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Abstract 66 

Ecological speciation entails divergent selection on specific traits, and ultimately on the 67 

developmental pathways responsible for these traits. Selection can act on gene sequences, but 68 

also on regulatory regions responsible for gene expression. Mimetic butterflies are a relevant 69 

system for speciation studies because wing color pattern (WCP) often diverges between closely 70 

related taxa, and is thought to drive speciation through assortative mating and increased 71 

predation on hybrids. Here we generate the first transcriptomic resources for a mimetic butterfly 72 

of the tribe Ithomiini, Melinaea marsaeus, to examine patterns of differential expression 73 

between two subspecies and between tissues that express traits that likely drive reproductive 74 

isolation; WCP and chemosensory genes. We sequenced whole transcriptomes of three life 75 

stages to cover a large catalogue of transcripts and we investigated differential expression 76 

between subspecies in pupal wing discs and antennae. Eighteen known WCP genes were 77 

expressed in wing discs and 115 chemosensory genes were expressed in antennae, with a 78 

remarkable diversity of chemosensory protein genes. Many transcripts were differentially 79 

expressed between subspecies, including two WCP genes and one odorant receptor. Our results 80 

suggest that in M. marsaeus the same genes as in other mimetic butterflies are involved in traits 81 

causing reproductive isolation, and point at possible candidates for the differences in those traits 82 

between subspecies. Differential expression analyses of other developmental stages and body 83 

organs and functional studies are needed to confirm and expand these results. Our work 84 

provides key resources for comparative genomics in mimetic butterflies, and more generally in 85 

Lepidoptera. 86 

Significance statement: 87 

Ecological speciation entails divergent selection on specific traits, but the underlying 88 

developmental pathways remain poorly known. We examined patterns of differential 89 

expression in two recently diverged subspecies of the mimetic butterfly M. marsaeus 90 

(Ithomiini), which differ in traits likely driving speciation, wing color pattern and pheromone 91 

blend. Many transcripts were differentially expressed between subspecies, including two wing 92 

color pattern genes and one odorant receptor, likely candidate genes responsible for the 93 

variation of traits involved in speciation.  94 

 95 

Keywords: transcriptomics, wing color pattern, chemosensory genes, reproductive isolation, 96 

mimicry, Lepidoptera 97 
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Introduction 98 

When coupled with reproductive isolation, ecological diversification is one of the main 99 

processes that can explain the observed diversity of species in nature. Recently, studies have 100 

investigated the traits responsible for reproductive isolation in closely related taxa that span the 101 

speciation continuum, such as population or species pairs, which are under divergent ecological 102 

selection (Nosil 2012). However, few studies have investigated the molecular mechanisms 103 

responsible for differentiation from one species into distinct lineages early on in the process. In 104 

diverging lineages exhibiting little genetic difference overall, trait divergence may stem from 105 

subtle differences, such as genetic variations in gene sequences, but also differences in 106 

regulatory regions, thereby inducing differential expression of those genes (Eyres et al. 2016; 107 

van Schooten et al. 2020). 108 

Müllerian mimetic butterflies, whereby multiple co-occurring chemically-defended species 109 

harbor convergent warning color patterns (Müller 1879), are excellent study systems to unravel 110 

differential patterns of gene expression during the early stages of speciation, because species 111 

often diverge for wing color patterns, which is thought to be one of the main drivers of 112 

speciation because it can drive reproductive isolation (Jiggins et al. 2006; Kozak et al. 2015). 113 

Indeed, offspring of crosses between individuals of different color patterns typically have 114 

intermediate, non-mimetic color patterns, and suffer increased predation because they are not 115 

recognized as unpalatable (Merrill et al. 2012; Arias et al. 2016). Moreover, wing color patterns 116 

are also involved in mate choice in mimetic butterflies, resulting in assortative mating for color 117 

patterns (Jiggins et al. 2001; Chamberlain et al. 2009; Merrill et al. 2011; McClure et al. 2019). 118 

In the well-studied mimetic butterfly genus Heliconius, color pattern variation is largely 119 

controlled by a small set of homologous loci across the genus, dubbed the ‘mimicry toolkit’ 120 

(Gilbert 2003; Watt & Boggs 2003; M. Joron et al. 2006), some of which have been functionally 121 

characterized (e. g., transcription factors optix (Reed et al. 2011) and aristaless (Westerman et 122 

al. 2018), signaling ligand WntA (Martin et al. 2012; Mazo-Vargas et al. 2017) and cycle-cell 123 

regulator cortex (Nadeau et al. 2016; Saenko et al. 2019). Thus, the establishment of the color 124 

patterns takes place through a specific kinetic of these genes during metamorphosis and wing 125 

formation (Hines et al. 2012, Connahs et al. 2016; Livraghi et al. 2021). 126 

Other traits that may contribute to reproductive isolation in mimetic butterflies include sex 127 

pheromones (González-Rojas et al. 2020; McClure et al. 2019; Schulz et al. 2004; Darragh et 128 

al. 2020), which can be of particular importance for mate recognition in co-mimetic species 129 
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(Mérot et al. 2015). This makes the study of chemosensory genes (i.e. genes involved in 130 

chemical communication) especially relevant in the study of speciation in mimetic butterflies. 131 

In insects, including butterflies, the detection of chemical signals is ensured by neurons housed 132 

in chemosensory sensilla located on different organs, but most notably the antennae. Three 133 

types of membrane receptors named Odorant Receptors (ORs), Gustatory Receptors (GRs) and 134 

Ionotropic Receptors (IRs), encoded by diverse multigenic families, bind chemicals and allow 135 

for signal transduction in olfactory and gustatory neurons (Robertson 2019). Secreted proteins, 136 

such as Odorant-Binding Proteins (OBPs) and Chemosensory Proteins (CSPs), are also thought 137 

to play a role in the detection of chemicals by solubilizing and transporting them within the 138 

sensillar lymph (Pelosi et al. 2006). There is extensive literature depicting the role of specific 139 

lineages of the OR gene family in the detection of volatile moth sex pheromones, i.e. long-140 

chain aliphatics emitted by females that attract males from a distance (Montagné et al. 2021). 141 

However, almost nothing is currently known of the molecular bases of pheromone detection in 142 

butterflies, whereby males, rather than females, produce aphrodisiac compounds of various 143 

chemical structure and detected by females at close range (Nieberding et al. 2008; Sarto i 144 

Monteys et al. 2016).   145 

In the mimicry literature, two butterfly clades belonging to the family Nymphalidae stand out 146 

as important study systems: the genus Heliconius and the tribe Ithomiini. Both clades are 147 

neotropical and consist of important adaptive radiations (Kozak et al. 2015; Chazot et al. 2019). 148 

Notably, the tribe Ithomiini, which comprises 393 species, is the largest clade of mimetic 149 

butterflies known to date. Ithomiini numerically dominate butterfly communities in neotropical 150 

forests, and are believed to be instrumental in the formation of mimicry rings in those habitats 151 

(G. W. Beccaloni 1997). Yet, studies of these two groups have mostly targeted different 152 

questions, in large part as a result of how amenable they are to captive rearing. Most studies of 153 

Heliconius are done at the species level, including the study of population structure (e.g., 154 

Nadeau et al. 2014), mate choice (e. g., Jiggins et al. 2001) and the genetic basis of wing pattern 155 

variation (e. g., Mathieu Joron et al. 2006), the latter relying on the production of very large 156 

broods. By contrast, Ithomiini studies have mostly been multi-specific in nature, and focused 157 

on community ecology (George W. Beccaloni 1997; Devries et al. 1999; Elias et al. 2008; Hill 158 

2010; Willmott et al. 2017) and macroevolutionary patterns of diversification (Chazot et al. 159 

2016, 2018, 2019; De-Silva et al. 2016; Lisa De-Silva et al. 2017). However, recent studies 160 

have characterized trait and genetic structure at the population level, demonstrating genetic, 161 

wing color pattern (Gauthier et al. 2020; McClure & Elias 2016; McClure et al. 2019) and 162 
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pheromone (Stamm et al. 2019; Mann et al. 2020) differentiation between parapatric 163 

subspecies. Ithomiini are difficult to breed in captivity, and the first experimental test of traits 164 

involved in mate choice was only recently completed in a handful of Ithomiini species (McClure 165 

et al. 2019). These experiments have shown that, similarly to Heliconius, both color pattern and 166 

sex pheromones likely play a key role in speciation. Specifically, closely related ithomiine taxa 167 

(i.e., subspecies or closely related species) that differ for wing color patterns and sex 168 

pheromones exhibit assortative mating for those traits (McClure et al. 2019). This raises the 169 

question of the molecular bases of the variation of these traits. As these species are thought to 170 

drive mimicry in many other mimetic butterflies, including some Heliconius species (Joron et 171 

al. 1999), this also raises the question as to whether the loci underlying wing color pattern 172 

variation in these species are homologous to those found in Heliconius species (i.e., the mimicry 173 

toolkit). 174 

The ithomiine genus Melinaea is particularly well suited to address these questions, because it 175 

has undergone a rapid radiation (Dasmahapatra et al. 2010; Chazot et al. 2019), concomitantly 176 

with wing pattern diversification (McClure & Elias 2016; McClure et al. 2019). Moreover, 177 

Melinaea species engage in mimetic interactions with multiple Heliconius species, notably with 178 

H. numata, whose different morphs are nearly indistinguishable from different Melinaea 179 

species (Joron et al. 1999; Llaurens et al. 2014). One of these species, Melineae marsaeus, 180 

consists of at least seven subspecies (S. Brown 1977; McClure & Elias 2016), two of which, 181 

phasiana and rileyi, form a contact zone in the transitional forests found between the Andes 182 

and the Amazon in Peru, near the city of Tarapoto (Fig. 1). The two subspecies harbor distinct 183 

wing color patterns and significantly different male pheromonal bouquets (McClure et al. 184 

2019). It is not known whether butterflies are able to discriminate the two subspecies based on 185 

male pheromones (McClure et al. 2019) but mate choice experiments between these two 186 

subspecies have demonstrated strong assortative mating (McClure et al. 2019), resulting in a 187 

low number of putative hybrids in the wild (McClure & Elias 2016; McClure et al. 2019). 188 

In this paper, we address the question regarding the molecular bases for variation in color 189 

pattern and chemosensory traits in M. marsaeus by focusing on gene expression in the tissues 190 

displaying these traits. To this end, we sequenced RNA from multiple tissues and 191 

developmental stages to generate a reference transcriptome for M. marsaeus - the first to date 192 

for an ithomiine species - as a tool to investigate gene expression in the two subspecies phasiana 193 

and rileyi. We focused on two stages of pupal wing discs, where color patterns form in 194 

butterflies (Hines et al. 2012, Connahs et al. 2016; Livraghi et al. 2021), and in adult female 195 
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antennae, where chemical signals are detected, to screen for differentially expressed genes 196 

between subspecies and throughout development. We also undertook a candidate gene approach 197 

and looked more specifically at the expression of genes known to be involved in color pattern 198 

variation and in chemosensory activity in other Lepidoptera. Our data also enable us to compare 199 

the expansion of chemosensory genes in M. marsaeus with those of other Lepidoptera. 200 

  201 

 Material and Methods 202 

Sample collection 203 

Tissue samples were obtained in 2012-2013 from individuals reared in captivity under ambient 204 

conditions in Tarapoto, Peru (San Martin). Stocks were built from wild M. marsaeus rileyi and 205 

M. marsaeus phasiana females captured in Shucushyacu (Peru, Loreto) (W 5° 57’ 48’’ ; S 75° 206 

53’ 24’’) and Shapaja (Peru, San Martin) (W 76° 15’ 39’’ ; S 6° 34’ 48’’), respectively . Females 207 

were given Juanulloa parasitica for egg laying, and progeny were reared as per McClure and 208 

Elias 2017. Adults were fed sugar water and pollen and larvae were reared on J. parasitica.  209 

A first set of samples from M. marsaeus rileyi was used to encompass the main developmental 210 

stages and tissues. It consisted of one 5th instar larva (gut was removed), one pupae and one 211 

adult female divided into three tissue samples – abdomen, thorax and head. To assess 212 

differentially expressed genes between subspecies and tissue types, female antennae, pupal 213 

wing discs dissected at 24h after pupation and at 48h after pupation were obtained for both 214 

subspecies. Each developmental stage/tissue type (pupal wing discs of 24h and 48h, antennae) 215 

had three to five biological replicates each (Fig. 1; Table S1). Organisms were anesthetized by 216 

chilling before dissection, and tissue preserved in RNAlater at 4°C according to the 217 

manufacturer’s instructions (Qiagen, Hilden, Germany), then stored at -80°C until RNA 218 

extraction. 219 

Total RNA extraction 220 

Tissue samples were homogenised in 600 µl of RLT buffer with TissueLyser (Qiagen, Hilden, 221 

Germany). Total RNA was then extracted according to the manufacturer’s protocol (RNeasy 222 

Mini kit, Qiagen, Hilden, Germany) and eluted in 30 µl of RNase-free water. To avoid genomic 223 

contamination, RNase-free DNase treatment (Qiagen, Hilden, Germany) was performed during 224 

RNA extraction. The quality of the isolated RNA was checked on 0.8% agarose gel for the 225 

presence of 28S and 18S bands. The quality and quantity of RNA was further analyzed using 226 
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Qubit 2.0 fluorometer (Invitrogen, Carlsbad, CA, USA) and RNA integrity was confirmed using 227 

an Agilent Bioanalyser 2100 (Agilent Technologies, CA, USA).  228 

RNAseq library preparation and sequencing 229 

Library preparation was performed at IBENS (Institut de Biologie de l’Ecole Normale 230 

Supérieure, Paris, France) genomics facility, using the Illumina TruSeq Stranded RNA sample 231 

preparation kit according to the manufacturer’s specifications (Illumina, San Diego, CA, USA). 232 

Sequencing was carried out on a NextSeq 500 platform; the first set of five libraries was 233 

sequenced in paired-end, 150-bp reads while the 28 libraries for differential gene expression 234 

analyses (wing discs and antennae) were sequenced in single-end, 75-bp reads (Table S1). 235 

Reads pre-processing  236 

GC content and over-representation of sequences were checked with the FastQC software 237 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), revealing no evidence of 238 

contamination. To obtain high-quality reads, 3’ ends with quality values < 30 were trimmed (-239 

q 30) and adapters were removed (-a AGATCGGAAGAGC -A AGATCGGAAGAGC) with 240 

Cutadapt version 1.11 (Martin 2011). Moreover, reads shorter than 25 bp were discarded (-m 241 

25). A total of 1278 million raw reads (single-end and paired-end) were then used for 242 

subsequent steps. The Ribopicker tool version 0.4.3 was used for automated identification and 243 

removal of ribosomal RNA sequences (Schmieder, Lim et al. 2012). For paired-end reads, non-244 

rRNA reads were synchronized to associate R1 and R2 pairs and unpaired reads were discarded. 245 

After filtering, a total of 1194 million reads (corresponding to 93% of the raw reads) were 246 

retained (Table S2).  247 

 248 

De novo reference transcriptome assembly 249 

In order to generate a reference transcriptome for M. marsaeus (hereafter, transcriptome), high-250 

quality reads from all M. marsaeus libraries (paired reads and single reads) were assembled de 251 

novo using the trinity v2.4.0 transcriptome assembler with default parameters (Haas et al. 2013). 252 

Completeness of the assembled transcriptome was assessed using the BUSCO v4.0.6 software 253 

(Benchmarking Universal Single-Copy Orthologs) (Seppey et al. 2019), which tests the 254 

assembly for the presence of 1 367 single-copy genes highly conserved in insects 255 

(insect_odb10). 256 

Functional annotation and classification 257 
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Open reading frames (ORFs) above 50 bp were predicted from the transcriptome using 258 

TransDecoder (https://github.com/TransDecoder/) and only those encoding proteins exhibiting 259 

a blastp hit (e-value < 1e-5) with a protein from Lepbase (Challi et al. 2016) were conserved. 260 

Protein motifs and domains were scanned with interproscan v5.29-68 with the options -261 

iprlookup -goterms --pathways (Jones et al. 2014). BLASTP (version 2.9.0, with options -262 

evalue 1e-8 -max_target_seqs 10 -soft_masking false -word_size 3 -matrix BLOSUM62 -263 

gapopen 11 -gapextend 1 -seg no) of the ORFs against NR (version 2020-5-29) and interproscan 264 

results were imported to the BLAST2GO suite for Gene ontology (GO) annotation of transcripts 265 

(Conesa et al. 2005). Finally, orthogroups were created with Orthofinder v2.4.0 (Emms & Kelly 266 

2015) based on the diamond (Buchfink et al. 2015) comparisons of the transdecoder predicted 267 

proteins and 28 proteomes from Lepbase (October 2020 version).   268 

 269 

Identification of wing color pattern (WCP) genes 270 

To identify genes potentially involved in the development of wing pigmentation, we selected a 271 

list of 20 Danaus plexippus (the closest relative of M. marsaeus for which a reference genome 272 

is available) candidate genes associated with wing color patterns that have been previously 273 

characterized in other insects using multiple approaches including transcriptomics (Reed et al. 274 

2011; Saenko et al. 2019), linkage and QTL mapping (Martin et al. 2012; Westerman et al. 275 

2018), in situ hybridization (Martin et al. 2012) and CRISPR knockout (Westerman et al. 2018; 276 

Zhang & Reed 2016). (Table S3a). This includes optix, a transcription factor that acts as a switch 277 

for the ommochrome pathway and is responsible for red, orange or brown patches (Reed et al. 278 

2011); WntA, a ligand that determines the size and shape of color pattern elements (Martin et 279 

al. 2012); cortex, a cell-cycle regulator that switches yellow and white color on and off (Nadeau 280 

et al. 2016), and that can also induce switches between full color patterns in the polymorphic 281 

species H. numata, a co-mimic of M. marsaeus (Saenko et al. 2019); and aristaless (Westerman 282 

et al. 2018), a transcription factor that controls the switch between yellow and white colors. 283 

Color pattern variation in other Lepidoptera is also due to many of these same genes, but also 284 

include doublesex (wing pattern switch in females of Papilio polytes, (Kunte et al. 2014)), 285 

distal-less (eye-spot and melanization in Bicyclus anynana, (Beldade et al. 2002; Reed & Serfas 286 

2004; Monteiro et al. 2013; Dhungel et al. 2016; Zhang & Reed 2016) and apterousA (involved 287 

in dorso-ventral pattern differentiation in B. anynana, (Prakash & Monteiro 2018)). The 288 

developmental genes domeless and wingless are also candidate genes for color patterning 289 

(Kronforst et al. 2006; Jiggins et al. 2017). Finally, many other genes are also directly involved 290 
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in the pathway for melanin synthesis (yellow, yellow_d, yellow_h2, tan, pale, black, 291 

Ddc_dopa_decarboxylase, ebony and dopamine_N_acetyltransferase (Hori et al. 1984; Koch 292 

et al. 1998; Ferguson et al. 2010; Hines et al. 2012; Daniels et al. 2014; Zhang et al. 2017; 293 

Kuwalekar et al. 2020), and in the ommochrome synthesis pathway (cinnabar and kynurenine 294 

formamidase, (Hines et al. 2012; Reed et al. 2008; Daniels et al. 2014). We then extracted the 295 

M. marsaeus proteins and corresponding transcripts from the Orthofinder Orthogroups. 296 

 297 

Annotation of candidate chemosensory genes 298 

For each chemosensory gene family investigated (OR, GR, IR, OBP, CSP), a dataset was 299 

created with amino acid sequences annotated from the genomes of the following lepidopteran 300 

species: Danaus plexippus, Heliconius melpomene, Helicoverpa armigera and Bombyx mori. 301 

These sequences were used as queries to search the M. marsaeus reference transcriptome using 302 

tBLASTn v2.5 (with an e-value threshold of 0.001) as implemented in the Galaxy web interface 303 

(Cock et al. 2015). To eliminate false positive results, amino acid sequences translated from the 304 

transcripts that were identified were used as queries to search the NCBI nr database using 305 

BLASTp (Johnson et al. 2008). To rebuild the OR, GR, IR and OBP phylogenies, candidate M. 306 

marsaeus amino acid sequences were aligned with sequences of the four species mentioned 307 

above. For the CSP phylogeny, M. marsaeus amino acid sequences were aligned with sequences 308 

from D. plexippus, H. melpomene, B. mori, Spodoptera frugiperda, in addition to the 309 

Nymphalidae Bicyclus anynana, Vanessa tameamea and Maniola hyperantus, available on the 310 

NCBI GenBank database. OR and GR alignments were performed with Muscle (Edgar 2004) 311 

as implemented in Seaview v4.7 (Gouy et al. 2010). IR, OBP and CSP alignments were 312 

performed with MAFFT v7 (Katoh et al. 2019). Best-fit models of amino acid substitutions 313 

were determined with SMS (Lefort et al. 2017) and maximum-likelihood phylogenies were 314 

calculated using PhyML v3.0 (Guindon et al. 2010). Node support was assessed using SH-like 315 

approximate likelihood-ratio tests (Anisimova & Gascuel 2006). 316 

 317 

Differential gene expression analysis (DGE) 318 

The clean reads corresponding to the 28 pupal wing discs and adult female antennae samples 319 

were mapped to the de novo assembled transcriptome using Bowtie 2 (2.2.7) (Langmead & 320 

Salzberg 2012) with default parameters. Raw counts (numbers of fragments mapped to a 321 

transcript) were used as input in EdgeR (Robinson et al. 2010) implemented in AskoR pipeline 322 

(https://github.com/askomics/askoR), and only transcripts with at least 0.5 CPM (counts per 323 
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million) on 3 of the replicates were kept for further analyses. Sample variability and correlations 324 

were assessed using Multi-dimensional Scaling (MDS) and hierarchical clustering. For relevant 325 

contrasts (i.e. comparisons of the two subspecies for each tissue, comparison of the two 326 

subspecies for all tissues, comparison of the wing discs at 24h and 48h for each subspecies and 327 

for all subspecies) GLM differential expression analyses with quasi-likelihood (QL) method 328 

(with Benjamini-Hochberg correction for false discovery rate) were applied on the trimmed 329 

mean of M-values (TMM)-normalized counts corrected by the dispersion estimation. All 330 

possible contrasts between subspecies and tissues were performed with EdgeR and lists of 331 

differentially expressed transcripts were obtained for each comparison at a minimum false 332 

discovery rate (FDR) of 0.05. Finally, a negative binomial Genaralized Linear Model (GLM) 333 

has been used to test interaction effect between subspecies and wing disc conditions (24h and 334 

48h). Enrichment in transcript differentially expressed in specific condition, tissue or 335 

subspecies, has been tested by Chi-squared test. Gene Ontology enrichment analyses of 336 

differentially expressed genes (DEGs) against the transcriptome were performed using the 337 

Fisher exact test using topGO (Alexa and Rahnenfuhrer 2019).  338 

 339 

Results 340 

Sequencing and transcriptome statistics 341 

A total of 1,248 million reads were obtained after sequencing all thirty-two libraries on 342 

the Illumina NextSeq 500 platform. All libraries were of good quality and satisfactory for GC 343 

distribution, quality of sequences and redundancy. Trimming and rRNA removal eliminated 344 

6.7% of the reads before assembly (Table S2). The de novo transcriptome assembly obtained 345 

with Trinity consisted of 179,833 transcripts, of which 82,469 ORFs > 50 bp were identified 346 

(details are given in Table 1). The average and median transcript length was reduced to 620 bp 347 

and 342 bp respectively (Table 1), which suggests fragmentation of the transcripts into smaller 348 

fragments and explains the large number of transcripts generated. This fragmentation does not 349 

seem to impact the completeness of the transcriptome as BUSCO’s assessment of transcriptome 350 

completeness found more than 90% complete genes (single copy + duplicates) in the de novo 351 

transcriptome of M. marsaeus, using either the transcripts or the ORFs (Table 1). Identified 352 

protein sequences were searched against the NCBI non-redundant (nr) protein database using 353 

BLASTP, resulting in the annotation of 57,313 sequences. The mean and median length of the 354 

protein sequences not getting any hits (69 and 62 nucleotides in length respectively) were much 355 
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smaller than those sequences that did get a hit (239 and 134 nucleotides respectively), 356 

suggesting that most of these contigs do not overlap with the whole CDS part of the transcript. 357 

Most of the best hits were found against Danaus plexippus (53.13%), followed by Vanessa 358 

tameamea (9.05%) and Bicyclus anynana (5.10%), which is consistent with the fact that M. 359 

marsaeus is more closely related to D. plexippus than to any of the other Lepidoptera species 360 

available in Lepbase. 361 

Overall, 36,683 sequences (44.48%) were assigned to a putative function and one or 362 

more GO terms, which were allocated to major categories (Biological Processes, Cellular 363 

Components and Molecular Function) and subcategories (details in Figure S1). Enzyme codes 364 

could be assigned to 8.71% of the sequences (Figure S1). 365 

 366 

Candidate gene annotation 367 

We identified 68 transcripts corresponding to 19 wing color pattern genes in the M. 368 

marsaeus transcriptome, based on homology with D. plexippus genes. This manual annotation 369 

enabled grouping of the transcripts that corresponded to the same gene. Most of them (11 genes) 370 

were represented by only one transcript, while other WCP genes were represented by several 371 

transcripts, with a maximum of 13 transcripts for Dopamine-N-acetyltransferase. Finally, we 372 

did not find any M. marsaeus orthologous gene for kynurenine formamidase (Table S3).  373 

We annotated 51 candidate ORs (125 transcripts), including the coreceptor Orco, 22 374 

candidate IRs (78 transcripts) and 21 candidate GRs (46 transcripts) (Table S3). The large 375 

diversity of ORs present in the reference transcriptome of M. marsaeus is mirrored by the fact 376 

that the ORs (hereafter, MmarORs) were identified within almost every paralogous lineage of 377 

the Lepidoptera OR phylogeny, with the notable exception of the so-called pheromone receptor 378 

clade (Figure S2). That said, MmarOR35 and MmarOR38 clustered within clades that have 379 

recently been shown to also contain sex pheromone receptors (Bastin-Héline et al. 2019; Li et 380 

al. 2017). We also identified five members of an OR lineage specific to Papilionoidea 381 

(“butterfly-specific expansion” in Figure S2). A similar diversity was found for MmarIRs, as 382 

we identified all four coreceptors (IR8a, IR25a, IR76b, IR93a) and all but one of the highly 383 

conserved antennal IRs. On the other hand, we identified only four divergent IRs, known to be 384 

expressed in gustatory tissues in Drosophila (Sánchez-Alcañiz et al. 2018). In regard to GRs, 385 

we identified transcripts encoding for candidate CO2 and sugar receptors as well as homologs 386 

of the Drosophila fructose receptor GR43a, but annotated only a few MmarGRs belonging to 387 
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other lepidopteran paralogous lineages (Figure S2), whose expression is generally higher in 388 

gustatory tissues such as legs or proboscis (Briscoe et al. 2013; Guo et al. 2017; van Schooten 389 

et al. 2020). In addition to chemoreceptors, we also annotated 32 candidate OBPs (50 390 

transcripts) and 40 candidate CSPs (103 transcripts) (Table S3). The M. marsaeus OBP 391 

repertoire was rather similar to those annotated from the genomes of D. plexippus and H. 392 

melpomene (Zhan et al. 2011; Heliconius Genome Consortium 2012), with only two moderate 393 

gene expansions (MmarOBP17-21 and MmarOBP26-29, see Figure S2). We identified four 394 

members of the PBP/GOBP subfamily involved in sex pheromone detection in moths (Vogt et 395 

al. 2015). Contrary to the other gene families, the CSP repertoire of M. marsaeus was more 396 

divergent (Figure S2). Most notably we identified a large CSP gene expansion within a single 397 

lineage (MmarCSP24-40), likely the result of recent and repeated gene duplication. This 398 

expansion would explain the unprecedented number of CSPs identified here.  399 

 400 

Differential Gene Expression  401 

Sequenced reads from the wing-discs and antennae libraries were mapped on the 402 

reference transcriptome in order to measure the expression levels of each transcript in each 403 

sample and perform differential expression analyses. After quality trimming and ribosomal 404 

RNA removal, 94.2% to 96.3% of the reads were mapped to the reference transcriptome and 405 

69.3 to 76.5% were assigned to a unique transcript, according to those libraries. Most of the 406 

residual reads were removed because they could be equivalently mapped to multiple transcripts. 407 

The Trimmed Mean of M Values (TMM)-normalized counts per million (CPM) was used to 408 

assess the similarity between replicates, using a Multidimensional Scaling plot (MDS) and a 409 

heatmap of the correlation matrix. A single sample (M. marsaeus rileyi, wing-disc 24h replicate 410 

1) did not cluster correctly and was removed from any further analysis. All other samples 411 

clustered correctly, with the first MDS axis (explaining 50.19% of the sum of eigen-values) 412 

discriminating antennae from wing-discs, and the second (6.83%) and third axes (6.52%) 413 

separated 24h from the 48h wing-discs as well as subspecies (second axis for 24h wings discs, 414 

and third axis for antennae and 48h wing discs) (Figure S3). Hierarchical clustering confirms 415 

that variation between subspecies is smaller than variation between tissues (Figure S3).  416 

The detailed analysis of wing color pattern genes revealed that of the 68 WCP transcripts 417 

identified in the transcriptome, 49 were expressed in the wing discs (CPM>0.5 in 3 samples), 418 

corresponding to 18 genes (Table S3). Only one WCP gene identified in the transcriptome, i.e. 419 
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cortex, was not expressed. Among the 94 candidate chemoreceptor genes, 65 were found to be 420 

consistently expressed in the adult antennae, including 39 ORs (63 transcripts), 20 IRs (50 421 

transcripts) and 6 GRs (10 transcripts) (Table S3). Finally, of the 32 candidate OBPs (50 422 

transcripts) and 40 candidate CSPs (103 transcripts) annotated, 22 OBPs (37 transcripts) and 423 

28 CSPs (64 transcripts) were expressed in the adult antennae (Table S3). 424 

 425 

Patterns of gene Expression during wing disc development 426 

The comparison between wing discs and adult antennae revealed 38,076 transcripts (59.8% of 427 

the expressed transcripts) and 39,013 transcripts (61.3% of the expressed transcripts) 428 

differentially expressed compared to wing discs at 24h and 48h respectively, highlighting the 429 

strong difference in molecular pathways between the two types of tissue (Fig. 2). Differences 430 

in expression were notably found in wing color pattern genes (Fig. 3) and in chemosensory 431 

genes (Fig. 4 and 5). For WCP genes, a total of 35 (71%, 23 up and 12 down regulated) and 41 432 

(84%, 33 up and 8 down regulated) transcripts were differentially expressed between wing discs 433 

at 24h and adult antennae, and wing discs at 48h and adult antennae, respectively. These 434 

proportions were similar for chemosensory genes: 200 transcripts (88%) were differentially 435 

expressed between wing discs at 24h and adult antennae, and 218 transcripts (96%) between 436 

wing discs at 48h and adult antennae. As expected, the vast majority of these genes were up 437 

regulated in the adult antennae. However, one OR (MmarOR49), one IR (MmarIR68a), four 438 

OBPs and 11 CSPs were most expressed in the two wing disc developmental stages. 439 

The analysis of the genes differentially expressed in wing discs at the two developmental stages 440 

sampled, 24h and 48h after pupation, both taxa combined, revealed fewer differences than the 441 

comparison with adult antennae. In this comparison, 4,851 transcripts (7.6% of the expressed 442 

transcripts) were differentially expressed, 88 of which were specific to this comparison (Fig. 443 

2). Approximately one third of them (i.e., 1,823 out of 4,851 transcripts) were more expressed 444 

at 48h than 24h, and the 3,028 remaining transcripts were most expressed at 24h. There was a 445 

large difference in the number of differentially expressed transcripts between the two wing disc 446 

stages in each subspecies, with a total of 3,494 differentially expressed transcripts for M. 447 

marsaeus phasiana versus 898 transcripts for M. marsaeus rileyi (Fig. 2). Among these, a large 448 

proportion was shared between the two subspecies (693), corresponding to 77% of the 449 

differentially expressed transcripts in M. marsaeus rileyi and 20% in M. marsaeus phasiana. 450 

When the two subspecies were combined, we found more up regulated (3,028) than down 451 
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regulated transcripts (1,823) in the comparison between wing discs at 24h and 48h. In the 452 

context of wing disc development (comparison between 24h and 48h), the automated functional 453 

annotation using Gene Ontology identified an enrichment in key cellular contents, such as 454 

“Chitin-based extracellular matrix”, and key biological processes, such as “Taurine metabolic 455 

process” (Figure S4). For WCP genes, 13 transcripts were significantly differentially expressed 456 

between 24h and 48h (significant enrichment Chi-squared test p-value = 2.069e-5) , only one 457 

was up regulated (corresponding to the optix gene) and 12 were down regulated (corresponding 458 

to black, Dopamine-N-acetyltransferase and dopa_decarboxylase genes) (Fig. 3). 459 

 460 

Transcriptomic differences between subspecies 461 

Comparisons of differentially expressed genes between the two subspecies and for the 462 

three tissues (wing disc at 24h, at 48h and adult antennae) showed different patterns (Fig. 2). 463 

The comparison between adult antennae revealed a large number of differentially expressed 464 

genes, with a total of 1,028 transcripts. This number was higher than for the wing discs at both 465 

time points, with 64 transcripts at 24h and 495 at 48h. The number of shared genes across the 466 

three tissues was very low. Notably, there were only 29 differentially expressed transcripts 467 

shared between the two wing disc developmental stages. By combining the three tissues, i.e. 468 

increasing sample size, the number of differentially expressed transcripts was much higher, 469 

with 4,545 transcripts in total, but 3,475 (76%) were specific to this comparison alone.  470 

The ten most differentially expressed transcripts between the two subspecies in each of 471 

the four comparisons, wing discs at 24 and 48h, adult antennae, and the combination of the 472 

three libraries, were extracted (Table 2). Of these 40 transcripts, 27 transcripts were unique. 473 

Some of them were specific to certain tissues, such as DN21106_c0_g1_i1 and 474 

DN49364_c0_g1_i2, which were differentially expressed in adult antennae and 475 

DN61874_c0_g1_i1 and DN73911_c7_g1_i2, which were specific to wing discs. By contrast, 476 

some were shared between different libraries, found in the comparison of the merged libraries, 477 

such as DN74456_c3_g1_i2, or identified in the four comparisons such as DN65831_c0_g1_i1. 478 

Two transcripts were identified as differentially expressed by the interaction between 479 

subspecies and wing disc conditions (24h and 48h), DN61874_c0_g1_i1 and 480 

DN69040_c0_g1_i4. Of these 28 transcripts, 11 proteins have been predicted and 7 had a blast 481 

hit on the nr database. Their putative annotation highlights possible functions in traits other than 482 

color pattern and odorant detection (Table 2). 483 
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Statistical analyses of the wing color pattern genes for the two subspecies did not find 484 

any transcripts differentially expressed in any of the tissue type (i.e. 24h- and 48h wing discs, 485 

and antennae). However, two transcripts corresponding to the genes pale and dopa-N-ac were 486 

significantly differentially expressed between the two species when comparing the merged 487 

libraries (Fig. 3). The former was down regulated in M. marsaeus phasiana while the latter was 488 

up regulated. This difference in results was likely due to the higher statistical power provided 489 

by combining all three tissue types and therefore increasing the total number of samples.  490 

Results were similar for chemosensory genes, with only two transcripts differentially 491 

expressed when analyzed in separate tissues, i.e. MmarOBP22 and MmarCSP33. 492 

Unexpectedly, this significant difference between the two subspecies occurred in the wing 493 

discs, at 48h for MmarOBP22 and 24h for MmarCSP33. When the libraries from different 494 

tissues were combined, five transcripts corresponding to five genes were significantly 495 

differentially expressed: MmarOBP8, MmarCSP5, MmarCSP15, MmarCSP31 and 496 

MmarCSP32. Regarding antennae, the comparisons of the two subspecies revealed transcripts 497 

with large fold changes, associated with a nearly significant test for differential expression 498 

(FDR < 0.1 but > 0.05, Table S3). These transcripts were associated with the MmarOR31, 499 

MmarGR18, MmarIR68a, MmarOBP19, MmarOBP20, MmarCSP36 and MmarCSP37 genes. 500 

Among these, MmarGR18 and MmarOBP19 were most expressed in M. marsaeus rileyi 501 

whereas the other transcripts were most expressed in M. marsaeus phasiana. 502 

 503 

Discussion 504 

We generated the first transcriptional resources for an ithomiine species, M. marsaeus, 505 

which enabled us to look at gene expression in tissues of interest between diverging lineages 506 

during the early stages of speciation. We found differentially expressed genes, including genes 507 

associated with for variation in traits likely involved in reproductive isolation.  508 

Reference transcriptome of M. marsaeus 509 

Combining all libraries from the two subspecies to build the reference transcriptome 510 

resulted in a large amount of duplicates, but enabled us to obtain a very complete reference 511 

transcriptome, including transcripts potentially specific to each subspecies (Table 1). This 512 

transcriptome remains relatively fragmented since it consists of 179,833 transcripts with a N50 513 

of 922 bp and the annotated genes were often represented in several transcripts. This 514 
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fragmentation is apparent when comparing it with other butterfly transcriptomes. For instance, 515 

the first transcriptome of H. melpomene, generated from only wing disc tissue, consisted of 516 

82,000 contigs (Ferguson et al. 2010); the reference transcriptome of Vanessa cardui generated 517 

from various tissues consisted of 74,995 transcripts with a N50 length of 2062 bp (Zhang et al. 518 

2017) and eight eye transcriptomes for Dryas iulia and several Heliconius species had a number 519 

of transcripts ranging between 62,962 and 116,342 (Zhang et al. 2019). Despite this 520 

transcriptome fragmentation, a large proportion of the predicted proteins obtained a hit with 521 

reference databases (69% and 63% of proteins on nr and Lepbase databases, respectively). The 522 

first transcriptome of an ithomiine species generated by this study is therefore an important 523 

resource for future studies, both in the search for genes of interest and for population 524 

resequencing approaches, often used to investigate the evolutionary mechanisms involved in 525 

the divergence of subspecies. 526 

 527 

Annotation of candidate WCP and chemosensory genes 528 

For this study, we identified specific candidate genes known to be important for color 529 

pattern formation in butterflies, some of which are responsible for color pattern variation in the 530 

mimetic Heliconius butterflies. Of these 20 WCP genes, only one, kynurenine formamidase, 531 

was not found in the reference transcriptome, suggesting that this gene is not expressed in our 532 

samples, and may even be absent in this species. As such, the WCP genes expressed in M. 533 

marsaeus are those classically observed in Lepidoptera. 534 

The first genome assemblies of D. plexippus and H. melpomene have demonstrated that, 535 

among the chemosensory gene families, CSPs are especially diversified in butterflies compared 536 

to other Lepidoptera, with a “butterfly-specific expansion” (Zhan et al. 2011; Heliconius 537 

Genome Consortium 2012). The phylogenetic analysis carried out here revealed that among 538 

Nymphalidae, this diversification is especially apparent in the sub-family Danainae (Figure S2). 539 

Here, we found 17 MmarCSPs belonging to this lineage, a number much higher than in D. 540 

plexippus or any other lepidopteran species investigated thus far. This may indicate that CSPs 541 

have had an important role in the adaptation of the chemosensory system of Ithomiini, but it is 542 

important to note that the function of CSPs largely exceeds chemoreception. Indeed, CSPs are 543 

often widely expressed throughout the insect body and it has been proposed that they are 544 

involved in diverse functions including pheromone release, development, or carotenoid 545 

pigment transportation (Pelosi et al. 2018). Interestingly, RNAseq results show that several 546 
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MmarCSPs are more expressed in wing discs than in antennae, notably within the expanded 547 

lineage mentioned above. While their exact function in this tissue is unclear, it could be related 548 

to the fact that hindwings of male Ithomiini have androconia that produce pheromones (Schulz 549 

et al. 2004). This warrants further investigation. 550 

Apart from CSPs, chemosensory gene repertoires identified in M. marsaeus appeared 551 

globally similar to what was shown in the analysis of the D. plexippus and H. melpomene 552 

genomes (Zhan et al. 2011; Heliconius Genome Consortium 2012). Notably, the annotation of 553 

candidate chemoreceptor genes expressed in antennae revealed a large diversity of ORs and 554 

antennal IRs, with no gene expansion that might be specific to Ithomiini. We did not identify 555 

any member of the so-called pheromone receptor clade in the M. marsaeus reference 556 

transcriptome, but we found two members of other OR lineages containing moth pheromone 557 

receptors (Bastin-Héline et al. 2019; Li et al. 2017). However, the chemical nature of 558 

compounds found in male Ithomiini androconia differ drastically from that of moth sex 559 

pheromone components (Schulz et al. 2004; Stamm et al. 2019; Mann et al. 2020), suggesting 560 

that the male ORs that bind these chemicals in Ithomiini probably do not belong to the same 561 

pheromone receptor lineages described in moths. 562 

 563 

Differential expression during wing disc development and across tissues 564 

The analysis of the differentially expressed transcripts between the wing discs during 565 

metamorphosis and the adult antennae revealed how different these tissues are in terms of 566 

molecular pathways. Although some WCP genes, such as optix and wntA, are specific to wing 567 

discs, a large proportion of those genes are nevertheless highly expressed in adult antennae. 568 

Many WCP genes are involved in general functions, such as cycle-cell regulation and gene 569 

transcription, which may not be specific to the development of wing color patterns. Similarly, 570 

genes of the melanin pathway also influence cuticle sclerotization (Matsuoka & Monteiro 571 

2018), and it is not surprising to find them expressed in tissues other than wings, not to mention 572 

that many body parts, including antennae, are darkly pigmented. The detailed comparison 573 

between the wing discs at 24h and 48h also showed significant differences, indicating that this 574 

tissue is undergoing major changes, although we cannot rule out that some of this was due to 575 

slightly fluctuating rearing conditions in the field.  576 

In wing disc libraries, all WCP genes were expressed except cortex. The gene cortex is 577 

expressed at the prepupal stage in Biston betularia (van’t Hof et al. 2016) or at the caterpillar 578 
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stage in some Heliconius species (Livraghi et al. 2021; Nadeau et al. 2016), including the co-579 

mimic H. numata (Saenko et al. 2019), two morphs of which have a remarkable resemblance 580 

to the two subspecies of M. marsaeus investigated here. Conversely, while optix does not seem 581 

to be expressed in wing discs of H. numata, it has a high level of expression in M. marsaeus. 582 

These results therefore suggest that the means of producing very similar color patterns in M. 583 

marsaeus and H. numata may involve different pathways. Overall, the kinetic gene expression 584 

we observed is comparable to that observed in H. erato, a species for which expression of the 585 

WCP genes was monitored at three time points during metamorphosis, 24h, 72h and 120h 586 

(Hines et al. 2012). For instance, we found in M. marsaeus an increase in the amount of 587 

expression of optix and a decrease in the expression of pale and dopamine N-acetyltransferase 588 

(Dat1) between 24h and 48h, and the same trends were observed in H. erato between 24h and 589 

72h. Other genes involved in melanisation, such as yellow_d, tan or black, are usually expressed 590 

at a later stage (e. g., at day 5 in (Hines et al. 2012)), which may explain why we failed to find 591 

them in 24h and 48h wing discs. Overall, the kinetic expression of WCP genes in wing discs 592 

appears to be comparable between M. marsaeus, H. erato (Hines et al. 2012) and Vanessa 593 

cardui (Connahs et al. 2016), and are therefore potentially conserved within the Nymphalidae.  594 

 595 

Differential expression at the early stages of speciation 596 

The major goal of this study was to examine differential expression at the onset of 597 

speciation in targeted tissues: wing discs and female antennae. These tissues are responsible for 598 

traits, color patterns and chemosensory detection, which are likely involved in reproductive 599 

isolation in M. marsaeus (McClure et al. 2019).  600 

Overall, differential expression between subspecies is much less than that between 601 

tissues (Figure S3). We found differentially expressed genes between subspecies in all tissues, 602 

and more so in antennae than in wing discs, and at 48h than at 24h wing disc development. 603 

Moreover, patterns of gene expression in wing discs over time was markedly different between 604 

the two subspecies, with many more genes differentially expressed at 48h in M. marsaeus 605 

phasiana than in M. marsaeus rileyi. These results suggest that although the two subspecies 606 

have likely diverged recently, as testified by the low level of genetic differentiation between 607 

them (McClure et al. 2019), different developmental processes are at play in wing discs and 608 

antennae, and may contribute to the differences observed in the traits of interest. However, 609 

detailed analysis of the different tissues identified a limited number of differentially expressed 610 

transcripts between the two subspecies and hardly any candidate genes involved in wing pattern 611 
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and chemosensory variation. The analysis carried out by combining the different tissues 612 

allowed the identification of a larger number of transcripts. These latter results should however 613 

be considered with caution and could be linked to genetic drift, which could affect all tissues in 614 

a similar way, unlike gene expression related to specific differences in traits, which is expected 615 

to be tissue specific (Bierkhman et al. 2008). However, genes affected by drift are likely to 616 

show small differences in expression. Here, all the transcripts detected by the analysis have a 617 

substantial difference in expression (|logFC| >1). Furthermore, genes affected by drift are 618 

expected to show similar expression trajectory across developmental stages. Our analysis that 619 

accounted for the interaction between subspecies and wing disc stages identified two candidate 620 

transcripts that had different expression patterns across stages between the two subspecies. 621 

More broadly, difficulties in identifying differentially expressed transcripts in each tissue could 622 

be related to small but important variations in developmental stage among the different 623 

replicates. Indeed, although the rearing and dissection conditions were controlled to the 624 

maximum, this difficult-to-breed species can only be reared close to the field and small 625 

fluctuations in environmental conditions (temperature, moisture) could have impacted the pace 626 

of development, thereby inducing variation in gene expression levels among biological 627 

replicates.  628 

Examining the expression of candidate genes for these traits sheds further light on the 629 

pathways that lead to different phenotypes, and, ultimately, to reproductive isolation. Regarding 630 

color pattern, M. marsaeus rileyi and phasiana differ by the presence of yellow only in M. 631 

marsaeus rileyi (at the tip of the forewing) and slightly more melanized wings in this subspecies 632 

(Fig. 1, (McClure et al. 2019)). While several WCP genes showed different expression patterns 633 

between the two subspecies in wing discs (Fig. 3, Table S3), none of these differential 634 

expressions were statistically significant. However, when all tissues were pooled, which 635 

increased statistical power, two of these genes were differentially expressed between the 636 

subspecies: pale was downregulated in M. marsaeus phasiana compared to M. marsaeus rileyi, 637 

while dopamine-N-acetyltransferase was upregulated in M. marsaeus phasiana. Both genes are 638 

involved in the pathway of melanin synthesis in butterflies, and pale is also involved in cuticle 639 

formation (Zhang et al. 2017; Hines et al. 2012). The expression of these genes in pupal wing 640 

discs of the mimetic butterfly species H. erato for different color pattern elements and 641 

developmental stages (Hines et al. 2012) showed no association of pale with any particular 642 

color, but showed an increase in expression of dopamine-N-acetyltransferase in yellow-643 

containing hindwings during melanin synthesis (i.e., at the very end of the pupal stage). In H. 644 
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erato, dopamine-N-acetyltransferase is also highly expressed in the early pupal stages (24h), 645 

but with no significant differences among color pattern elements. Unlike H. erato, in M. 646 

marsaeus the increased expression of dopamine-N-acetyltransferase is found in the subspecies 647 

that contains no yellow. However, we only have data for early pupal stages, and our data can 648 

therefore not be fully compared to those of Hines et al. (2012). It is possible that our analysis 649 

has failed to detect genes differentially expressed during other developmental stages, or because 650 

of differential expression taking place only at a very small scale, i.e. in specific wing areas 651 

corresponding to certain color pattern elements. Future investigations of WCP genes in M. 652 

marsaeus should extend to all relevant developmental stages, from the last larval instar up to 653 

the melanization stage in pupae, and should attempt to examine gene expression of specific 654 

wing areas (particularly the area containing the yellow spot in M. marsaeus rileyi).  655 

Chemosensory traits have long been suspected to be important for the establishment or 656 

reinforcement of reproductive barriers in insects, which can occur for instance through adaptive 657 

divergence in host preference or in pheromone communication (Smadja & Butlin 2009). 658 

Although the genetic basis of chemosensory speciation remains largely unknown in insects, a 659 

combination of transcriptomics and population genomics carried out in a pair of recently 660 

diverged Heliconius species, H. cydno and H. melpomene, identified a few chemosensory genes 661 

differentially expressed between the two species and showing a low level of genetic admixture. 662 

One GR gene and one OBP gene were particularly likely to be involved in host plant and 663 

pheromone shifts, respectively (Eyres et al. 2016; van Schooten et al. 2020). Because M. 664 

marsaeus rileyi and phasiana use the same larval host plant (McClure & Elias 2016) but have 665 

been shown to diverge somewhat in their male pheromonal blend (McClure et al. 2019), we 666 

hypothesised that divergent expression patterns between the two subspecies would be more 667 

likely to have occurred in genes involved in pheromone detection in females. That said, in M. 668 

marsaeus, the difference in pheromonal blend is subtle, with substantial overlap between 669 

subspecies, and it is not known whether butterflies are able to discriminate the two subspecies 670 

based on male pheromones (McClure et al. 2019). Perhaps unsurprisingly, our differential 671 

expression analysis did not find any significant divergence in female antennae between the two 672 

subspecies. Seven chemosensory genes (one OR, two OBP and two CSP, which are likely 673 

involved in olfaction, and one GR, one IR) showed a trend for differential expression between 674 

the subspecies in this tissue. Notably, the OR (MmarOR31) appeared to be more than 10 times 675 

over-expressed in M. marsaeus phasiana (Table S3). This receptor belongs to a butterfly-676 

specific OR lineage of unknown function, but the high duplication rate within this lineage 677 
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(Figure S2) suggests a link between these receptors and adaptation in these butterflies, possibly 678 

even to changes in male pheromone blends. Interestingly, the OBP and CSP genes also show a 679 

trend for differential expression in antennae of the two subspecies (0.05 < FDR < 0.1), i.e. 680 

MmarOBP19-20 and MmarCSP36-37, also belong to lineage-specific duplications (Figure S2). 681 

Many past studies have shown the importance of chemosensory gene duplication (followed by 682 

functional divergence) for the adaptation of insects to different host plants or pheromone blends 683 

(Briscoe et al. 2013; McKenzie et al. 2016; Anholt 2020; Montagné et al. 2021). Further 684 

functional studies are needed to clarify whether the difference in M. marsaeus male pheromone 685 

blends is perceived by the females, but if so, the genes listed here appear to be prime candidates 686 

involved in reproductive isolation. 687 

 688 

Conclusion 689 

We generated the first transcriptomic resource for an ithomiine butterfly, M. marsaeus, 690 

a co-mimic of certain Heliconius species, to assess whether gene expression in tissues of interest 691 

differed between two recently diverged subspecies that diverged in wing color pattern, and, to 692 

a lesser degree, male pheromone blend. We found that all but one known WCP gene were 693 

expressed in this species, of which all but one were expressed in wing discs. Two of the 694 

expressed WCP genes were differentially expressed between the two subspecies, suggesting 695 

that they may be involved in color pattern differentiation and, ultimately, mate choice and 696 

reproductive isolation. We also recovered a large number of chemosensory genes. One of them 697 

was slightly upregulated in one of the subspecies, and may play a role in pheromone detection 698 

and mate discrimination. Our results complement recent experimental findings that different 699 

color patterns and perhaps male pheromones drive reproductive isolation in M. marsaeus. Our 700 

study is also the first step towards future investigations aiming at deciphering the genetic bases 701 

that underlie wing color pattern and chemosensory variation in this species, and are a significant 702 

contribution for comparative genomics in Lepidoptera, and mimetic butterflies. 703 

Data Availability Statement: 704 

Scripts and methods used to perform RNA-Seq analyses are available on Github: 705 

https://github.com/flegeai/Melinaea_marsaeus_askoR. Raw reads are available on the SRA 706 

repository BioProject ID PRJNA725991. 707 

 708 
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 709 

Table and figure captions: 710 

Table 1. Transcriptome statistics on the sequences and the annotation and their respective 711 

completeness (BUSCO results).  712 

Table 2. Blast hit results from the seven proteins predicted on the 27 unique transcripts from 713 

the Top10 differentially expressed transcripts (top highest FDR) in the four comparisons 714 

between the two subspecies: the comparison of the adult antennae from the two subspecies 715 

(Mmp_aa/Mmr_aa), the wing discs at 24h (Mmp_1/Mmr_1), the wing discs at 48h 716 

(Mmp_2/Mmr_2) and when combining the three previous libraries (Mmp/Mmr). Transcripts 717 

without predicted protein or protein without blastp hits are not shown.  718 

Fig 1. A Map of the study area around Tarapoto in Peru, including sampling localities and 719 

expected distribution of the two subspecies. B and C Representation of the tissue samples used 720 

for the RNAseq libraries: B one 5th instar larva (gut was removed), one pupa and one adult 721 

body (separated into three parts: head, thorax and abdomen) from M. marsaeus rileyi and C 722 

female antennae and wing discs from pupae at two different developmental stages of both M. 723 

marsaeus rileyi and M. marsaeus phasiana, and used for differential expression analyses. 724 

Fig 2. Venn diagrams with the number of transcripts differentially expressed. The “Tissue 725 

comparison” is the comparison between nymphal wing discs at 24h (WD24h) and 48h (WD48h) 726 

and adult antennae (AA) for all samples of M. marsaeus phasiana (p) and M. marsaeus rileyi 727 

(r) combined. A small additional Venn diagram details the transcripts differentially expressed 728 

in the wing discs at 24h and 48h in the two subspecies separately. The “Subspecies comparison” 729 

is the comparison between the two subspecies for each tissue and for all tissue types combined.  730 

Fig 3. Heatmap of the expression levels (log2 (CPM+1)) of 18 wing color pattern genes. 731 

Legend: WD = wing discs, AA = adult antennae, r = M. marsaeus rileyi, p = M. marsaeus 732 

phasiana. The first column of 3 points correspond to the “Tissue comparison” as follows: 733 

WD24h vs WD48h, WD24h vs AA, WD48h vs AA. The following columns of four points 734 

correspond to the “Subspecies comparison”, with separate comparisons of the two subspecies 735 

for the three tissue types, lastly followed by a comparison of all pooled tissue types. Green = 736 

up-regulated and red = down-regulated, according to the direction of the comparison indicated 737 

at the top of the column. 738 
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Fig 4. Heatmap for the level of expression (log2 (CPM+1)) of 65 chemosensory receptor genes. 739 

Legend: WD = wing discs, AA = adult antennae, r = M. marsaeus rileyi, p = M. marsaeus 740 

phasiana. The first series of points correspond to “Tissue comparison” with the following 741 

comparisons: WD24h vs WD48h, WD24h vs AA, WD48h vs AA. The four subsequent points 742 

correspond to the “Subspecies comparison”, with comparisons between the two subspecies for 743 

the three tissues, first individually and then pooled. Green = up-regulated and red = down-744 

regulated, according to the direction of the comparison indicated at the top of the column. 745 

Fig 5. Heatmap for the level of expression (log2 (CPM+1)) of 49 OBP and CSP genes. Legend: 746 

WD = wing discs, AA = adult antennae, r = M. marsaeus rileyi, p = M. marsaeus phasiana, 747 

first points correspond to the “Tissue comparison” with the comparisons: WD24h vs WD48h, 748 

WD24h vs AA, WD48h vs AA, the four points correspond to the “Subspecies comparison” 749 

with the comparisons between the two subspecies for the three tissues separated and combined. 750 

Green = up-regulated and red = down-regulated, according to the direction of the comparison 751 

indicated at the top of the column. 752 

 753 

Supplementary material: 754 

Table S1. Number of samples and RNA sequencing methods used for each condition ordered 755 

by subspecies, stage and tissue. 756 

Table S2. Sequencing statistics for each sample including raw reads number, cleaning (quality 757 

and rRNA) and mapping statistics. 758 

Table S3. Candidate gene list with references and differential expression statistics: Fold 759 

Change and FDR for each comparison. Colors are similar to those from Figure 3,4 and 5: green 760 

= up-regulated and red = down-regulated, according to the direction of the comparison indicated 761 

at the top of the column. 762 

Figure S1. A Pie chart showing the proportions of sequences which were successfully 763 

annotated in comparison to those that did not get a blast hit, mapping or GO annotation step. 764 

Blasted without Hits: number of sequences without Blast hits; With Blast Hits: number of 765 

sequences with Blast hits; With GO Mapping: Number of sequences that mapped to the 766 

Blast2GO database; B2G Annotated: Number of sequences that did retrieve one or more GO 767 

annotations from the Blast2GO database.  B Number of transcripts associated to the main 768 

enzyme code level identified by interproscan and classified by Enzyme Commission classes. 769 
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CD Number of transcripts associated to the top 20 Gene Ontology (GO) terms at level 2 (C) 770 

and level 3 (D) ordered by Biological Processes (BP), Molecular Function (MF) and Cellular 771 

Component (CC). 772 

Figure S2. Phylogenies of A Odorant Receptors, B Gustatory Receptors, C Ionotropic 773 

Receptors, D Odorant-Binding Proteins and E Chemosensory Proteins including M. marsaeus 774 

(in red), D. plexippus (in orange), H. melpomene (in green), S. frugiperda (in light blue), M. 775 

hyperantus (in pink), B. anynana (in purple), V. tameamea (in brown) and B. mori (in blue) and 776 

performed with PhyML v3.0. Node support is represented by grey dots on nodes with a 777 

approximate likelihood-ratio (aLRT) ≥ 0.95. 778 

Figure S3. A Density plots for the level of expression of filtered genes with at least 0.5 CPM 779 

(counts per million) in at least 3 samples. Samples names corresponds to Supplementary Table 780 

2. B Boxplot of the expression level distribution of the filtered genes using the TMM method. 781 

Samples names corresponds to Supplementary Table 2.  CD Sample distribution along 1,2 and 782 

3 axes of the Multidimensional scaling (MDS) based on differential expression (DE). For M. 783 

marsaeus phasiania wing discs 24h samples are in brown, 48h in green and adult antennae in 784 

red, for M. marsaeus rileyi wing discs 24h samples are in blue, 48h in pink and adult antennae 785 

in turquoise. E Hierarchical clustering of samples and heatmap of sample correlation matrix. 786 

Samples names corresponds to Supplementary Table 2.   787 

Figure S4. Enriched GO terms: the 10 GO for Biological Processes, Cellular Components and 788 

Molecular Function with the largest gene ratios. The size of the dots represents the number of 789 

genes in the significant DE gene list associated with the GO term for the three “Tissue 790 

comparisons”. 791 
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Transcriptome assembly statistics
Total transcripts 179 833
Total length assembled bases 111 561 423
Average contig length (bases) 620
Median contig length 342
Max length (bases) 33 457
Min length (bases) 201
GC (%) 38.21
Contig N50 (bases) 922

Complete and single-copy BUSCOs 939 (68.7%)
Complete and duplicated BUSCOs 271 (19.8%)
Fragmented BUSCOs 79 (5.8%)
Missing BUSCOs 78 (5.7%)

Predicted ORF / Protein statistics
# ORFs / Proteins 82 469

Complete and single-copy BUSCOs 969 (70.9%)
Complete and duplicated BUSCOs 271 (19.8%)
Fragmented BUSCOs 91 (6.7%)
Missing BUSCOs 36 (2.6%)

Functional annotation statistics
# Contig with a match to nr (NCBI) 57 313
# Contig with a match to lepbase 52 228
# ORFs annotated in GO 36 683
Sequences with enzyme code assigned 7 182

Table 1



Comparison Top10 Protein predicted Length Score %id Evalue Accession Definition
Mmp/Mmr; Mmp_aa/Mmv_aa DN21106_c0_g1_i1.p1 466 -18.99 68.243 0.0 XP_023940701 nose resistant to fluoxetine protein 6-like [Bicyclus anynana]

Mmp_aa/Mmv_aa DN49364_c0_g1_i2.p1 108 11.16 76.636 6.92e-47 XP_032517920 sortilin-related receptor isoform X2 [Danaus plexippus plexippus]
Mmp_1/Mmv_1 DN61874_c0_g1_i1.p1 457 70.67 75.817 0.0 XP_026497302 serpin B3 [Vanessa tameamea]

Mmp/Mmr; Mmp_aa/Mmv_aa;
 Mmp_1/Mmv_1; Mmp_2/Mmv_2 DN65831_c0_g1_i1.p1 86 10.88 80.000 4.54e-39 OWR54905 endoplasmic reticulum resident protein 29 [Danaus plexippus plexippus]

Mmp_1/Mmv_1 DN67201_c2_g1_i1.p1 123 7.52 61.947 2.44e-47 XP_032519987 chemosensory protein 7 precursor [Danaus_plexippus_plexippus]
Mmp_2/Mmv_2 DN73911_c7_g1_i2.p1 91 7.75 79.570 1.60e-46 KPJ02711 putative tyrosyl-tRNA synthetase, mitochondrial [Papilio xuthus]

Mmp/Mmr DN74456_c3_g1_i2.p1 105 33.18 80.769 4.66e-52 XP_032524437 CCAAT/enhancer-binding protein zeta [Danaus plexippus plexippus]

Table 2
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