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Abstract  16 

The loss of sexual ornaments is observed across taxa, and pleiotropic effects 17 

of such losses provide an opportunity to gain insight into underlying dynamics 18 

of sex-biased gene expression and intralocus sexual conflict (IASC). We 19 

investigated this in a Hawaiian field cricket, Teleogryllus oceanicus, in which 20 

an X-linked genotype (flatwing) feminises males’ wings and eliminates their 21 

ability to produce sexually selected songs. We profiled adult gene expression 22 

across somatic and reproductive tissues of both sexes. Despite the feminising 23 

effect of flatwing on male wings, we found no evidence of feminised gene 24 

expression in males. Instead, female transcriptomes were more strongly 25 

affected by flatwing than males’, and exhibited demasculinised gene 26 

expression. These findings are consistent with a relaxation of IASC 27 

constraining female gene expression through loss of a male sexual ornament. 28 

In a follow-up experiment we found reduced testes mass in flatwing males, 29 

whereas female carriers showed no reduction in egg production. In contrast, 30 

female carriers exhibited greater measures of body condition. Our results 31 

suggest sex-limited phenotypic expression offers only partial resolution to 32 

intralocus sexual conflict, owing to pleiotropic effects of the loci involved. 33 

Benefits conferred by release from intralocus conflict could help explain 34 

widespread loss of sexual ornaments across taxa.  35 



1. Introduction 36 

Sex-biased gene expression produces striking phenotypic differences in species 37 

where the sexes share a substantial portion, if not all, of the same genome [1-4]. 38 

Such evolved differences between sexes in gene regulation play an important role in 39 

attenuating intralocus sexual conflict (IASC), which arises when sexes are under 40 

contrasting selection pressures at shared loci, by achieving phenotypic dimorphism 41 

[5-8]. However, it is increasingly recognised that resolution of such conflict is not 42 

necessarily complete [9-12], and that IASC can persist even when genes and 43 

phenotypes have evolved under contrasting selection pressures to exhibit sex-biased 44 

or even sex-limited expression [13,14]. One of the reasons for this is pleiotropy 45 

exerted by loci involved in the conflict upon other traits which are not directly under 46 

selection (Fig. 1). Sexual trait loci can thus exert spillover effects across sexes and 47 

tissues. For example, the enlarged mandibles of male broad-horned flour beetles 48 

Gnatocerus cornutus are genetically associated with reduced female lifetime 49 

fecundity [13] despite their sex-limited expression, illustrating incomplete resolution of 50 

associated IASC.  51 

 As well as its role in regulating differences between sexes, recent studies 52 

have demonstrated that varying degrees of sex-biased gene expression are 53 

associated with intra-sexual phenotypic variance, often with fitness-associated 54 

effects [15]. Pointer et al. [16] found subordinate males of the wild turkey Meleagris 55 

gallopavo exhibit feminised patterns of gene expression relative to more ornamented 56 

dominant males. Similarly, in the bulb mite Rhizoglyphus robini, ‘fighter’ male morphs 57 

show exaggerated transcriptional sexual dimorphism compared with unarmoured 58 

‘scrambler’ males [17], and are associated with increased IASC at the population 59 



level [18,19]. A fundamental assumption of sexual selection models is that such 60 

elaborated, dimorphic sexual traits should eventually be checked by countervailing 61 

natural selection [20-22], but evidence for the involvement of sex-biased pathways of 62 

gene expression in naturally-selected adaptations is surprisingly limited, and the 63 

consequences for IASC after sexual trait reduction or loss are therefore of key 64 

interest.  65 

To explore these consequences, we examined the effects of sexual trait loss 66 

on patterns of sex-biased gene expression in the rapidly evolving Hawaiian field 67 

cricket, Teleogryllus oceanicus. Approximately 15 years ago, male morphs incapable 68 

of producing sexual advertisement calls were observed to appear and rapidly spread 69 

on multiple Hawaiian islands under natural selection from a phonotactic parasitoid fly, 70 

Ormia ochracea [23]. Obligate silence is caused by mutation(s) that cause males to 71 

develop female-like wing venation, erasing sound-producing structures and 72 

protecting them against fatal parasitism. The silent male phenotype, flatwing, 73 

segregates as a single-locus variant (flatwing) on the X chromosome (sex 74 

determination is XX/XO; males and females share all genes), though the exact 75 

nature of the mutation(s) is not known [24]. Although it is transmitted on the X, 76 

flatwing’s effects upon wing phenotype appear to be male-limited; female carriers 77 

show no readily detectable wing differences. There is evidence for widespread 78 

pleiotropic effects of flatwing in both sexes [25,26], and males carrying the genotype 79 

exhibit more female-like cuticular hydrocarbons [24], in addition to their feminised 80 

wing membranes. Given the potential role of pleiotropy in IASC (Fig. 1), we profiled 81 

gene expression from a range of non-wing, somatic and gonad tissues of adults from 82 

lines that were pure-breeding for flatwing or normal-wing genotypes.  Our aims were 83 



to test the role of sex-biased genes in evolved song loss, and explore the latter’s 84 

consequences for IASC. 85 

If flatwing widely impacts sex-biased pathways of gene expression, we 86 

anticipated one of two patterns among affected loci. Given its feminising effect in 87 

male wing tissues, and upon male cuticular hydrocarbons, flatwing might be 88 

associated with a general increase in female-biased gene expression, 89 

demasculinising female carriers and feminising male carriers (Hypothesis 1 in Fig. 1) 90 

[19,27]. An alternative, but non-mutually exclusive, scenario is that the loss of the 91 

male sexual trait releases female gene expression from pleiotropic IASC-associated 92 

constraints, in which case we anticipated up-regulation of female-biased (or down-93 

regulation of male-biased) gene expression (demasculinisation) predominantly 94 

affecting females (Hypothesis 2 in Fig. 1). Unexpectedly, we found that female gene 95 

expression was much more strongly affected by carrying the flatwing genotype than 96 

was males’, particularly in thoracic muscle and gonad tissues. Gene expression in 97 

adult flatwing males showed no evidence of being feminised, but we did observe 98 

demasculinised gene expression among female carriers consistent with predictions 99 

under relaxed IASC. In a follow-up experiment, we found that flatwing males had 100 

reduced testes mass while flatwing-carrier females showed no differences in egg 101 

production, but exhibited higher body condition. Our results show that at adult stages, 102 

female gene expression is more strongly affected by a genotype responsible for the 103 

loss of a male sexual trait. Females also show a pattern of demasculinised gene 104 

expression and increased body condition, and analyses of the tissue-specificity of 105 

gene expression supported a role for pleiotropy in driving IASC in this system. These 106 

findings are consistent with female release from constraints relating to IASC in the 107 



rapid spread of a mutation associated with the loss of a male sexual trait, a 108 

phenomenon which may play an important role in the widely observed loss of sexual 109 

ornaments [28]. 110 

 111 

2. Materials and Methods 112 

2.1 Sampling, sequencing and differential expression analysis  113 

Detailed descriptions of all methodologies are provided in the Supporting Methods. 114 

Briefly, we collected tissue samples from virgin adults (ca. 3 months from egg stage) 115 

from replicate lines breeding pure with respect to each morph genotype (flatwing 116 

‘FW’, or normal-wing ‘NW’). RNA was extracted from three tissues (neural, thoracic, 117 

and gonads) of a single male and a single female from each of 6 lines (N=3 lines of 118 

each genotype), for a total of 36 samples from 12 individuals. The lines were all bred 119 

from the same laboratory population originally established from Kauai, with no 120 

differences in selective regime (See Supporting Methods and [25]). Multiple lines 121 

were included in each group to account for between-line variance and to enable 122 

detection of expression differences attributable to morph genotype. Females were 123 

homozygous diploid for the respective genotype while males were hemizygous 124 

(XX/XO). Dissections and Trizol RNA extractions were performed following [26].  125 

 Paired-end reads of all 36 samples were generated on an Illumina HiSeq 126 

2000, and a de novo transcriptome was assembled from trimmed reads of all 127 

samples in Trinity using in silico normalisation [29]. Similar transcripts were clustered 128 

in CD-hit-est [30], and lowly expressed transcripts (those not expressed at >1 count 129 

per million in at least 3 samples) and transcripts without an open reading frame of 130 



>100 amino acids were filtered from the transcriptome. Reads were aligned to the 131 

transcriptome using Bowtie2 [31] with strand-specific settings, and quantified in 132 

RSEM [32]. Differential expression (DE) analyses were performed in edgeR [33] at 133 

the level of Trinity ‘genes’; henceforth referred to as ‘transcripts’ in acknowledgement 134 

that not all Trinity-identified genes passing filtering will represent genes in the 135 

strictest sense. Because our analysis was at the gene level, isoform variants should 136 

not contribute to the patterns of DE we observe. Clustering of similar genes by CD-137 

hit-est (see above) was used to further ensure isoform variants were not represented 138 

as multiple genes, and we used the results of BUSCO analysis of conserved genes 139 

[34] to verify that our transcriptome was not highly duplicated. Separate models were 140 

constructed for somatic (neural, thoracic muscle) and gonad tissues, to examine 141 

effects of sex and morph, with significance testing performed using likelihood ratio 142 

tests. To restrict our analyses to transcripts showing strong evidence of DE, we 143 

adopted a conservative significance threshold of FDR<0.01 to consider a transcript 144 

significantly DE or sex-biased. We checked whether results qualitatively changed if 145 

we used another common approach of imposing a fold-change threshold of >2 for a 146 

transcript to be considered DE/sex-biased, with FDR <0.05 (e.g. [35]), and found 147 

they did not (see Results). 148 

Sequences of DE transcripts were entered as BLASTX queries against the 149 

NCBI non-redundant protein database, with an e-value threshold of 10-3 and a 150 

maximum of 20 hits. Mapping and annotation were performed in Blast2GO [36] with 151 

default parameters. Functional enrichment of gene ontologies (GO) was assessed 152 

using transcripts which passed filtering and showed homology with Drosophila 153 



melanogaster proteins.  154 

 155 

2.2 Gene expression feminisation, demasculinisation and tissue-specificity  156 

We defined feminised and demasculinised expression, applied to males and females 157 

respectively, as up-regulation of female-biased transcripts (or down-regulation of 158 

male-biased transcripts) in males, and down-regulation of male-biased transcripts 159 

(up-regulation of female-biased transcripts) in females (Fig. 1). Thus, the terminology 160 

indicates the sex experiencing the effect. Identification of sex-biased genes was 161 

performed using differential expression analysis, averaging expression values across 162 

both morph genotypes in each sex; genes up-regulated at FDR<0.01 in males were 163 

considered male-biased, and genes up-regulated in females considered female-164 

biased. To test for feminisation and demasculinisation, we took the subset of 165 

transcripts that were DE in both morph genotype and sex comparisons and 166 

compared the direction of change between the two for each tissue separately. 167 

To understand whether changes in expression associated with morph 168 

genotype were correlated between sexes, we tested whether log-fold changes in 169 

expression for transcripts DE in one or both sexes were correlated between males 170 

and females. We also investigated the level of tissue-specificity of genotype-171 

associated effects in each sex by comparing log-fold changes among all transcripts 172 

DE in either comparison [37]. To test whether sex-limited and tissue-specific 173 

transcripts were less likely to be DE between morph genotypes, which could support 174 

the involvement of pleiotropy affecting genes shared between sexes, we subset for 175 

each sex*tissue combination transcripts expressed at >1cpm in all 6 samples, and 176 



transcripts expressed at <1cpm in all 6 samples, then compared identity across 177 

tissues to define sets of sex-specific and tissue-specific transcripts.  178 

 179 

2.3 Reproductive tissue and condition measures 180 

We investigated whether sex-specific reproductive fitness measures differed between 181 

separate, recently outcrossed (see Supporting Information) pure-breeding NW (N=4) 182 

and FW (N=3) lines derived from the same base population. At 7 days post-adult 183 

eclosion, gonad characteristics were measured in virgin male (N=140; 18 to 21 per 184 

biological line) and female (N=145; 19 to 24 per biological line) crickets that had been 185 

reared at standard stock densities. As proximate measures of reproductive output, 186 

we obtained wet mass of dissected testes to the nearest mg, and for females 187 

counted the number and measured the total wet mass in mg of eggs contained within 188 

the ovaries.  189 

 Testes mass was analysed using a linear mixed model (LMM), while female 190 

total egg mass was analysed using a generalised linear mixed model (GLMM) with a 191 

negative binomial distribution. Total egg mass followed a negative binomial 192 

distribution owing to the Poisson distribution of egg numbers. Both models included 193 

predictor variables of morph genotype, log pronotum length, log somatic mass, and a 194 

random effect of biological line. We calculated somatic (i.e. not including gonad 195 

masses) scaled mass index (SMI) from pronotum length and somatic wet mass, often 196 

used as a proximate measure for individual body condition [38]. Log-transformed SMI 197 

was analysed using an LMM with predictor variables of morph genotype, sex, an 198 

interaction between the two, and a random effect of biological line. Following the SMI 199 

comparison, contributions of differences in pronotum length and somatic wet mass 200 



were investigated using LMMs with the same predictors and random effect. Mixed 201 

models were run in the R package lme4 [39], with MASS used to fit the negative 202 

binomial GLMM. Significance of predictor terms was tested using Wald’s 2. 203 

 204 

3. Results 205 

3.1 Morph genotype has larger effects on gene expression in females 206 

Female transcriptomes were more strongly impacted by carrying the flatwing 207 

genotype than were males’. The unfiltered T. oceanicus transcriptome contained 208 

complete sequences for 90.6% conserved insect BUSCO genes, with low duplication 209 

rates (1.8% of complete genes; see Supporting Information), and 42,496 transcripts 210 

(Trinity-identified ‘genes’) passed filtering. Differential expression results are 211 

summarised in Table 1. In all tissues the number of DE transcripts (FDR<0.01) 212 

associated with morph genotype was greater among females than males, and female 213 

thoracic muscle and ovaries were particularly strongly affected (neural tissue: 214 

2
1=11.571, P<0.001; thoracic muscle: 2

1=310.77, P<0.001; gonads: 2
1=159.67, 215 

P<0.001) (Fig. 2a). This interpretation remained unchanged if a fold-change of >2 216 

and FDR <0.05 was instead adopted (greater DE in females: all P<0.001). 217 

 Of 560 unique transcripts DE between genotypes in either sex, 296 (52.86%) 218 

had significant BLASTX hits. None of the annotated transcripts had obvious known 219 

functions or GO terms related to sexual dimorphism in insects. Overrepresented GO 220 

terms among transcripts up-regulated in each of the female genotypes are given in 221 

Table S1. Neither male morph showed significant overrepresentation for any GO 222 

categories. 223 



 224 

3.2 Male trait loss is associated with demasculinised female gene expression 225 

FW females showed demasculinised gene expression compared with NW females 226 

(Fig. 2b). Of the 119 sex-biased transcripts DE between female genotypes across all 227 

tissues, 87 (73.11%) showed expression patterns consistent with demasculinisation 228 

of FW females (either female-biased transcripts up-regulated in FW females or male-229 

biased transcripts up-regulated in NW females), compared with only 32 transcripts 230 

(26.89%) showing the reverse pattern (2
1=25.420, P<0.001). The pattern of 231 

demasculinisation in FW relative to NW samples was consistent across female 232 

thoracic muscle and ovaries tissues (thoracic muscle: 2
1=31.837, P<0.001; ovaries: 233 

2
1=4.070, P=0.044), but numbers were too low for quantitative comparison in neural 234 

tissues. Interpretation of demasculinised expression remained unchanged under fold-235 

change >2 and FDR <0.05 criteria (neural tissue: too few for comparison; thoracic 236 

muscle: 2
1=57.791, P<0.001; ovaries: 2

1=5.921, P=0.015). 237 

 238 

3.3 Magnitude of DE associated with male trait loss across sexes and tissues  239 

For transcripts DE between genotypes in one or both sexes, changes in gene 240 

expression were positively correlated between sexes in neural (Spearman’s rank: 241 

r=0.920, N=26, P<0.001) and gonad (r=0.203, N=193, P=0.005) tissues, but not in 242 

thoracic muscle (r=0.046, N=378, P=0.372) (Fig. S1). Across the 19 transcripts 243 

showing concordant and significant DE in males and females, after relaxing the 244 

significance threshold to FDR<0.05 to increase sample size, there was no indication 245 

that females showed greater log-fold changes; male genotypes tended to exhibit 246 



greater differences (male log2-fold change – female log2-fold change: average = 247 

0.386, P=0.123). Changes in expression associated with the FW genotype were 248 

concordant in pairwise comparisons across tissues within each of the sexes 249 

(Spearman’s rank: all r>0.465, P<0.01; Figs S1,2), suggesting a relatively high 250 

degree of pleiotropy [37]. Interpretations above were unchanged under fold-change 251 

>2 and FDR <0.05 criteria.  252 

 Transcripts showing sex-limited expression did not show substantial DE 253 

between genotypes. In ovaries, the female tissue which showed the greatest degree 254 

of sex-limited expression, sex-limited transcripts (expressed >1cpm in all ovaries 255 

samples and <1cpm in all testes samples) tended to be underrepresented among 256 

those DE between morph genotypes (11 of 185 DE transcripts sex-limited, vs 1,782 257 

of the 17,254 transcripts >1cpm in all 6 samples; 2
1=3.350, P=0.067). No sex-limited 258 

transcripts were DE between morph genotypes in testes, or neural and thoracic 259 

muscle tissues of either sex. 260 

Among transcripts showing tissue-specific expression within each sex (e.g. 261 

expressed at >1cpm in all female neural samples but <1cpm in all female thoracic 262 

muscle and ovaries samples) fewer than expected were DE between morph 263 

genotypes in ovaries (7/178 DE transcripts showed tissue-specific expression, versus 264 

1,576/17,254 of those expressed at >1cpm in all 6 samples; 2
1=5.161, P=0.023). No 265 

tissue-specific transcripts were DE between genotypes in any of the other tissues; 266 

including testes, despite the large number of tissue-specific transcripts (0/9 versus 267 

6,658/20,998). In somatic tissues, tissue-specific transcripts were less likely to show 268 

sex-bias than were non- tissue-specific transcripts also expressed at >1cpm in all 6 269 

samples for the respective tissue (2: P<0.001 in both tissues and sexes), but this 270 



pattern was reversed in ovaries, where tissue-specific transcripts were more likely to 271 

show sex-bias (2=26.763, P<0.001). There was no difference in testes samples 272 

(2=0.300, P=0.584). 273 

 274 

3.4 Sex and morph variation in reproductive tissues and condition 275 

Adult NW males grew larger testes (LMM: 2
1=8.800, P=0.003; Fig. 3a), but there 276 

was no difference in the mass of eggs produced by females of either genotype 277 

(GLMM: 2
1=0.011, P=0.916; Fig. 3b) (Table S2). Nevertheless, FW females 278 

achieved better condition. Their SMI was greater than that of NW females, but a 279 

significant sex × morph interaction (LMM: 2
1=14.006, P<0.001) indicated there was 280 

no similar effect observed in males (Fig. 3c, Table S2). Thus, FW lines showed 281 

greater divergence in SMI between sexes, and this effect appeared largely related to 282 

changes in mass. (Table S2,3) 283 

 284 

4. Discussion 285 

Influential models of sexual selection and sexual conflict predict that sex differences 286 

in gene expression underlying sexually selected traits arise due to IASC [7]. 287 

However, such resolution of IASC is often expected to be incomplete, and costly 288 

elaboration of sexual traits should eventually be checked by natural selection [20-22]. 289 

Surprisingly, we found that the naturally-selected, genetic loss of a male sexual 290 

signal in crickets, via feminisation of male wing structures, affected gene expression 291 

more strongly in adult females than in males. There was no evidence of feminisation 292 

detectable in adult flatwing males, though this does not preclude such a role during 293 



earlier stages of development (e.g. [40]), which is hinted at by their reduced testes 294 

mass, and feminised CHCs [24]. In contrast, gene expression was demasculinised in 295 

female carriers of the flatwing genotype, which also showed increased body 296 

condition. These results support our predictions under a scenario of relaxed IASC 297 

following male sexual trait loss (Fig. 1)  298 

 Sex-biased gene expression is likely to be associated with underlying IASC at 299 

loci where selection pressures differ between males and females [4,6], and sexual 300 

ornaments provide a clear example of a trait with contrasting fitness optima between 301 

sexes [13]. The association between sexually selected traits and sexual conflict has 302 

frequently been inferred by comparing laboratory lines reared under contrasting 303 

selection regimes [19,27,41-43]. In T. oceanicus, our results raise the intriguing 304 

possibility that relaxed IASC among females accompanied evolutionary loss of a 305 

male sexual trait in the wild. Female release from IASC could occur more widely than 306 

is generally considered, given repeated secondary losses of sexually-selected male 307 

traits across taxonomic groups [28,44-46], and could even facilitate these losses 308 

given the arms race-like dynamics with which IASC is frequently associated [47].  309 

 Recent evidence suggests increased sexually dimorphic gene expression is 310 

associated with increased fitness [15]. We therefore expected males and females 311 

from flatwing lines to show contrasting fitness effects of the mutant genotype, with 312 

females benefitting from demasculinised gene expression and males showing no 313 

variation. Flatwing males exhibited reduced testes mass, consistent with a previous 314 

report [48], but females carrying the flatwing genotype did not differ in reproductive 315 

output. Instead, they exhibited increased SMI, a proximate measure of body 316 

condition, whereas flatwing males showed no such increase. While we are cautious 317 



about making direct inference about fitness effects of SMI, evidence of IASC over 318 

body size in species as diverse as humans [49] and Indian meal moths Plodia 319 

interpunctella [50], illustrates that males and females are frequently subject to 320 

contrasting optima for mass and structural size. In T. oceanicus, structural body size 321 

is likely to have an important influence on male mating success through male-male 322 

competition and female choice, while females less subject to pressures of sexual 323 

selection may benefit from maximising energy reserves [51]. Phenotypic evidence 324 

suggests, therefore, that flatwing males are disadvantaged above and beyond their 325 

inability to signal, whereas female flatwing carriers are not strongly disadvantaged, 326 

and may actually benefit, potentially as a result of relaxed IASC.  327 

While demasculinised gene expression and increased body condition in 328 

flatwing-carrying females support a hypothesis of relaxed IASC following male sexual 329 

trait loss, several caveats are worth considering. For example, demasculinised 330 

expression does not itself illustrate female benefit, though this interpretation is 331 

supported by the increased body condition observed, which may or may not be 332 

directly related to demasculinised gene expression, and by others’ findings of an 333 

association between greater sex-biased gene expression and fitness-associated 334 

traits [15]. Additionally, while our focus was on sex-biased transcripts, genotype also 335 

affected many transcripts in both sexes which did not show sex-bias. It is difficult to 336 

make inferences about the importance of these changes, or relate them to 337 

phenotypic traits, however it would affect interpretation of female benefit from 338 

carrying the FW genotype if, for example, changes to non- sex-biased transcripts had 339 

contrasting fitness-associated effects [52]. Finally, we examined differences between 340 

pure-breeding lines derived from a single wild population, but interpretation of our 341 



results would benefit from future work testing patterns of sex-specific selection 342 

across lines derived from wild populations with contrasting proportions of 343 

flatwing/normal-wing male phenotypes, to assess whether this influences IASC on a 344 

population level [18]. 345 

Comparing gene expression profiles across tissues within each sex revealed a 346 

strong pattern for transcripts differentially expressed between morphs in one tissue to 347 

show evidence of concordant differences in others. A lack of tissue specificity is often 348 

used as a proxy measure for pleiotropy (i.e. more pleiotropic loci are likely to be less 349 

tissue-specific) [37], and extensive pleiotropy is widely expected to constrain the rate 350 

of evolution due to the reduced likelihood of a net increase in fitness [53]. We found 351 

that very few transcripts showing tissue-specific or sex-limited expression differed in 352 

expression between genotypes. This supports the view that changes we observe to 353 

be associated with carrying flatwing are primarily among transcripts that have 354 

detectable levels of expression in both sexes, across tissues, and represent spillover 355 

effects of the flatwing locus in non-wing tissues. As well as showing flatwing has 356 

pervasive pleiotropic effects across multiple tissues, these results are consistent with 357 

the idea that the adaptive benefit of the flatwing phenotype in males outweighs costs 358 

associated with pleiotropic effects in non-focal tissues. Given the observed 359 

demasculinisation of female transcriptomes, and evidence for increased female body 360 

condition, our results also raise the intriguing prospect that positive pleiotropic effects 361 

of flatwing on females through relaxed IASC could actually have facilitated its rapid 362 

spread. 363 

 364 

 365 



5. Conclusions 366 

Our results are consistent with theoretical expectations for relaxed genomic conflict 367 

following reduction of sexual selection [10]. The relaxation of genomic conflict may be 368 

an underappreciated yet capacitating feature of the widely-observed loss of sexual 369 

ornaments, for which the genetic and evolutionary mechanisms are not well 370 

understood [28]. It is generally expected that the maintenance of sexually ornaments 371 

will be associated with IASC, and also acted against to varying degrees by natural 372 

selection. In T. oceanicus, the evolutionary loss of a male-specific sexual ornament 373 

may reduce IASC-associated constraints upon female gene expression, supporting 374 

the view that sex-biased gene expression only partially resolves underlying forces of 375 

intralocus sexual conflict even when phenotypes are sex-limited in their expression 376 

[11,13]. More generally, IASC may be an underappreciated driver during the 377 

evolutionary reduction or loss of secondary sexual traits.  378 
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Table 1. Numbers of DE genes for contrasts examining sex-biased expression (top 551 

section) and morph genotype in each tissue and sex (middle and bottom section).  552 

Tissue DE_Down2 DE_Up2 DE_Sum2 

Sex (M)1 

Neural 379 152 631 

Muscle 726 492 1218 

Gonads 9030 11267 20297 

Male genotype (NW) 

Neural 0 5 5 

Muscle 9 10 19 

Testes 5 4 9 

Male total 14 19 33 

Female genotype (NW) 

Neural 9 14 23 

Muscle 160 204 364 

Ovaries 50 135 185 

Female total 219 353 572 

1 Reference group for each contrast is given in parentheses: 
M=males, NW=normal-wing 
2 All DE inferred using FDR<0.01 

 553 
  554 



Figure 1. Hypothetical effects of male sexual trait loss on IASC at the level of gene 555 

expression. The schematic shows expression levels (𝐸) and fitness (𝑊) for a 556 

transcript assumed to be pleiotropically influenced by a sexual trait locus, thus 557 

contributing to incompletely resolved IASC. Expression optima (𝐸𝜃) and observed 558 

average expression values (�̅�) differ between the sexes, and shaded curves illustrate 559 

frequency distributions for sex-specific expression. Within each sex, fitness is a 560 

function of expression level, maximized at the optimum (top red and blue lines 561 

indicating hypothetical stabilizing fitness functions for females and males, 562 

respectively). Thus, Δ𝐸 describes displacement from the optimum level of expression 563 

for each sex. The descriptors ‘feminisation’ and ‘demasculinisation’ refer to the 564 

identity of the individual under consideration: females whose gene expression shifts 565 

away from the male optimum are demasculinised, whereas males whose gene 566 

expression shifts in the same direction are feminized. 567 

 568 

Figure 2. The flatwing genotype’s effect on gene expression. The top panel shows 569 

tissues sampled. a) Numbers of transcripts up-regulated in NW-carrying crickets for 570 

males (light blue) and females (light red), versus up-regulated in FW-carrying 571 

individuals of either sex (dark blue/red). b) Sex-biased genes that differed between 572 

female morph genotypes showed patterns of demasculinisation in FW females. (Too 573 

few sex-biased genes were DE between male genotypes for statistical comparison.) 574 

Numbers of sex-biased transcripts up-regulated in each morph genotype with respect 575 

to the other are plotted, and colours show female-biased (red) vs. male-biased (blue) 576 

expression. Significance (*** P<0.001, * P<0.05) is shown for differences between 577 

genotypes in the number of transcripts showing masculinised/demasculinised 578 



expression. Significance was not tested for neural tissue, in which just 5 sex-biased 579 

transcripts were DE between genotypes. 580 

 581 

Figure 3. Sex-specific differences in gonad phenotypes and body condition in FW vs. 582 

NW genotypes. a) Male testes mass, and b) female total egg mass, at 7 days post-583 

eclosion. Black points illustrate means, and ** indicates a significant difference at 584 

P<0.01 (see Table 2). c) FW females showed increased SMI compared to NW 585 

females, but SMI did not differ between male genotypes. Points illustrate means, 586 

error bars ± standard error. 587 
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