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Abstract 22 

Sex chromosomes have different evolutionary properties as compared to the 23 

autosomes due to their hemizygous nature. In particular, recessive mutations are 24 

more readily exposed to selection, which can lead to faster rates of molecular 25 

evolution. Here, we report patterns of gene expression and molecular evolution in 26 

the sex chromosomes of a group of tropical butterflies. We first improved the 27 

completeness of the Heliconius melpomene reference annotation, a neotropical 28 

butterfly with a ZW sex determination system. Then we sequenced RNA from 29 

male and female whole abdomens and female ovary and gut tissue to identify 30 

sex and tissue specific gene expression profiles in H. melpomene. Using these 31 

expression profiles we compare sequence divergence and polymorphism, the 32 

strength of positive and negative selection and rates of adaptive evolution for Z 33 

and autosomal genes between two species of Heliconius butterflies, H. 34 

melpomene and H. erato. 35 

We show that the rate of adaptive substitutions is higher for Z as compared to 36 

autosomal genes, but contrary to expectation it is also higher for male as 37 

compared to female biased genes. There is therefore mixed evidence that 38 

hemizygosity influences the rate of adaptive substitutions. Additionally, we find no 39 

significant increase in the rate of adaptive evolution or purifying selection on 40 

genes expressed in ovary tissue, a heterogametic specific tissue. Together our 41 

results provide limited support for fast-Z evolution. This contributes to a growing 42 

body of literature from other ZW systems that also provide mixed evidence for a 43 

fast-Z effect. 44 

 45 

 46 

 47 

 48 
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Introduction 49 

Heteromorphic sex chromosomes have different evolutionary properties 50 

compared to autosomes (Rice, 1984). Specifically, because recessive mutations 51 

are exposed to selection more readily on the sex chromosomes, positive and 52 

purifying selection - as well as the strength of genetic drift - are expected to result 53 

in different rates of molecular evolution between sex chromosomes and 54 

autosomes. An increased evolutionary rate of sex chromosomes relative to 55 

autosomes, known as the fast-X effect (Charlesworth et al., 1987), has been 56 

observed in Drosophila (Ávila et al., 2014).  X genes are expected to diverge 57 

faster between species than autosomal genes mainly due to the higher 58 

substitution rate of recessive, advantageous mutations. However, this process is 59 

also influenced by: 1) patterns of selection in males versus females; 2) mutation; 60 

3) recombination and 4) demography (Orr and Betancourt, 2001; Kirkpatrick and 61 

Hall, 2004; Vicoso and Charlesworth, 2006; 2009; Pool and Nielsen, 2007; Orr, 62 

2010; Connallon et al., 2012).  63 

Patterns of molecular evolution on the sex chromosomes are particularly 64 

influenced by gene expression patterns. Sexually dimorphic expression is often 65 

caused by natural and/or sexual selection favouring phenotypes that influence 66 

the fitness of one of the sexes (Grath and Parsch, 2016). In species with genetic 67 

sex determination the majority of sexually dimorphic traits result from the 68 

differential expression of genes present in both male and female genomes 69 

(Ellegren and Parsch, 2007). Sex biased expression is common across taxa from 70 

mammals (Rinn and Snyder, 2005) to Diptera (Assis et al., 2012), reptiles (Cox et 71 

al., 2017), birds (Mank et al., 2010) and Lepidoptera (Rousselle et al., 2016). For 72 

example, in Drosophila melanogaster, 57% of genes have been categorised as 73 

sex biased (Assis et al., 2012); and, in Heliconius melpomene, analysis of two 74 

different tissues identified up to 29% of expressed genes as sex biased (Walters 75 

et al., 2015). The vast majority of genes that exhibit sexually dimorphic 76 

expression are active in reproductive tissues and tend to also have distinctive 77 

rates of molecular evolution compared to genes without dimorphic expression 78 

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

The copyright holder for this preprint (which was notthis version posted July 31, 2018. ; https://doi.org/10.1101/380030doi: bioRxiv preprint 

https://doi.org/10.1101/380030
http://creativecommons.org/licenses/by-nc-nd/4.0/


4 

 

(Parisi et al., 2003; 2004; Avila et al., 2015). Ultimately, the identification of sex 79 

biased genes and subsequent analysis of patterns of molecular evolution will 80 

contribute to a better understanding of the evolutionary forces shaping sex 81 

chromosome and autosome evolution (Kirkpatrick and Hall, 2004; Zhang et al., 82 

2004; Assis et al., 2012). 83 

Empirical studies of the fast-X effect typically measure two different metrics: 1) 84 

the ratio of non-synonymous to synonymous substitution rates (dN/dS); and 2) 85 

the amount of adaptive evolution (α) using the McDonald-Kreitman (MK) test 86 

(McDonald and Kreitman, 1991). Studies measuring dN/dS usually test for 87 

“faster-X divergence”.  Although this approach may be useful for comparing sex 88 

chromosome and autosomal divergence measuring only the relative rate of non-89 

synonymous substitutions captures the effects of both adaptive and neutral (or 90 

slightly deleterious) mutations. Estimates of α can better test for an excess of 91 

adaptive substitution in the sex chromosome (“faster-X adaptation”) by combining 92 

measures of within-species polymorphism and between-species divergence, but 93 

α is still sensitive to the rate of accumulation of slightly deleterious mutations and 94 

demography (Fay 2011). For instance, an increase in Ne is expected to result in 95 

decreased dN/dS and increased α even when the rate of adaptive substitutions 96 

remains unchanged. To overcome this problem extensions of the MK test such 97 

as ωa were developed to estimate the rate of adaptation by calculating the 98 

frequency distribution of polymorphism after correcting for demographic history 99 

and distribution of deleterious effects at functional sites (Galtier, 2016). 100 

The analysis of evolutionary rates between sex and autosomal genes, however, 101 

has produced mixed evidence in support of fast-X evolution (Meisel and 102 

Connallon, 2013). In some taxa there is strong evidence for faster-X divergence 103 

but not faster-X adaptation or vice versa (Meisel and Connallon, 2013). For 104 

example, the first calculations of faster-X divergence were carried out in 105 

Drosophila where support for elevated dN/dS in X genes has been mixed. 106 

Studies that used autosome-to-X translocations to control for gene content effect 107 

did not reach a consensus on the existence of faster-X divergence (Counterman 108 
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et al. 2004; Thornton et al., 2006; Zhou and Bachtrog, 2012) but X-linked 109 

duplicate genes have elevated dN/dS compared to autosomal duplicates 110 

(Thornton and Long, 2002). Signals of faster-X sequence divergence in 111 

Drosophila have been shown to affect non-coding regulatory regions as well, and 112 

might be at least partly explained by differences in gene composition on the X 113 

versus the autosomes (Hu et al., 2013). However, faster-X divergence in other 114 

taxa has received stronger support. For example in humans, chimpanzees and 115 

rodents dN/dS is higher for X genes (Nielsen et al., 2005; Mank,Vicoso, et al., 116 

2010). 117 

In contrast, whole-genome analyses of adaptive substitutions have resulted in 118 

stronger evidence for faster-X adaptation in Drosophila (Mackay et al., 2012), 119 

while support for faster-X adaptation in vertebrates is less clear. McDonald-120 

Kreitman tests support faster-X adaptation in wild mouse populations (Baines 121 

and Harr, 2007) but, for the European rabbit (Oryctolagus cuniculus), a clear 122 

faster-X adaptation signal is only present in populations with large effective 123 

population sizes (Carneiro et al., 2012).  124 

Taxa with ZW sex determination provide an interesting contrast. For female-125 

heterogametic taxa such as birds, females only have one copy of the Z 126 

chromosome. A fast-Z effect may be expected to result from the expression of 127 

recessive mutations on the Z chromosome as Z genes are immediately exposed 128 

to selection in females (Charlesworth et al., 1987). In birds, fast-Z divergence has 129 

been reported, but Z male biased genes were not less accelerated than unbiased 130 

genes or female biased genes  (Wright et al., 2015). This would not be expected 131 

if the fast-Z effect was driven by recessive beneficial mutations, and so it was 132 

suggested that fast-Z in birds does not reflect positive selection (Mank, Nam, et 133 

al., 2010; Wright et al., 2015). 134 

For Lepidoptera results have also been mixed. Sackton et al. (2014) reported that 135 

faster-Z evolution was driven by position selection in silkworms. But, in satyrine 136 

butterflies, there were no significant differences in adaptive evolutionary rates 137 
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between the Z and the autosomes (no fast-Z adaptation). However, the 138 

comparison of male biased, female biased and unbiased Z genes in satyrine 139 

butterflies revealed increased purifying selection against recessive deleterious 140 

mutations in female biased Z genes (Rousselle et al., 2016). Considerable 141 

uncertainty therefore remains regarding the prevalence and magnitude of the 142 

fast-X/Z effect on divergence and adaptation. 143 

Here we investigate the effects of hemizygosity on the rates of adaptive 144 

substitution in the neotropical butterfly genus Heliconius, a ZW sex determination 145 

system, by analysing polymorphism, divergence and gene expression genome-146 

wide. We test whether there is a fast-Z effect in Heliconius using two species 147 

from the H. melpomene and H. erato clades which diverged 13 million years ago 148 

(synonymous divergence = 0.16) (Kozak et al., 2015; Martin et al., 2016). 149 

Previous analyses of Heliconius transcriptome data have focused on the 150 

evolution of dosage compensation and the impact of sex specific dosage on the 151 

levels of gene expression (Walters et al., 2015). In this study, using the same 152 

transcriptome data, we first compute sex biased expression. Then, accounting for 153 

sex biased gene expression, we: 1) calculate coding sequence divergence and 154 

polymorphism in H. melpomene; and 2) assess the strength of positive and 155 

negative selection, and rates of adaptive evolution between H. melpomene and 156 

H. erato. We then analyse newly generated female transcriptome data from H. 157 

melpomene ovary and gut tissue in order to investigate whether genes expressed 158 

in the reproductive tissue of the heterogametic sex have higher rates of adaptive 159 

evolution than those expressed in somatic tissues. 160 

 161 

 162 

Material and Methods 163 

Updated H. melpomene annotation 164 
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The Hmel2 annotation of the H. melpomene genome has 13 178 predicted 165 

transcripts spanning 16 897 139 bp (The Heliconius Genome Consortium, 2012; 166 

Davey et al., 2016). The Hmel2 annotation is incomplete, as there are 20 118 167 

high quality predicted transcripts in H. erato spanning 33 669 374 bp (van 168 

Belleghem et al., 2017). To improve the completeness of the annotation for H. 169 

melpomene we downloaded RNA-seq reads from NCBI repositories 170 

ArrayExpress ID: E-TAB-1500 (Briscoe et al., 2013), and BioProject 171 

PRJNA283415 (Walters et al., 2015), published since Hmel1 release. We also 172 

used data from 10 wing RNA-seq libraries (Hanly 2017). We used the BRAKER1 173 

pipeline to perform unsupervised RNA-seq based genome annotation (Hoff et al., 174 

2016). GeneMark-ET was used to perform iterative training, generating initial 175 

gene structures and AUGUSTUS was used for training and subsequent 176 

integration of RNA-seq read information into the final gene predictions (Stanke et 177 

al., 2008; Lomsadze et al., 2014; Hoff et al., 2016). This resulted in 26,017 178 

predicted transcripts spanning 32,222,367 bp. 6,532 of these transcripts were 179 

considered repeat proteins based on 90% single hit match to repeat databases 180 

Repbase were removed (Bao et al., 2015). We transferred 428 manually 181 

annotated genes (441 transcripts/protein) from the original Hmel2 annotation and 182 

removed any BRAKER1 predictions that overlapped. We also transferred 189 183 

genes (189 transcripts/proteins) that have been manually annotated and 184 

published since Hmel2 release. Specifically, we transferred 73 gustatory 185 

receptors; 31 immune response and 85 Glutathione-S-transferases and 186 

Glucuronosyltransferases (Briscoe et al., 2013; van Schooten et al., 2016; Yu et 187 

al., 2016) and removed any BRAKER1 predictions that were overlapping. 188 

Moreover, BRAKER1 predictions that had 1-to-1 overlaps with Hmel2 names 189 

were replaced by their original Hmel2 name. For many-to-1 mapping between the 190 

BRAKER1 predictions and Hmel2, Hmel2 names were reused and a suffix of 191 

g1/g2/g3/etc was added. The rest were renamed from HMEL030000 onwards. 192 

 193 

Samples for gene expression analysis 194 
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Gene expression data was calculated using: 1) Illumina 100bp paired-end RNA-195 

seq data from 5 Panamanian H. m. rosina whole-male abdomens, and 5 196 

Panamanian H. m. rosina whole-female abdomens, downloaded from GenBank 197 

(BioProject PRJNA283415) (Walters et al., 2015); and 2) newly sequenced 198 

Illumina HiSeq 2500 150bp paired-end directional (stranded) RNA-seq data from 199 

ovary tissue of 7 young (1h) and 6 old (20 days) H. m. rosina females, and from 200 

gut tissue of 6 young (1h) and 6 old (20 days) H. m. rosina females (25 samples 201 

from 13 different individuals, Supplementary Table S1). 202 

For these 25 samples H. m. rosina females were reared in insectaries in 203 

Gamboa, Panama. Passiflora platyloba potted plants were monitored daily and 204 

5th instar caterpillars were removed and taken to the laboratory in large individual 205 

containers where they were allowed to pupate and emerge at a constant 206 

temperature (24-25ºC). The pupating containers in the laboratory were monitored 207 

several times a day. When a female emerged, it was either: 1) returned to the 208 

insectaries to be mated to a H. m. rosina male (Treatment: old, Supplementary 209 

Table S1); or 2) dissected 1h after eclosion under controlled laboratory conditions 210 

(Treatment: young, Supplementary Table S1). Mated females were kept in 211 

individual 1m x 1m x 2m cages for 20 days until dissection. 212 

Guts and ovaries were dissected in RNAlater (ThermoFisher, Waltham, MA) at 213 

24-25ºC and tissue was stored in RNAlater at 4ºC for 24h and -20ºC thereafter. 214 

Total RNA was extracted with a combined guanidium thiocyanate-phenol-215 

chloroform and silica matrix protocol using TRIzol (Invitrogen, Carlsbad, CA), 216 

RNeasy columns (Qiagen, Valencia, CA) and DNaseI (Ambion, Naugatuck, CT). 217 

mRNA was isolated from total RNA via poly-A pull-down, and directional cDNA 218 

library preparation and sequencing (Illumina HiSeq 2500, 150bp paired end) 219 

were performed by Novogene Bioinfomatics Technologies (Hong Kong, China) 220 

(Supplementary Table S1). 221 

 222 
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Read mapping, counting and identification of sex and ovary and gut biased 223 

genes   224 

FASTQ reads were aligned to gene sequences from H. melpomene v2.5 225 

annotation using HISAT2 (Kim et al., 2015) with default mapping parameters. 226 

Mapping statistics were calculated using samtools flagstat (v1.2) (Li et al., 2009). 227 

We used htseq-count to determine the number of aligned sequencing reads 228 

mapped to each genic feature (HTSeq v0.6.1; python v2.7.10; option: -m union) 229 

(Anders et al., 2015).  230 

Estimation of variance-mean dependence from the count data was performed 231 

with DESeq2 (v1.14.1) (Love et al., 2014) using Bioconductor v3.4 and R v3.2.5, 232 

using the constructor function 233 

DESeqDataSetFromHTSeqCount(design=~batch+sex) for sex biased genes and 234 

DESeqDataSetFromHTSeqCount(design=~batch+tissue) for ovary and gut 235 

biased genes. All the result tables were built using the DESeq2 results() function 236 

(options: betaPrior=false, test=Wald). We filtered the results as in Walters et al. 237 

(2015) with FDR < 0.05 (alpha=0.05) (Walters et al., 2015). We defined male, 238 

female and unbiased genes as in Rousselle et al. (2016); male biased genes 239 

have log2 fold change significance threshold < 0.66 (option: lcfThreshold<0.66), 240 

female biased genes have log2 fold change significance threshold > 1.5 (option: 241 

lcfThreshold>1.5) and the others were classified as unbiased. 242 

 243 

Extraction of orthologous genes, coding sequence alignment and SNP 244 

calling 245 

OrthoFinder was used to identify orthologous groups of genes in the H. 246 

melpomene and the H. erato transcriptomes (options: -t 48 -a 6). 1-1 orthologous 247 

gene sequences were selected for use in subsequent analysis (Supplementary 248 

Table S2). Using Gff-Ex, a genome feature extraction package (Rastogi and 249 

Gupta, 2014), we extracted coding sequences from: 1) 10 whole-genome short-250 
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read re-sequenced wild H. m. rosina from Panama (Supplementary Table S3; 251 

Van Belleghem et al., 2018) mapped to Hmel2 (Davey et al., 2016) with bwa-252 

mem (Li and Durbin, 2009); 2) the reference H. erato genome (Van Belleghem et 253 

al., 2017).   254 

For the 10 whole-genome re-sequence H. m. rosina samples (van Belleghem et 255 

al., 2018), genotypes were called using HaplotypeCaller (GATK v3.4-0-256 

g7e26428) (DePristo et al., 2011), and genotypes were designated as missing if 257 

the read depth for a given individual at a given site was <8. Coding sequences 258 

for 1-1 orthologous genes were extracted in fasta format from 1) and 2) and 259 

aligned using MACSE, accounting for frameshifts and stop codons (Ranwez et 260 

al., 2011).  261 

 262 

Calculation of diversity and selection statistics for 1-1 ortholog alignments 263 

between H. melpomene and H. erato: Classic approach. 264 

The adaptive substitution rate was estimated by comparing synonymous and 265 

non-synonymous variation in the polymorphism and divergence compartments, 266 

as first proposed by McDonald & Kreitman, 1991; see also Bustamante et al., 267 

2005, and Mcpherson et al., 2007). We first used the original MK test (referred to 268 

as Classic approach hereafter) to estimate the rate of adaptive substitution for all 269 

genes found to be orthologous between H. melpomene and H. erato. We 270 

calculated: 1) synonymous polymorphism (Ps) and 2) non-synonymous 271 

polymorphism (Pn) in H. melpomene, as well as 3) synonymous fixed divergence 272 

(dS), and 4) non-synonymous fixed divergence (dN) between H. melpomene and 273 

H. erato. We estimated the rate of adaptive molecular evolution (α) between the 274 

two species as: 275 

� � 1 �
�� � 	�
�
 � 	�
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α assumes that non-synonymous mutations are either adaptive, neutral, or 276 

strongly deleterious (McDonald and Kreitman, 1991), with -∞ > α ≥ 1, where α = 0 277 

represents the null hypothesis that non-synonymous mutations are neutral 278 

(dN/dS = Pn/PS).  α > 0 corresponds to dN/dS > Pn/PS and indicates positive 279 

selection, whereas α < 0 cprresponds to dN/dS < Pn/PS and indicates negative 280 

selection. These values were calculated using the EggLib C++ function 281 

polymorphismBPP (v2.1.11) (De Mita and Siol, 2012) and Bio++  (v2.2.0) (Dutheil 282 

and Boussau, 2008) in python (v2.7.5) using scripts adapted from 283 

https://github.com/tatumdmortimer (last accessed 09/04/2018) (O'Neill et al., 284 

2015).  285 

 286 

Calculation of diversity and selection statistics for 1-1 ortholog alignments 287 

between H. melpomene and H. erato: Modelling approach. 288 

The Classic approach to the MK test is robust to differences in mutation rates 289 

and variation in coalescent histories across genomic locations (McDonald & 290 

Kreitman, 1991). Inference of positive selection using the Classic approach of the 291 

MK test is not robust, however, to the occurrence of slightly deleterious mutations 292 

and demographic change. To account for these confounders, we used a 293 

Modelling approach to estimate the strength of positive and purifying selection in 294 

addition to the Classic approach described above, using the method of Eyre-295 

Walker and Keightley (2009) as implemented in Galtier (2016) and Rousselle et 296 

al. (2016).  297 

The Modelling approach uses the frequency distribution of polymorphism to 298 

assess the distribution of deleterious mutations at functional sites. This 299 

elaborates on the Classic approach of the MK test by modelling the distribution of 300 

fitness effects (DFE) of deleterious non-synonymous mutations as a negative 301 

Gamma distribution. The model is fitted to the synonymous and non-synonymous 302 

site frequency spectra (SFS) and the expected dN/dS under near-neutrality is 303 
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inferred. The difference between the observed and expected dN/dS provides an 304 

estimate of the proportion of adaptive non-synonymous substitutions (α). The per 305 

mutation rate of adaptive substitutions is calculated as: 306 

 �� �  � � 
�

��

 

and the per mutation rate of non-adaptive substitutions is calculated as: 307 

��� � �1 – �� � 
�

��

 

 308 

Gene expression level and πn/πs ratios 309 

We calculated reads per kilobase per million (RPKM) as: 310 

�	�� �  

��10�


������

 

To test whether gene expression level and chromosome type have a significant 311 

effect on πn/πs ratios we used a multiple regression analysis. We established the 312 

linear model: 313 

log����	� ~ log����	� � ���� �!� "_$%&"	 � log ��	��� 

using R (v3.2.5). Where Nc is the number of reads mapped to the genic feature, 314 

Ntot is the total number of reads mapped in the sample, and Lc is the length of the 315 

genic sequence in base pairs (Mortavazi et al., 2008). RPKMi is the mean RPKM 316 

of gene i across the 10 individuals. Chromosome type is either autosome or sex 317 

chromosome as assigned in Hmel2 reference genome (Davey et al., 2016). 477 318 

genes with no polymorphism were removed from the analysis. We plotted 319 

diagnostic plots of residuals versus fitted values. 320 
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 321 

Results 322 

Hmel2.5 annotation and 1-1 orthologue prediction with H. erato  323 

There are 20,118 transcripts predicted in H. erato (van Belleghem et al., 2017) 324 

and 20,097 genes (21,565 transcripts/proteins) in H. melpomene Hmel2.5. 325 

OrthoFinder returned 11,062 clusters of genes, 8085 of which included exactly 326 

one sequence per species. 14,841 (73.8%) of the total number of genes in H. 327 

erato were assigned to an orthogroup; and 14,857 (68.6%) of the total number of 328 

genes in H. melpomene version Hmel2.5 were assigned to an orthogroup 329 

(Supplementary Table S2). Conversely, the H. melpomene Hmel2 annotation has 330 

13 019 predicted gene models (Davey et al., 2016). Using the Hmel2 annotation, 331 

OrthoFinder returned 9,320 clusters of genes, 6846 of which included exactly one 332 

sequence per species (i.e. single-copy orthogroups). 13 744 (68.3%) genes were 333 

assigned to an orthogroup in H. erato and 10 530 (80.9%) were assigned to an 334 

orthogroup in H. melpomene. The Hmel2.5 annotation set for H. melpomene is 335 

therefore more comparable to the published H. erato gene annotation and is 336 

more appropriate for future gene-based analysis in H. melpomene. The Hmel2.5 337 

annotation has 1,093 genes mapping to the Z chromosome and 18,835 mapping 338 

to the autosomes. This new version of H. melpomene genome annotation was 339 

numbered Hmel2.5 (available at LepBase 340 

http://ensembl.lepbase.org/Heliconius_melpomene_melpomene_hmel25/Info/Ind341 

ex , last accessed 20 Jun 2018, Challis et al., BioRxiv preprint). 342 

 343 

RNA-sequencing and read mapping  344 

Analysis of gene expression profiles in the data retrieved from Walters et al. 345 

(2015) by principal component, the first principal component separates gene 346 

expression in whole abdomen by sex and explains 97% of variance 347 

(Supplementary Figure S1). The 25 H. melpomene samples sequenced for this 348 
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project have a median total number of reads of 34.86 M (min. 27.81 M; max. 349 

46.12 M), similar to previously published gene expression studies in Heliconius 350 

(Briscoe et al., 2013; Walters et al., 2015). Mapping success is high compared to 351 

other published studies (e.g. Yu et al., 2016 and Walters et al., 2015) 352 

(Supplementary Table S1). We analysed data from two different time points and 353 

from non-sex and sex-specific tissue separately (Treatment: Young and Old). 354 

There is a clear separation of the 25 samples by tissue when we compare gene 355 

expression profiles between them. In total, 51% of the total variance is explained 356 

by the two first principal components. PC1 separates the samples by tissue and 357 

explains 40% of variance. PC2 explains 11% of total variance and separates 358 

samples by age (Supplementary Figure S3).  Ovarian tissue clusters by age 359 

more tightly than non-sex specific tissue (Gut) (Supplementary Figure S4A and 360 

S4B). 361 

 362 

Coding sequence divergence does not support a significant fast-Z effect 363 

We first compared rates of Z and autosomal sequence divergence using dN/dS 364 

comparisons of 1-1 orthologous genes between H. melpomene and H. erato.  365 

The dN/dS ratio for the Z chromosome genes is not significantly higher than 366 

dNdS for autosomal genes (dN/dSAuto=0.110; 95% CI=[0.106-0.113]; 367 

dN/dSZ=0.120; 95% CI= [0.098-0.145]), indicating no obvious faster Z divergence 368 

of coding sequence.  369 

More highly expressed genes are more exposed to selection, so in a female 370 

heterogametic organism with a fast-Z effect, genes with female-biased 371 

expression are expected to have higher rates of amino acid substitution if dN/dS 372 

is driven by positive selection. However, the dN/dS ratio of Z female biased 373 

genes (dN/dSZ=0.120; 95% CI=[0.069-0.183]) was not significantly different to 374 

that for male biased genes (dN/dSZ=0.148 [0.122-0.172]) or unbiased genes 375 

(dNdSZ=0.107; 95% CI=[0.078-0.143]). By contrast, among autosomal genes, 376 
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those that are unbiased have a significantly lower coding sequence divergence 377 

compared to both male biased and female biased autosomal genes 378 

(dNdSZ=0.0978; 95% CI=[0.093-0.102]) (Table 1). 379 

Finally, dS on the Z chromosome (dSZ=0.189; 95% CI= [0.18-0.2]) is higher than 380 

dS on the autosomes (dSAuto=0.162; 95% CI= [0.16-0.17]), consistent with either 381 

a: 1) male-biased mutation rate, or 2) difference in coalescence time for 382 

autosomes and Z; but does not support a fast-Z effect (Table 1). 383 

 384 

 Linkage All 
Female 

biased 

Male 

biased 
Unbiased 

πn/πs 

Autosomal 

0.103 0.106 0.127(A) 0.094(A) 

[0.100-

0.107] 

[0.10-

0.113] 

[0.118-

0.138] 

[0.091-

0.098] 

Z 

0.111 0.094 0.136 0.104 

[0.098-

0.126] 

[0.059-

0.136] 

[0.112-

0.162] 

[0.09-

0.125] 

dN/dS 

Autosomal 

0.110 0.113 0.113 0.098(A) 

[0.106; [0.105; [0.145; [0.093; 

0.113] 0.121] 0.167] 0.102] 

Z 

0.120 0.120 0.148 0.107 

[0.098-

0.145] 

[0.069-

0.183] 

[0.122-

0.172] 

[0.078- 

0.143] 

α 

Classic 

Autosomal 

0.24      

[-0.486-

0.697] 

0.120     

[-0.54-

0.687] 

0.305     

[-0.309- 

0.669] 

0.225       

[-0.544-

0.719] 

Z 

0.434    

[-0.526-  

0.866] 

0.463     

[-0.276- 

0.837] 

0.279     

[-0.728- 

0.794] 

0.535       

[-0.475-

1.0] 

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

The copyright holder for this preprint (which was notthis version posted July 31, 2018. ; https://doi.org/10.1101/380030doi: bioRxiv preprint 

https://doi.org/10.1101/380030
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 

 

α 

Autosomal 

0.629  

[0.622-

0.636] 

0.635 

[0.620-

0.650] 

0.630 

[0.616-

0.646] 

0.538(B) 

[0.529-

0.547] 

Modeling    Z 

0.675(A) 

[0.647-

0.704] 

0.699 

[0.595-

0.811] 

0.646 

[0.596-

0.697] 

0.537(B) 

[0.500-

0.576] 

ωa 

 

Autosomal 

0.062 

[0.061-

0.063] 

0.066 

[0.065-

0.068] 

0.087(B) 

[0.085-

0.089] 

0.047(B) 

[0.046-

0.048] 

Z 

0.069(A) 

[0.066-

0.072] 

0.069 

[0.058-

0.080] 

0.090(B) 

[0.083-

0.097] 

0.048(B) 

[0.044-

0.051] 

ωna 

Autosomal 

0.036 

[0.036-

0.037] 

0.038 

[0.037-

0.040] 

0.051(A) 

[0.049-

0.053] 

0.040 

[0.039-

0.041] 

Z 

0.033 

[0.030-

0.036] 

0.029 

[0.019-

0.040] 

0.049 

[0.042-

0.056] 

0.041 

[0.038-

0.044] 

#Genes 

Autosomal 7464 1231 1238 4739 

Z 200 28 96 193 

 385 

Table 1. Ratios of πn/πs, dN/dS; calculations of α, ωa and ωna for 386 

autosomal and Z male biased, female biased and unbiased genes 387 

πn/πs, dN/dS ratios, α, ωa and ωna are shown for autosomal and Z male 388 

biased, female biased and unbiased genes. Intervals represent 95% 389 

confidence intervals obtained by bootstrapping 1,000 times. Bold(A) 
390 
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denotes significant values within either Z or autosomal categories. Bold(B) 391 

denotes significant values within both Z and autosomal categories. 392 

Significance indicated separately for All and for sex biased expression 393 

(female, male & unbiased).  394 

 395 

πsZ/πsA diversity ratio is lower than 0.75 396 

We next explored patterns of within-species diversity as an indicator of the 397 

strength of purifying selection. In a population at equilibrium with a 1:1 sex ratio 398 

the πsZ/πsA diversity ratio is expected to be 0.75, but stronger purifying selection 399 

on the Z chromosome would lead to a reduction in this ratio due to background 400 

selection. The πsZ/πsA ratio for H. melpomene is approximately 0.44 (Table 2), 401 

which might indicate purifying selection on the Z. However, this ratio can also be 402 

influenced by a biased sex-ratio (Vicoso & Charlesworth, 2006), differences in 403 

recombination rates (Charlesworth, 2012), sex-biased mutation rates (Vicoso & 404 

Charlesworth, 2009), or a historical reduction in population size. Recent 405 

calculations for H. melpomene from Panama using whole-genome short read 406 

sequencing data estimated the πsZ/πsA diversity ratio value to be 0.611; CI= 407 

[0.570-0.653] with only weak evidence for a population bottleneck (Van 408 

Belleghem et al., 2018). The more pronounced reduction in diversity at 409 

synonymous sites we see here might therefore indicate enhanced background 410 

selection in genic regions of the Z chromosome. 411 

 412 

 Linkage All 
Female 

biased 

Male 

biased 
Unbiased 

πs Autosomal 

0.027(A) 

[0.026-

0.027] 

0.025 

[0.024-

0.027] 

0.035(A) 

[0.033-

0.036 

0.025 

[0.024-

0.026] 

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

The copyright holder for this preprint (which was notthis version posted July 31, 2018. ; https://doi.org/10.1101/380030doi: bioRxiv preprint 

https://doi.org/10.1101/380030
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 

 

Z 

0.012 

[0.011-

0.013] 

0.016 

[0.013-

0.020] 

0.015 

[0.01-0.02] 

0.0106 

[0.009-

0.012] 

πsZ/πsA NA 0.444 NA NA NA 

 413 

Table 2. H. melpomene πs & πsZ/πsA ratio from pairwise alignments 414 

for Z and autosomal genes 415 

πs calculated from pairwise alignments for Z and autosomal genes. 416 

πsZ/πsA ratio used to estimate NeZ/NeA. Intervals represent 95% confidence 417 

intervals obtained by bootstrapping genes (1000 replicates). Bold (A) 418 

denotes significant values within either Z or autosomal categories. 419 

Significance indicated separately for All and for sex biased (female, male 420 

& unbiased). 421 

 422 

Increased strength of purifying selection on highly expressed genes  423 

Patterns of diversity were however strongly associated with expression levels. 424 

Using a multiple regression approach we found that functional genetic diversity, 425 

πn, was significantly negatively correlated with expression level for both 426 

autosomal (P < 0.01) consistent with increased purifying selection on highly 427 

expressed genes (Supplementary Figure S2). 428 
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 429 

Figure 1. Expression level of Z and autosomal genes 430 

Median expression level of Z genes is significantly lower than autosomal 431 

genes (P < 0.05). Notches on boxplot display the confidence intervals 432 

around the median.  433 

Z and autosomal rates of adaptive substitution: testing fast-Z adaptation 434 

We next explored patterns of adaptive evolution using: 1) the Classic MK test; 435 

and 2) the Modelling approach which accounts for the effect of mildly deleterious 436 

mutations. We computed: 1) the proportion of adaptive non-synonymous 437 

substitutions (α) for both the Classic and the Modelling approaches; and 2) ωa 438 

and ωna for the Modelling approach. ωa is the per mutation rate of adaptive 439 

substitutions and ωna is the per mutation rate of non-adaptive substitutions. 440 

 441 

There are no significant differences in α values between gene categories under 442 

the Classic approach (Table 1). However, using the Modelling approach, when all 443 

genes are considered, Z genes have a marginally but significantly higher α 444 

(αZ=0.675; 95% CI= [0.647-0.704]) than those that are autosomal (αAuto=0.629; 445 
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95% CI= [0.622-0.636]). Nonetheless, α is not significantly different between the 446 

Z chromosome and autosomes for female biased (αAuto=0.635; 95% CI= [0.62-447 

0.65]; αZ=0.699; 95% CI= [0.595-0.811]) or male biased genes (αAuto=0.63; 95% 448 

CI= [0.616-0.646]; αZ=0.646; 95% CI= [0.596-0.697]). Unbiased genes have 449 

significantly lower α values than female or male biased genes for both Z and 450 

autosomes, but within the unbiased genes there is no significant difference in α 451 

between Z (αZ=0.537; 95% CI= [0.5-0.567]) and autosomes (αAuto=0.538; 95% 452 

CI= [0.529-0.547]) (Table 1). The lack of significant differences in α between sex-453 

biased genes is not consistent with the expectations of fast-Z adaptation, which 454 

would predict faster evolution of female biased genes due to hemizygosity 455 

compared to autosomes, but this could also reflect a lack of power to detect the 456 

signal when the total number of genes is reduced.  457 

 458 

 459 

 460 

 461 

Hemizygosity and the rate of adaptive substitutions 462 

Similarly, ωα, the rate of adaptive substitution relative to the rate of neutral 463 

divergence, is significantly higher for Z genes (ωαZ=0.069; 95% CI= [0.066-464 

0.072])as compared to autosomal genes (ωαAuto=0.062; 95% CI= [0.061-0.063]), 465 

consistent with the hypothesis of faster-Z evolution.  However, contrary to the 466 

prediction for faster-Z evolution, ωα is significantly higher for both male biased 467 

autosomal (ωα Auto=0.087; 95% CI= [0.085-0.089]) and Z genes (ωα Z=0.090; 95% 468 

CI= [0.083-0.097]) as compared to for female biased genes (ωα Z=0.069; 95% 469 

CI= [0.058-0.08]; ωα Auto=0.066; 95% CI= [0.065-0.068]). ωα is significantly lower 470 

for unbiased genes as compared to male and female biased genes, both in 471 

autosomal (ωα Auto=0.047; 95% CI= [0.046-0.048]) and sex chromosome ωα 472 

Z=0.048; 95% CI= [0.044-0.051]). 473 
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There was no evidence for reduced purifying selection on the Z chromosome, as 474 

the per-mutation rate of non-adaptive substitution (ωnα) is lower for Z genes (ωnαZ 475 

=0.033; 95% CI= [0.030-0.036] and ωnα Auto=0.036; 95% CI= [0.036-0.037]). 476 

Female biased genes have the lowest ωnα (ωnα Auto=0.038; 95% CI= [0.037-477 

0.040]; ωnα Z=0.029; 95% CI= [0.019-0.040]) compared to male biased (ωnα 478 

Auto=0.051; 95% CI= [0.049-0.053]; ωnα Z=0.049; 95% CI= [0.042-0.056]) and 479 

unbiased (ωnα Auto=0.04; 95% CI= [0.039-0.041]; ωnα Z=0.041; 95% CI= [0.038-480 

0.044]) genes, which confirms the low πn/πs already reported and would suggest 481 

that purifying selection is stronger in female biased genes.  482 

 483 

Female ovary-biased and gut-biased genes 484 

Next we explored the expression of genes in female reproductive tissue. Overall 485 

there were a greater number of genes with gut-biased expression (#GutAuto=153) 486 

than ovary biased expression (#OvaryAuto=40) in the autosomes. However, there 487 

was an over-representation of Z ovary expressed genes than expected by 488 

chance (#GutZ=6; #OvaryZ=6; chi-square test; P < 0.05). However, the number of 489 

genes in each category is relatively small so these tests should be treated with 490 

caution. 491 

Of the 205 differentially expressed genes between the two tissues only 9 in the 492 

ovaries and 26 in the gut could be used to calculate dN/dS, πn/πs and α. The 493 

other genes either do not have a 1-1 ortholog with H. erato or there were too 494 

many undetermined characters (gaps or Ns) to be able to estimate the 495 

parameters. Of the 35 genes for which molecular evolution statistics could be 496 

calculated, all 9 ovary biased and 25 of 26 gut biased genes are autosomal; and 497 

1 gut biased gene maps to the Z (Gut dN/dS Z=0.365; Gut πn/πs Z=0.093; Gut α 498 

Z=0.295). We did not detect any significant differences in πn/πs; dN/dS; or α for 499 

autosomal ovary and gut-biased genes. 500 

 501 
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Discussion 502 

Elevated rates of coding sequence evolution on the sex chromosome relative to 503 

autosomes have been reported for several species, consistent with the 504 

theoretical prediction of fast-X evolution. Here we find evidence for enhanced 505 

rates of adaptation on the Heliconius Z chromosome: Z genes have a 506 

significantly higher rate of adaptive evolution when all expressed genes are 507 

considered. However, fast-X theory predicts that genes highly expressed in the 508 

hemizygous sex should be especially prone to fast-X evolution, but this prediction 509 

was not fulfilled in our data. Female-biased genes were not more fast evolving 510 

when located on the Z chromosome. The evidence for fast-Z evolution in 511 

Heliconius is therefore somewhat mixed.  512 

 513 

In other taxa there is strongest support for fast-X evolution in groups with 514 

complete dosage compensation (Mank, Vicoso, et al., 2010; Meisel and 515 

Connallon, 2013). Theory predicts that opportunities for fast-X evolution should 516 

increase in species with somatic X-inactivation such as eutherian mammals, as 517 

there is effectively haploid expression of the sex chromosome in cells, increasing 518 

the chances of recessive beneficial mutations being fixed (Charlesworth et al., 519 

1987). Groups such as Lepidoptera have been reported to have more complex 520 

patterns of sex chromosome dosage compensation. In Heliconius males 521 

expression of Z genes is reduced below autosomal levels, but this dosage 522 

compensation mechanism is imperfect, with males showing increased expression 523 

relative to females on the Z chromosome (Walters et al., 2015). However, 524 

alternative processes, such as the masculinization of the Z chromosome, may 525 

explain the apparent lack of complete dosage compensation (Gu & Walters, 526 

2017, Huylmans et al. 2017).  Regardless, when we compare rates of divergence 527 

and adaptation for genes with sex-biased expression, the expectations of fast-Z 528 

evolution are not clearly met. While we might expect faster rates of adaptive 529 

evolution for female-biased genes, in fact there is a weak tendency for faster 530 

rates of evolution in male-biased genes.  531 
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Although a fast-Z effect has been observed in Bombyx mori (Sackton et al., 532 

2014), no such pattern was reported in two satyrine butterflies where the dN/dS 533 

ratio of Z genes was slightly lower than for autosomal genes (Rousselle et al., 534 

2016). In Heliconius, although dN/dS was not significantly different between 535 

autosomal and Z genes, we did find evidence for a faster rate of adaptive 536 

substitution. Interestingly, our data also show that dS on the Z chromosome is 537 

higher than dS on the autosomes perhaps indicating a male biased mutation rate, 538 

as Z chromosomes spend more time in males than in females (Miyata et al., 539 

1987). While hemizygosity is expected to expose beneficial mutations to 540 

selection and increase rates of adaptive evolution on the Z chromosome, it is 541 

also expected to increase the efficacy of purifying selection which would act to 542 

reduce evolutionary rates. It may be that the balance between these two forces 543 

differs across lepidopteran species, leading to the mixed pattern of fast-Z 544 

evolution in some taxa but not others. It is important to add, however, that the α 545 

values estimated in this study are substantially higher than α reported in Martin et 546 

al. (2016).  Martin et al. (2016) estimated α using the approach developed by 547 

Messer & Petrov (2013) and, in simulations, it has been shown that it is possible 548 

that there is an overestimation of DFE-α (the method used in this study) in 549 

scenarios with strong sweeps or population expansion (Messer and Petrov, 550 

2013). 551 

 552 

Wright et al. (2015) interpreted the high dN/dS in Z genes of birds as a 553 

consequence of reduced effective population size rather than positive selection. 554 

The difference in effective population size between sex chromosomes and 555 

autosomes in female heterogametic systems is predicted to be larger than in 556 

male heterogametic systems due to higher variance of male reproductive 557 

success (Mank, Nam, et al., 2010). Indeed, we estimate that coding regions on 558 

the Z chromosome have an Ne 0.44 times that of autosomes. We might therefore 559 

predict a considerable reduction in the efficacy of purifying selection on butterfly 560 

Z chromosomes. This should lead to higher ωna and πn/πs ratios on the Z 561 

compared due to stronger genetic drift. However, as in satyrine butterflies 562 
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(Rousselle et al., 2016), in Heliconius, ωna is not higher on the Z relative to 563 

autosomes. dN/dS and πn/πs are higher in the Z relative to autosomes in 564 

Heliconius, but this is not significant. This means that, in contrast to birds, the 565 

difference in the effective population size of the Z relative to autosomes is not 566 

sufficient to reduce the efficacy of purifying selection at a detectable level. 567 

 568 

One possible explanation for this difference is the generally much higher effective 569 

population sizes of Lepidoptera, which could allow for efficient selection even on 570 

sex chromosome (Rousselle et al., 2016). Another is that by not using all 571 

genomic sites to estimate the πsZ/πsA diversity ratio, we might be underestimating 572 

its true value due to a stronger effect of background selection. The latter is 573 

supported by the observation that, in a recently published paper using all 574 

genomic sites to estimate πsZ/πsA, Van Belleghem et al. (2018) calculated it to be 575 

0.661 CI= [0.570-0.653]. Regardless both ours and Van Belleghem et al. (2018) 576 

estimates of the πsZ/πsA diversity ratio are significantly lower than the expected 577 

0.75 and still there is no observable reduction in the efficacy of purifying selection 578 

in H. melpomene. 579 

Another factor that might counteract the fast-Z effect is adaptation from standing 580 

variation. Larger populations are more polymorphic and therefore have an 581 

increased probability of adaption from standing genetic variation. Adaptation from 582 

standing genetic variation is therefore expected to result in faster-autosome 583 

evolution, independent of the dominance of beneficial alleles (Orr and 584 

Betancourt, 2001), which would counteract the fast-Z effect. This may be 585 

especially relevant when overall population sizes are large, as in many 586 

Heliconius species, such that standing variation becomes a comparatively 587 

important source of adaptive variation as compared to de novo mutations. 588 

As sex biased genes tend to be expressed in sex specific tissue such as the 589 

testis and the ovaries we aimed to investigate patterns of molecular evolution in 590 

ovary biased genes. Unfortunately, there are no ovary-biased genes with 1-1 591 

orthologues between H. melpomene and H. erato that are Z. This means we 592 

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

The copyright holder for this preprint (which was notthis version posted July 31, 2018. ; https://doi.org/10.1101/380030doi: bioRxiv preprint 

https://doi.org/10.1101/380030
http://creativecommons.org/licenses/by-nc-nd/4.0/


25 

 

could not test the effect of hemizygosity on non-sex specific and sex-specific 593 

female expression directly. The lack of 1-1 orthology may mean that these genes 594 

are rapidly evolving, and indeed autosomal ovary-expressed genes do have 595 

higher rates of adaptive evolution than gut expressed genes. 596 

Together these results illustrate the need to study substitution rates in other ZW 597 

systems considering sex biased expression. This genome-wide analysis of 598 

polymorphism, divergence and gene expression data contributes to a growing 599 

body of literature on sex chromosome evolution in ZW systems, and reveals the 600 

complexity of the different evolutionary forces shaping transcriptome evolution in 601 

Heliconius and, consistent with previous work, shows limited evidence of fast-Z 602 

evolution in this taxon. 603 
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 858 

 859 

Supplementary Table S1. Sample information and statistics 860 

Sample Sex Tissue Treatment Library Raw Reads 

AP141 Female Gut Old RRB03031 32306468 
AP93 Female Gut Young RRB03025 34353682 

AP142 Female Gut Old RRB03032 34445514 
AP77 Female Gut Old RRB03030 32024898 
AP89 Female Gut Old RRB03034 39661158 
AP55 Female Gut Old RRB03035 35862378 
AP94 Female Gut Young RRB03026 36223403 
AP37 Female Gut Young RRB03029 31187077 
AP34 Female Gut Young RRB03028 35452206 
AP71 Female Gut Young RRB03024 33088963 
AP35 Female Gut Young RRB03027 46122142 
AP80 Female Gut Old RRB03033 40040750 
AP35 Female Ovaries Young RRBL00006 35018481 
AP94 Female Ovaries Young RRB02962 39903075 
AP34 Female Ovaries Young RRB02963 27811550 
AP37 Female Ovaries Young RRB02960 33410348 
AP71 Female Ovaries Young RRBL00007 34856038 
AP88 Female Ovaries Young RRBL00008 38486006 
AP93 Female Ovaries Young RRB02961 31497198 
AP55 Female Ovaries Old RRB03012 37934077 
AP77 Female Ovaries Old RRB03013 34322656 
AP80 Female Ovaries Old RRB03014 36157750 
AP89 Female Ovaries Old RRB03015 34318423 

AP141 Female Ovaries Old RRB03016 33844256 
AP142 Female Ovaries Old RRB03017 35328097 

R20 Female Abdomen Young NA NA 
R29 Female Abdomen Young NA NA 
R06 Male Abdomen Young NA NA 
R32 Male Abdomen Young NA NA 
R34 Male Abdomen Young NA NA 
R07 Female Abdomen Young NA NA 
R33 Male Abdomen Young NA NA 
R05 Female Abdomen Young NA NA 
R21 Male Abdomen Young NA NA 
R28 Female Abdomen Young NA NA 
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 861 

 862 

Supplementary Table S1. Sample information and statistics (cont.) 863 

Sample Raw Base (G) Error Rate (%) Q20 (%) Q30 (%) GC content (%) 

AP141 9.69 0.01 98.25 95.7 41.52 
AP93 10.31 0.01 97.38 93.98 40.89 

AP142 10.33 0.01 98.25 95.75 41.5 
AP77 9.61 0.01 98.23 95.69 42.14 
AP89 11.9 0.01 98.11 95.53 42.53 
AP55 10.76 0.01 98.15 95.6 41.52 
AP94 10.87 0.01 97.94 95.03 41.41 
AP37 9.36 0.01 98.52 96.42 42.95 
AP34 10.64 0.01 98.53 96.4 41.49 
AP71 9.93 0.01 98.12 95.39 40.62 
AP35 13.84 0.01 97.84 94.81 40.47 
AP80 12.01 0.01 98.19 95.62 42 
AP35 10.51 0.01 98.53 96.41 41.08 
AP94 11.97 0.01 98.16 95.19 41.51 
AP34 8.34 0.01 98.2 95.27 41.42 
AP37 10.02 0.01 98.49 95.88 42.15 
AP71 10.46 0.01 98.42 96.19 41.36 
AP88 11.55 0.01 98.53 96.37 42.71 
AP93 9.45 0.01 98.38 95.69 41.24 
AP55 11.38 0.01 98.17 95.51 39.76 
AP77 10.3 0.01 98.28 95.6 40.46 
AP80 10.85 0.01 97.97 95.06 40.28 
AP89 10.3 0.01 98.04 95.16 41.51 

AP141 10.15 0.01 97.88 94.83 39.58 
AP142 10.6 0.01 98 95.09 39.69 

R20 NA NA NA NA NA 
R29 NA NA NA NA NA 
R06 NA NA NA NA NA 
R32 NA NA NA NA NA 
R34 NA NA NA NA NA 
R07 NA NA NA NA NA 
R33 NA NA NA NA NA 
R05 NA NA NA NA NA 
R21 NA NA NA NA NA 
R28 NA NA NA NA NA 
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 864 

 865 

Supplementary Table S1. Sample information and statistics (cont.) 866 

Sample Mapped Reads(%) Properly Paired(%) 

AP141 83.40 78.16 
AP93 75.27 69.38 

AP142 79.84 74.32 
AP77 79.71 74.03 
AP89 73.41 67.05 
AP55 77.95 72.08 
AP94 62.79 58.07 
AP37 76.98 72.13 
AP34 81.84 76.85 
AP71 79.86 74.15 
AP35 76.68 71.58 
AP80 75.17 69.39 
AP35 76.76 71.96 
AP94 82.03 77.30 
AP34 86.45 81.59 
AP37 83.17 78.42 
AP71 85.70 80.81 
AP88 86.99 82.85 
AP93 82.80 78.53 
AP55 85.29 80.51 
AP77 87.83 83.17 
AP80 86.56 81.74 
AP89 85.34 80.68 

AP141 88.09 83.44 
AP142 87.19 82.62 

R20 38.20 34.46 
R29 31.92 29.07 
R06 60.95 53.47 
R32 85.00 77.32 
R34 29.08 26.05 
R07 83.25 76.15 
R33 35.84 30.56 
R05 71.44 64.81 
R21 38.06 31.36 
R28 61.37 54.10 
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 868 

Supplementary Table S1. Sample information and statistics 869 

H. melpomene rosina RNA-seq mapping statistics. Sample ID, species, 870 

tissue, stage of collection for mRNA 150bp PE directionally sequenced 871 

reads for this project. Samples mapped to H. melpomene genome v2.1. 872 

Walters et al. (2015) sample mapping statistics to H. melpomene genome 873 

v2.1.  874 

 875 

 876 

 877 

 878 

 879 
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 887 

Supplementary Table S2. Orthologue prediction improvement with Hmel2.5 888 

annotation 889 

 890 

Statistics Hmel2 Hmel2.5   

# genes 33137 41779  

# genes in orthogroups 24274 29698  

# unassigned genes 8863 12081  

% genes in orthogroups 73.3 71.1  

% unassigned genes 26.7 28.9  

# orthogroups 9320 11062  

# species-specific 

orthogroups 
15 18 

 

# genes in species-specific 

orthogroups 
56 105 

 

% genes in species-specific 

orthogroups 
0.2 0.3 

 

Mean orthogroup size 2.6 2.7  

Median orthogroup size 2.0 2.0  

G50 assigned genes 2 2  

G50 all genes 2 2  

O50 assigned genes 3252 3638  

O50 all genes 5468 6658  

# of orthogroups with all 

species present 
9305 11044 

 

# of single-copy orthogroups 6846 8095  

 891 

 892 
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Supplementary Table S2. Orthologue prediction improvement with 893 

Hmel2.5 annotation 894 

Statistics on orthologue prediction between H. melpomene v2 annotation 895 

and H. erato annotation; and on orthologue prediction between H. 896 

melpomene v2.5 annotation and H. erato annotation. 897 

 898 

 899 

 900 

 901 

 902 

 903 

 904 

 905 

 906 

 907 

 908 

 909 

 910 

Supplementary Table S3. Mean and median read depth (RD) for 911 

resequenced whole-genome H. melpomene samples (van Belleghem et al., 912 

2018) 913 
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 914 

Sample Species Sex Location Mean RD 
Median 

RD 

CAM000531 H. m. rosina  Male 9º87’N 7º96’W 30.59 29 

CAM000533 H. m. rosina Male 9º87’N 7º96’W 28.83 21 

CAM000546 H. m. rosina Male 9º87’N 7º96’W 27.47 26 

CAM001841 H. m. rosina Male 9º87’N 7º96’W 28 28 

CAM001880 H. m. rosina Male 9º87’N 7º96’W 22.76 23 

CAM002045 H. m. rosina Male 9º87’N 7º96’W 25.7 26 

CAM002059 H. m. rosina Male 9º87’N 7º96’W 36.77 32 

CAM002071 H. m. rosina Male 9º87’N 7º96’W 26.43 21 

CAM002519 H. m. rosina Male 9º87’N 7º96’W 26.68 22 

CAM002552 H. m. rosina Male 9º87’N 7º96’W 26.83 22 

 915 

 916 

Supplementary Table S3. Mean and median read depth (RD) for 917 

resequenced whole-genome H. melpomene samples 918 

H. melpomene resequenced samples mapped to Hmel2 genome using 919 

BWA-MEM 920 

 921 

 922 

Supplementary Figures 923 

 924 
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• Supplementary Figure S1. Principal component analysis of gene 925 

expression profiles for the 10 whole abdomen male and female samples 926 

 927 

• Supplementary Figure S2. πn is negatively correlated to expression level 928 

 929 

• Supplementary Figure S3. Principal component analysis of gene 930 

expression profiles of H. melpomene females for 13 ovary samples and 12 931 

gut samples at two different time points 932 

 933 

• Supplementary Figure S4.  Principal component analysis of gene 934 

expression profiles of H. melpomene females for 13 ovary samples and 12 935 

gut samples at two different time points separated by tissue 936 

 937 

 938 

 939 

 940 

 941 

 942 

Supplementary Figure S1. Principal component analysis of gene 943 

expression profiles for the 10 whole abdomen male and female samples 944 

 945 
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 946 

 947 

 948 

 949 

 950 

 951 

Supplementary Figure S1.  Principal component analysis of gene 952 

expression profiles for the 10 whole abdomen male and female 953 

samples 954 

PCA of the abdomen transformed gene expression count data to the log2 955 

scale (DESeq2, rlog(blind=FALSE)). rlog transformed data minimises 956 
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differences between samples for rows with small counts and normalizes 957 

with respect to library size.   958 

 959 

 960 

 961 

 962 

 963 

 964 

 965 

 966 

 967 

 968 

 969 

 970 

 971 

Supplementary Figure S2. πn is negatively correlated to expression level 972 

A. 973 

 974 
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 976 

 977 

 978 

 979 

 980 

 981 

B. 982 

 estimate std. Error value Pr(>|t|) 
(Intercept) -4.318 0.06 -71.617 < 2e-16 

logpiS 0.469 0.015 31.164 < 2e-16 
chromosomesex -0.226 0.071 -3.174 0.002 

logRPKMi -0.035 0.006 -5.529 3.36e-08 
 983 

 984 

Residual standard error: 1.008 on 5428 degrees of freedom 985 

Multiple R-squared:  0.1828, Adjusted R-squared:  0.1824 986 

F-statistic: 404.9 on 3 and 5428 DF, p-value: < 2.2e-16 987 

 988 

 989 

 990 

 991 

Supplementary Figure S2. πn is negatively correlated to expression 992 

level 993 

Multiple regression approach shows that πn was significantly negatively 994 

correlated to expression level – autosomal (P < 0.001) and Z genes (P < 0.01).  995 

A. Plotted Residuals vs Fitted shows spread residuals around the horizontal line 996 
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without distinct patterns. Normal Q-Q follow a straight line with residuals well 997 

lined.  The Scale-Location plot shows residuals spread equally around range of 998 

predictors. There is equal variance or homoscedasticity. Residuals vs Leverage 999 

plot does not identify any influential outliers in the linear regression analysis. B. 1000 

Regression coefficient table. Relationship between πn and expression.  1001 

 1002 

 1003 

 1004 

 1005 

 1006 

 1007 

 1008 

 1009 

 1010 

Supplementary Figure S3. Principal component analysis of gene 1011 

expression profiles of H. melpomene females for 13 ovary samples and 12 1012 

gut samples at two different time points 1013 
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 1014 

 1015 

Supplementary Figure S3.  Principal component analysis of gene 1016 

expression profiles of H. melpomene females for 13 ovary samples 1017 

and 12 gut samples at two different time points 1018 

PCA of the female ovary and gut transformed gene expression count data 1019 

to the log2 scale (DESeq2, rlog(blind=FALSE)). rlog transformed data 1020 

minimises differences between samples for rows with small counts and 1021 

normalizes with respect to library size.   1022 

Supplementary Figure S4.  Principal component analysis of gene 1023 

expression profiles of H. melpomene females for 13 ovary samples and 12 1024 

gut samples at two different time points separated by tissue 1025 
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 1026 

Supplementary Figure S4.  Principal component analysis of gene 1027 

expression profiles of H. melpomene females for 13 ovary samples 1028 
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and 12 gut samples at two different time points separated by tissue 1029 

type 1030 

PCA of the female ovary and gut transformed gene expression count data 1031 

to the log2 scale (DESeq2, rlog(blind=FALSE)) separated by tissue. rlog 1032 

transformed data minimises differences between samples for rows with 1033 

small counts and normalizes with respect to library size.  A. 45% of the 1034 

variance is explained by PC1 and PC2. PC1 separates young ovary tissue 1035 

from old ovary tissue and explains 29% of the variance. All the samples 1036 

cluster by age. B. 39% of the total variance is explained by PC1 and PC2. 1037 

PC1 separates young gut tissue from old gut tissue and explains 23% of 1038 

the variance. The samples cluster less tightly by age than ovary 1039 

expression. 1040 

 1041 

 1042 

 1043 

 1044 

 1045 
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