic 530 

sexual conflict has received considerable attention, the consequences for phenotypic 531 

evolution have been comparatively understudied. This is in part due to the 532 

difficulties in identifying specific loci subject to sexual conflict and establishing their 533 

phenotypic effects from genome scans alone. Our study adds considerably to this 534 

goal by using different levels of dimorphism within the body plan and across related 535 

species to determine the relationship between population genetic and phenotypic 536 

measures of sexual conflict.  537 

Relative to the spleen, the gonad is more phenotypically sexually dimorphic, has 538 

higher levels of sex-biased gene expression, and has evolved many sex-specific 539 

functions. If sexual dimorphism represents resolved sexual conflict, we might expect 540 

gonad-biased genes to have lower levels of balancing selection than spleen-biased 541 

genes and loci expressed similarly in both tissues. Consistent with this prediction, we 542 

find reduced balancing selection in the gonad, indicative of lower levels of ongoing 543 

sexual conflict. This supports the theory that resolved sexual conflict facilitates the 544 

evolution of phenotypic sex differences. It is plausible that the large numbers of sex-545 

biased genes in the gonad relative to somatic tissue act to resolve conflict through 546 

regulatory decoupling of male and female expression and the evolution of sex-547 

specific architecture.  548 

While we found that intra-locus sexual conflict is resolved in the gonad, we found a 549 

significant and positive correlation between the magnitude of sexual conflict, arising 550 
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from differences in mating system, and balancing selection in the gonad but not the 551 

spleen. Whilst this may appear initially contradictory, this relationship is in fact 552 

consistent with an ephemeral nature of sexual antagonism and rapid turnover of 553 

sexual conflict loci. This is in line with previous work showing that sex-biased genes 554 

exhibit rapid rates of evolution and turnover (Zhang, et al. 2007; Harrison, et al. 555 

2015). Our results suggest that unbiased genes are the locus of ongoing sexual 556 

conflict due to mating system, and that increasing levels of sexual conflict over 557 

reproduction result in elevated levels of genetic diversity across a greater proportion 558 

of genes. In contrast, relative Tajima’s D in spleen-biased genes is not associated 559 

with any phenotypic measure of sexual conflict, suggesting that sexual conflict over 560 

reproduction has the greatest potential to contribute significantly to variation in the 561 

maintenance of genetic diversity across species. This has important consequences 562 

for understanding the relationship between sexual conflict and adaptation, where 563 

higher levels of conflict promote genetic diversity and provide genetic fuel for 564 

adaptive opportunities (Candolin and Heuschele 2008; Chenoweth, et al. 2015; 565 

Lumley, et al. 2015; Jacomb, et al. 2016).  566 

In contrast, we observed no significant relationship between mating system and 567 

balancing selection on the Z chromosome. Previously, we showed that the adaptive 568 

potential of the Z chromosome is compromised by increasing sexual selection, which 569 

decreases the relative effective population size of the Z compared to autosomes 570 

(Wright, et al. 2015), leading to increased levels of genetic drift. This means that Z-571 

linked genes in sexually dimorphic species are subject to higher levels of genetic drift 572 

(Wright and Mank 2013). Our results indicate that the potential for sexual conflict to 573 

shape patterns of genetic diversity on the Z chromosome might be counteracted by 574 

the depleting forces of genetic drift, and that sexual conflict may not play a 575 

disproportionally greater role in Z chromosome evolution compared to the rest of 576 

the genome. 577 

Negative Tajima’s D can be interpreted in the context of positive selection, where 578 

selective sweeps can result in lower estimates. A greater frequency of selective 579 

sweeps in sex-biased genes could therefore explain our finding that Tajima’s D is 580 

lower in the gonad than the spleen. Furthermore, the positive correlation between 581 
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Tajima’s D and sexual dimorphism we observe in the gonad could also be due to 582 

more intense positive selection in species with less sexual dimorphism. However, 583 

elevated positive selection is unlikely to explain our results, as previous research on 584 

the same dataset found no significant evidence for positive selection acting on sex-585 

biased genes in the gonad, or any evidence for variation in the magnitude of positive 586 

selection across species based on mating system (Harrison, et al. 2015). Therefore, 587 

we conclude that lower Tajima’s D is indicative of lower levels of balancing selection 588 

and resolved intra-locus conflict, likely mediated by the evolution of sex-biased gene 589 

expression. 590 

Population genomic measures of intersexual FST and Tajima’s D can be influenced by 591 

a number of demographic events, not just sexual conflict, including sex-biased 592 

migration, sex-biased predation and changes in population size (Hartl and Clark 593 

2006). By conducting comparisons of population genomic statistics within each 594 

species, instead of directly comparing across species, we controlled for the effect of 595 

population contractions or expansions, and our use of captive populations further 596 

minimizes the effects of sex-biased migration or predation. Furthermore, samples 597 

were taken from all individuals during their first breeding season, effectively 598 

controlling for age differences that can confound measures of intersexual FST or lead 599 

to high levels of regulatory variation. However, we note that due to statistical noise, 600 

likely due to low sample sizes, we could not reliably identify specific loci subject to 601 

sexual conflict, and instead compare large groups of genes to determine broad 602 

trends across tissues and species. Our analyses of intersexual FST are particularly 603 

limited by sample size and therefore we urge caution when interpreting these in the 604 

light of sexual conflict. However, while we do find loci with elevated intersexual FST, 605 

which has previously been interpreted as evidence for ongoing sexual conflict (Cheng 606 

and Kirkpatrick 2016; Lucotte, et al. 2016; Dutoit, et al. 2018), the number of loci 607 

with elevated FST do not appear to differ between the gonad and spleen, despite the 608 

obvious differences in function and role in survival between the two tissues.  609 

Interestingly, our failure to detect differences in conflict over viability between the 610 

tissues is consistent with recent theoretical work (Kasimatis, et al. 2017) suggesting 611 

that the magnitude of sexual conflict, and associated mortality load, required to 612 



 21 

generate patterns of intersexual FST across large numbers of loci are implausibly 613 

high. This suggests that they may be a result of alternative demographic processes or 614 

statistical noise arising from low sample sizes, instead of ongoing sexual conflict. 615 

Instead, our previous work indicates that divergence in allele frequencies between 616 

males and females in somatic tissue could instead be indicative of the evolution of 617 

sex-specific architectures, which would invoke weaker genetic loads. 618 

In conclusion, our findings suggest that mating system can significantly increase 619 

standing diversity across the genome via sexual conflict. More importantly, our 620 

results suggest that sexual conflict is short-lived, and is resolved via the decoupling 621 

of male and female gene expression patterns. Our results are consistent both across 622 

a gradient of sexual dimorphism within the body plan and across species, and have 623 

important implications about the role of sexual selection in adaptive potential 624 

(Candolin and Heuschele 2008; Chenoweth, et al. 2015; Lumley, et al. 2015; Jacomb, 625 

et al. 2016), the persistence of sexual conflict over evolutionary time-scales, and role 626 

of dimorphism in facilitating sex-specific fitness optima. 627 

ACKNOWLEDGEMENTS 628 

This work was supported by a NERC Independent Research Fellowship to A.E.W, and 629 

the European Research Council (grant agreements 260233 and 680951) to J.E.M, 630 

who also gratefully acknowledges funding from a Canada 150 Research Chair.  We 631 

thank Thorfinn Korneliussen for help with ANGSD and ngsTools, Ida Koltke with 632 

ngsRelate, Jon Slate, Kai Zeng and Toni Gossmann for productive discussions, and 633 

four anonymous reviewers for helpful comments. The authors acknowledge the use 634 

of the UCL Legion High Performance Computing Facility (Legion@UCL), and 635 

associated support services, in the completion of this work. 636 

DATA ACCESSIBILITY 637 

RNA-seq data is publicly available in the NCBI SRA (BioProject ID PRJNA271731). 638 

Transcriptome assemblies are available via Dryad. Statistics for autosomal genes in 639 

each species are in SI data files. 640 

 641 

 642 



 22 

 643 

 644 

 645 

 646 

 647 

 648 

 649 

 650 

 651 

 652 

 653 

 654 

 655 

!656 

Figure 1. Phylogenetic relationships across the six avian species in this study.  657 

These species were chosen to reflect the full range of mating system and sexual 658 

dimorphism. The intensity of sexual conflict in each species was estimated using 659 

three proxies; sexual dichromatism score, sperm number and relative testes size.  660 
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 663 

Figure 2. Patterns of Tajima’s D for tissue-biased and sex-biased genes across 664 

species. Panels A show the distribution of D for autosomal genes for spleen-biased, 665 

gonad-biased and non-tissue-biased genes. Dotted lines show median D for each set 666 

of genes and *,**,*** denote a significant difference relative to non-tissue-biased 667 

genes (Wilcoxon test, p < 0.05, p < 0.01, p < 0.001). Tissue-biased genes were 668 

identified from male expression data. Panels B and C show the relationship between 669 

D and expression for genes with gonad-biased expression (panel B) or spleen-biased 670 

expression (panel C). *,**,*** denote a significant difference relative to unbiased 671 

genes (Wilcoxon test, p < 0.05, p < 0.01, p < 0.001). FB, UB, MB refer to female-672 

biased, unbiased and male-biased genes respectively. 673 
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 680 

Figure 3. Phylogenetically controlled regression between proxies of sperm 681 

competition and Tajima’s D in the gonad. Relative D is shown for autosomal genes 682 

with unbiased expression between males and females in the gonad. Relative D is 683 

calculated as the difference between median D for tissue-biased genes compared to 684 

non-tissue-biased genes. Tissue-biased genes were identified from male expression 685 

data. We tested the relationship between Tajima’s D and measures of sexual 686 

dimorphism, while accounting for the observed level of phylogenetic signal in the 687 

data. 688 
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Table 1: Observed and expected number of genes with intersexual FST > 0 across 714 

tissue-biased genes 715 

 716 

 717 

Only unbiased genes were used in this analysis. Tissue-biased genes were identified 718 

from male expression data. Only autosomal genes are included in the analyses. 719 

Expected number of genes with intersexual FST > 0 were calculated from 720 

observations of FST in non-tissue-specific genes. P-values were calculated using chi-721 

squared tests.  722 

 723 

 724 

 725 

 726 

 727 

 728 

 729 

 730 

 731 

 732 

 733 

 734 

 735 

 736 

 737 

 738 

 739 

 740 

Species Gonad-biased Spleen-biased 

 E O p-value E O p-value 

Mallard duck 116 118 0.875 112 111 0.956 

Swan goose 56 65 0.248 56 70 0.056 

Wild turkey 166 160 0.644 204 236 0.026 

Common pheasant 165 163 0.520 187 174 0.532 

Guineafowl 112 124 0.269 151 142 0.461 

Indian peafowl 200 209 0.520 217 208 0.532 
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