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Abstract 22 

The wing patterns of butterflies are an excellent system with which to study phenotypic evolution. The 23 

incredibly diverse patterns are generated from an array of pigmented scales on a largely two-24 

dimensional surface, resulting in a visibly tractable system for studying the evolution of pigmentation. 25 

In Heliconius butterflies, much of this diversity is controlled by a few genes of large effect that regulate 26 

pattern switches between races and species across a large mimetic radiation. One of these genes – cortex 27 

- has been repeatedly mapped in association with colour pattern evolution in both Heliconius and other 28 

Lepidoptera, but we lack functional data supporting its role in modulating wing patterns. Here we 29 

carried out CRISPR knock-outs in multiple Heliconius species and show that cortex is a major 30 

determinant of scale cell identity. Mutant wing clones lacking cortex showed shifts in colour identity, 31 

with melanic and red scales acquiring a yellow or white state. These homeotic transformations include 32 

changes in both pigmentation and scale ultrastructure, suggesting that cortex acts during early stages of 33 

scale cell fate specification rather than during the deployment of effector genes. In addition, mutant 34 

clones were observed across the entire wing surface, contrasting with other known Heliconius mimicry 35 

loci that act in specific patterns. Cortex is known as a cell-cycle regulator that modulates mitotic entry 36 

in Drosophila, and we found the Cortex protein to accumulate in the nuclei of the polyploid scale 37 

building cells of the butterfly wing epithelium, speculatively suggesting a connection between scale cell 38 

endocycling and colour identity. In summary, and while its molecular mode of action remains 39 

mysterious, we conclude that cortex played key roles in the diversification of lepidopteran wing patterns 40 

in part due to its switch-like effects in scale identity across the entire wing surface.   41 

42 
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Introduction 43 

Evolutionary hotspots have become a recurrent theme in evolutionary biology, whereby variation 44 

surrounding homologous loci at both micro- and macro-evolutionary scales have driven parallel cases 45 

of phenotypic change. Notably, a remarkable 138 genes have been linked to phenotypic variation in 2 46 

or more species (GepheBase; Courtier-Orgogozo et al., 2020). In some cases, parallel adaptation has 47 

occurred through the alteration of downstream effector genes, such as pigmentation enzymes with 48 

functions clearly related to the trait under selection (e.g. tan, ebony). In other cases, upstream patterning 49 

factors are important, and these are typically either transcription factors (e.g. optix, pitx1, Sox10) or 50 

components of signalling pathways such as ligands or receptors (e.g. WntA, MC1R). These classes of 51 

genes influence cell fate decisions during development by modulating downstream gene regulatory 52 

networks (Kronforst and Papa, 2015; Martin and Courtier-Orgogozo, 2017; Prud’homme et al., 2007), 53 

and are commonly characterised by highly conserved functions, with rapid evolutionary change 54 

occurring through regulatory fine-tuning of expression patterns. One gene that has been repeatedly 55 

implicated in morphological evolution but is conspicuous in its failure to conform to this paradigm is 56 

cortex, a gene implicated in the regulation of adaptive changes in the wing patterning of butterflies and 57 

moths. 58 

Cortex is one of four major effect genes that act as switch loci controlling both scale structure and colour 59 

patterns in Heliconius butterflies, and has been repeatedly targeted by natural selection to drive 60 

differences in pigmentation (Nadeau, 2016; Van Belleghem et al., 2017). Three of the four major effect 61 

genes correspond to the prevailing paradigm of highly conserved patterning genes; the signalling ligand 62 

WntA (Concha et al., 2019; Mazo-Vargas et al., 2017) and two transcription factors optix (Lewis et al., 63 

2019; Zhang et al., 2017) and aristaless1 (Westerman et al., 2018). The fourth is cortex, an insect-64 

specific gene showing closest homology to the cdc20/fizzy family of cell cycle regulators (Chu et al., 65 

2001; Nadeau et al., 2016; Pesin and Orr-Weaver, 2007). The lepidopteran orthologue of cortex displays 66 

rapid sequence evolution, and has acquired novel expression domains that correlate with melanic wing 67 

patterns (Nadeau et al., 2016; Saenko et al, 2019). It therefore seems likely that the role of cortex in 68 

regulating wing patterns has involved a major shift in function, which sits in contrast to the classic 69 

model of regulatory co-option of deeply conserved patterning genes, that can be readily applied to other 70 

major Heliconius patterning loci. 71 

The genetic locus containing cortex was originally identified in the genus Heliconius as controlling 72 

differences in yellow and white wing patterns in H. melopmene and H. erato (Figure 1a) and the 73 

polymorphism in yellow, white, black and orange elements in H. numata, using a combination of 74 

association mapping and gene expression data (Joron et al., 2006; Nadeau et al., 2016). The same locus 75 

has also been repeatedly implicated in controlling colour pattern variation among divergent 76 

Lepidoptera, including the peppered moth Biston betularia and other geometrids, the silkmoth Bombyx 77 
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mori and other butterflies such as Bicyclus anynana and Papilio clytia (Beldade et al., 2009; Ito et al., 78 

2016; VanKuren et al., 2019; Van’t Hof et al., 2019; Van’t Hof et al., 2016). This locus therefore 79 

contains one or more genes that have repeatedly been targeted throughout the evolutionary history of 80 

the Lepidoptera to generate phenotypic diversity.  81 

While cortex remains the most likely candidate driving yellow and white scale evolution in Heliconius, 82 

other genes at the locus may also be playing a role in establishing scale colour identity. Most notably, 83 

the genes domeless (dome), a JAK-STAT pathway receptor and washout (wash), a cytoskeleton 84 

regulator, which also show associations with colour pattern phenotypes in H. melpomene and H. numata 85 

(Nadeau et al., 2016; Saenko et al., 2019). These genes neighbour a non-coding region linked to the 86 

Bigeye mutation in B. anynana, have been implicated in shaping eyespot patterns in CRISPR 87 

mutagenesis experiments, and are within an interval of around 100kb which also includes cortex 88 

(Beldade et al., 2009; Lopes da Silva, 2015). It is thus possible that multiple linked genes are 89 

contributing to the evolution of wing patterning across Lepidoptera (Joron et al., 2006; Saenko et al., 90 

2019). 91 

While fantastically diverse, most of the pattern variation in Heliconius is created by the differences in 92 

the distribution of only three major scale cell types; Type I (yellow/white), Type II (black), and Type 93 

III (red/orange/brown) (Aymone et al., 2013; Gilbert et al., 1987). Each type has a characteristic 94 

nanostructure and a fixed complement of pigments. Type I yellow scales contain the ommochrome 95 

precursor 3-hydroxykynurenine (3-OHK) (Finkbeiner et al., 2017; Koch, 1993; Reed et al., 2008), 96 

whereas Type I white scales lack pigment, and the colour is the result of the scale cell morphology (i.e. 97 

structural) (Gilbert et al., 1987). In contrast, Type II scale cells are pigmented with melanin and Type 98 

III scale cells contain the red ommochrome pigments xanthommatin and dihydroxanthommatin.  99 

Here we focus on the role of cortex in Heliconius butterflies, an adaptive radiation with over 400 100 

different wing forms in 48 described species (Jiggins, 2017; Lamas, 2004) and where diversity in wing 101 

patterns can be directly linked to the selective forces of predation and sexual selection (Brown, 1981; 102 

Turner, 1981). Specifically, we combine expression profiling using RNA-seq, in situ hybridization and 103 

antibody staining experiments, as well as CRISPR/Cas9 gene knock-outs to determine the role that this 104 

locus plays in pattern variation of two co-mimetic races of H. melpomene and H. erato (Figure 1b).  105 

Despite the fact that cortex does not follow the prevailing paradigm of patterning loci, we demonstrate 106 

for the first time that the gene plays a fundamental role in pattern variation by modulating a switch from 107 

Type I scale cells to Type II and Type III scale cells. Moreover, we show that the phenotypic effects of 108 

cortex extend across the fore- and hindwing surface. Our findings, coupled with recent functional 109 

experiments on other Heliconius patterning loci, are beginning to illuminate how major patterning genes 110 

interact during development to determine scale cell fate and drive phenotypic variation across a 111 

remarkable adaptive radiation.  112 
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 113 

Figure 1 – Ranges of Heliconius butterflies differing at Yb phenotypes in Central America and 

associated loci 

(a) Homologous loci in both species are associated with variation in yellow and white patterns between races. 

In H. melpomene three tightly linked genetic elements located at chromosome 15 control variation for 

hindwing yellow bar, forewing band and white margin elements (Yb, N and Sb respectively) while in H. erato 

variation has been mapped to one element (Cr). Genes previously associated with wing patterning differences 

in Lepidoptera are highlighted in red within a specific region of chromosome 15 (from bottom up; cortex, 

domeless-truncated, domeless and washout) and alignment between the two co-mimetic species at the locus 

is shown (grey lines, 95% alignment identity). (b)  Focal co-mimetic races of Heliconius erato and Heliconius 

melpomene used in this study, differing for the presence of a hindwing yellow bar, and their ranges across 

Central America are shown (ranges based on Rosser et al., 2012). Yellow: yellow banded races, blue: black 

hindwing races, grey: range overlap. 
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Results 114 

RNA-seq and reannotation of key intervals reveals the presence of duplications and bi-cistronic 115 

transcription of candidate genes 116 

In order to identify genes associated with differences in yellow pattern elements, we performed 117 

differential gene expression (DGE) analysis using developing wings sampled from colour pattern races 118 

in H. erato and H. melpomene differing only in the presence or absence of the hindwing yellow bar 119 

(Figure 1b and Figure 2a). In total, we sequenced 18 samples representing three developmental stages 120 

(larval, 36h +/-1.5h (Day 1 pupae) and 60h +/- 1.5h (Day 2 pupae)) from two races in each of the two 121 

species, with hindwings divided into two parts for the pupal stages (Figure 2a). We focused our attention 122 

on genes centred on a 47-gene interval on chromosome 15 previously identified as the minimal 123 

associated region with yellow band phenotypes by recombination mapping (Nadeau et al., 2016, supp 124 

table 1; Joron et al., 2006; Moest et al., 2020; Van Belleghem et al., 2017). Both our initial expression 125 

analysis and recent analysis of selective sweeps at this locus (Moest et al., 2020) indicate that three 126 

genes showed differential expression and are likely targets of selection: cortex, dome and wash (Figure 127 

2c). This led us to further explore the annotation of these genes prior to further analysis. 128 

In Heliconius, dome appears to have duplicated in the ancestor of H. erato and H. melpomene, resulting 129 

in a full-length copy (referred to here as domeless) and a further copy exhibiting truncations at the C-130 

terminus (domeless-truncated) (Supplementary File 1 – Figure S1). Independent tandem duplications 131 

of dome have occurred in several other Lepidoptera. Protein alignments indicate that in both H. erato 132 

and H. melpomene, dome-trunc maintains only the N-terminal half of the gene, suggesting dome-trunc 133 

is undergoing pseudogenisation.  134 

When examining the RNA-seq reads mapping to the dome and wash genes, we observed several 135 

individual reads splicing over the 5’ UTR of wash and into the coding region of dome. It was not 136 

possible to unambiguously assign reads that map to this overlapping portion of the annotation to either 137 

gene, suggesting the possibility that dome/wash are transcribed as a single, bi-cistronic transcript. To 138 

look for further evidence of co-transcription, we searched the Transcription Shotgun Assembly (TSA) 139 

sequence archive on NCBI for assembled transcripts containing the open reading frames (ORFs) of both 140 

genes in other Lepidoptera (Supplementary File 2 – Figure S2). We found several instances where ORFs 141 

encoding for both dome and wash can be found in a single transcript, suggesting bi-cistronic 142 

transcription is a conserved feature across butterflies. Furthermore, an examination of published ATAC-143 

seq peaks (Lewis et al., 2019), shows the presence of a single promoter at the start of dome for H. erato 144 

lativitta, suggesting both genes share a single transcription start site (Supplementary File 2 – Figure 145 

S2). Given this result, we repeated the DGE analysis with dome/wash as a single annotation.  146 
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The genes cortex and domeless/washout are differentially expressed between colour pattern races, 147 

and between wing sections differing in the presence of the hindwing yellow bar 148 

RNA-seq data show cortex transcripts were most abundant in 5th instar larvae, almost depleted in Day 1 149 

pupae, but were again detected at relatively high levels in Day 2 pupae in H. melpomene, suggesting 150 

dynamic expression in this species (Figure 2b). In H. erato, cortex transcripts are found in high 151 

abundance in 5th instar larvae but are almost depleted in Day 1 and Day 2 pupae. Both dome paralogs 152 

remain relatively constant in terms of expression across all stages in H. melpomene whereas dome-trunc 153 

expression increases in pupal stages in H. erato. Dome/wash transcripts are detected in relatively low 154 

and constant amounts in both species.  155 

The two species were analysed separately, with both showing only cortex and dome/wash as 156 

significantly differentially expressed between morphs among the 47 genes in the candidate region, with 157 

cortex differential expression occurring earlier in development. In fifth instar larvae, cortex is 158 

differentially expressed in both species between the two colour pattern races, with cortex showing the 159 

highest adjusted p-value for any gene in the genome at this stage in H. erato (Figure 2c). Interestingly, 160 

cortex transcripts were differentially expressed in opposite directions in the two species, with higher 161 

expression in the melanic hindwing race in H. melpomene, and in the yellow banded race in H. erato. 162 

This pattern is reversed for dome/wash in Day 1 pupae, where a statistically higher proportion of 163 

transcripts are detected in H. melpomene rosina (yellow), and in H. erato hydara (melanic). No 164 

differential expression of these genes was found at Day 2 pupae. In order to confirm this inverted pattern 165 

was not due to a sampling error, we performed a diagnostic SNP analysis by correlating coding SNPs 166 

found within protein coding genes at the cortex locus from whole genome sequence data to the 167 

corresponding RNA-seq datasets (Supplementary File 3 – Tables S3.1 and S3.2). 168 

When comparing across hindwing sections differing for the yellow bar phenotype, 22 genes out of the 169 

associated 47-gene interval were differentially expressed at Day 1 between relevant wing sections in H. 170 

melpomene, including cortex and dome/wash (Supplementary File 4 – Figures S4.1 and S4.2). In 171 

contrast in H. erato Day 1 pupae, only dome/wash was differentially expressed. At Day 2 pupae, there 172 

were no differentially expressed genes in either species between relevant wing sections at this locus.  173 

Given the strong support for the involvement of cortex in driving wing patterning differences, we re-174 

analysed its phylogenetic relationship to other cdc20 family genes with more extensive sampling than 175 

previous analyses (Nadeau et al., 2016). Our analysis finds strong monophyletic support for cortex as 176 

an insect-specific member of the cdc20 family, with no clear cortex homologs found outside of the 177 

Neoptera (Supplementary File 5 – Figure S5.1). Branch lengths indicate cortex is evolving rapidly 178 

within the lineage, despite displaying conserved APC/C binding motifs, including the C-Box and IR 179 

tail (Supplementary File 5 – Figure S5.2) (Chu et al., 2001; Pesin and Orr-Weaver, 2007). 180 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 29, 2020. ; https://doi.org/10.1101/2020.05.26.116533doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.26.116533
http://creativecommons.org/licenses/by-nc/4.0/


8 
 

In summary, cortex is the most consistently differentially expressed gene and showed differential 181 

expression earlier in development as compared to the other candidate dome/wash. We therefore focus 182 

subsequent experiments on cortex, although at this stage we cannot rule out an additional role for 183 

dome/wash in pattern specification. 184 

 185 

  186 
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 187 

Cortex transcripts localise distally in 5th instar larvae 188 

Two studies have reported that cortex mRNA expression correlates with melanic patch in two species 189 

of Heliconius (Nadeau et al., 2016 and Saenko et al., 2019). To further assess this relationship between 190 

cortex expression and adult wing patterns, we performed in situ hybridisation on developing wing discs 191 

of 5th instar larvae, where we observed largest cortex transcript abundance, in both the yellow-barred 192 

and plain hindwing morphs of H. erato and H. melpomene. Cortex transcripts at this stage localised 193 

distally in forewings and hindwings of both species (Figure 3). In H. erato demophoon, expression was 194 

strongest at the intervein midline, but extends across vein compartments covering the distal portion of 195 

both forewing and hindwing. By contrast, in H. erato hydara, cortex transcripts are more strongly 196 

localised to the intervein midline forming a distally localised intervein expression domain.  197 

Expression in H. melpomene rosina is similar to H. erato demophoon at comparable developmental 198 

stages, again with stronger expression localised to the intervein midline but extending further 199 

proximally than in H. erato demophoon. In H. melpomene melpomene, hindwing cortex expression 200 

extends across most of the hindwing, and does not appear to be restricted to the intervein midline.  201 

Given that cortex has been implicated in modulating wing patterns in many divergent lepidoptera, we 202 

examined localisation in a Heliconius species displaying distinct patterns: H. hecale melicerta (Figure 203 

3). Interestingly, in this species transcripts appear strongest in regions straddling the wing disc veins, 204 

with weak intervein expression observed only in the hindwings. Previous data has shown variation in 205 

yellow spots (Hspot) is also controlled by a locus located a chromosome 15 (Huber et al., 2015). 206 

Expression in H. hecale melicerta forewings corresponds to melanic regions located in between yellow 207 

spots at the wing margins, indicating cortex may be modulating Hspot variation in H. hecale. 208 

Overall, our results suggest a less clear correlation to melanic elements than reported expression 209 

patterns (Nadeau et al., 2016; Saenko et al., 2019) where cortex expression in 5th instar caterpillars is 210 

mostly restricted to the distal regions of developing wings, but appears likely to be dynamic across 5th 211 

instar development.  212 

Figure 2 – Differential expression of genes at Chromosome 15 implicate cortex as most likely candidate 

driving yellow bar differences 

(a)  Hindwing tissue from co-mimetic races of H. melpomene and H. erato were collected at three 

developmental stages (5th instar caterpillar, Day 1 Pupae (36hAPF) and Day 2 Pupae (60hAPF). For pupal 

tissue, hindwing tissue was dissected using the wing vein landmarks shown, corresponding to the future adult 

position of the hindwing yellow bar (dissection scheme based on Hanly et al., 2019). (b) Relative abundance 

of transcripts corresponding to the genes cortex, domeless-truncated, domeless/washout throughout 

developmental stages. Cortex expression decreases from larval to pupal stages domeless-truncated expression 

increases, whereas domeless/washout stay relatively constant at all three stages. (c) Log2FoldChange for the 

genes cortex, domeless-truncated, domeless/washout across developmental stages. Comparisons are for whole 

wing discs (Larvae, L) and for contrast C for pupae (D1 and D2; see Supplementary File 4: Figure S4.3 for 

depiction of contrasts analysed). 
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 213 

Cortex establishes Type II and III scale identity in Heliconius butterflies 214 

To assay the function of cortex during wing development, we used CRISPR/Cas9 to generate G0 215 

somatic mosaic mutants  (crispants) (Mazo-Vargas et al., 2017; Zhang et al., 2017). We targeted 216 

multiple exons using a combination of different guides and genotyped the resulting mutants through 217 

PCR amplification, cloning and Sanger sequencing (Supplementary File 6 – Figure S6). Overall KO 218 

efficiency was low when compared to similar studies in Heliconius (Concha et al., 2019; Mazo-Vargas 219 

et al., 2017), with observed wing phenotype to hatched eggs ratios ranging from 0.3% to 4.8%. Lethality 220 

Figure 3 – Expression of cortex transcripts in H. melpomene, H. erato and H. hecale 5th instar wing discs 

Cortex expression in 5th instar wing discs is restricted to the distal end of both forewings and hindwings in all 

species and morphs analysed. In H. erato, expression is strongest at the intervein midline but extends across 

vein compartments in H. erato demophoon, whereas it is more strongly localised to the intervein midline in 

H. erato hydara. In H. melpomene rosina, cortex localises in a similar manner to H. erato demophoon, with 

stronger expression again observed at the intervein midline, whereas expression in H. melpomene melpomene 

extends more proximally. Coloured dots represent homologous vein landmarks across the wings.  
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was also high, with hatched to adult ratios ranging from 8.1% to 29.8% (Supplementary File 7 – Table 221 

S7.1).  222 

Targeting of the cortex gene in H. erato produced patches of ectopic yellow and white scales spanning 223 

regions across both forewings and hindwings (Figure 4 and Supplementary File 8 – Figures S8.1-S8.7). 224 

Both colour pattern races were affected in a similar manner in H. erato. Mutant clones were not 225 

restricted to any specific wing region, affecting scales in both proximal and distal portions of wings. 226 

The same effect on scale pigmentation was also observed in the co-mimetic morphs in H. melpomene, 227 

with mutant clones affecting both distal and proximal regions in forewings and hindwings. In H. erato 228 

hydara, we recovered a mutant individual where clones spanned the dorsal forewing band. Clones 229 

affecting this region caused what appears to be an asymmetric deposition of pigment across the scales, 230 

as well as transformation to white, unpigmented scales (Figure 5 and Supplementary File 9 – Figure 231 

S9). 232 

As this locus has been associated with differences in white hindwing margin phenotypes (Jiggins and 233 

McMillan, 1997) (Figure 1b), we also targeted cortex in mimetic races showing this phenotype, H. erato 234 

cyrbia and H. melpomene cythera. Mutant scales in these colour pattern races were also localised across 235 

both wing surfaces, with both white and yellow ectopic scales. In these races, a positional effect was 236 

observed, where ectopic scales in the forewing and anterior compartment of the hindwing shifted to 237 

yellow, and posterior hindwing scales became white (Figure 4 and Supplementary File 9 – Figure S9). 238 

This positional effect likely reflects differential uptake of the yellow pigment 3-OHK across the wing 239 

surface (Reed et al., 2008). For one individual of H. erato cyrbia, clones also extended across the red 240 

band where a shift to white scales was observed, as in H. erato hydara.  241 
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 242 

To further test the conservation of cortex function across the Heliconius radiation, we knocked out 243 

cortex in H. charithonia and H. hecale melicerta, outgroups to H. erato and H. melpomene respectively. 244 

Again, ectopic yellow and white scales appeared throughout the wing surface in both species, 245 

suggesting conserved function with respect to scale development among Heliconius butterflies. In H. 246 

Figure 4 – Cortex loss of function transforms scale identity across the entire wing surface 

Phenotypes of cortex mKO across Heliconius species and morphs reveals a loss of melanic (Type II) and red (Type 

III) scales, and transformation to Type I (yellow or white) scales. Affected regions are not spatially restricted, and 

span both distal and proximal portions of forewings and hindwings.  A positional effect is observed in some races, 

where ectopic Type I scales are either white or yellow depending on their position along the wing (e.g H. erato 

cyrbia). Ectopic Type I scales can be induced from both melanic and red scales, switching to either white or yellow 

depending on wing position and race. Boundaries between Wild-type (WT) to mutant scales are highlighted (dotted 

white line).    
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hecale melicerta, we also recovered a mutant where we saw transformation from orange ommochrome 247 

scales to yellow.  248 

In summary, cortex crispants appear to not be restricted to any specific wing pattern elements, and 249 

instead affect regions across the surface of both forewings and hindwings. Mutant scales are always 250 

Type I scales, with differing pigmentation (3-OHK, yellow) or structural colouration (white) depending 251 

on race and wing position (Figure 5). The high rate of mosaicism combined with high mortality rates 252 

suggests cortex is likely developmentally lethal. Furthermore, the sharp boundaries observed between 253 

wild-type and mutant scales suggest cortex functions in a cell-autonomous manner, with little or no 254 

communication between neighbouring cells (Figure 5 and Supplementary File 9 - Figure S9). 255 

 256 

 257 

258 

Figure 5 – CRISPR KOs induce Type I scale identity  

Ectopic Type I scales can be induced from both melanic and red scales, switching to either white or yellow 

depending on wing position and race. Boundaries between Wild-type (WT) to mutant scales are highlighted (dotted 

white line). 
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Nuclear localization of Cortex extends across the wing surface in pupal wings 259 

The cortex mRNA expression patterns in larval imaginal disks suggest a dynamic progression in the 260 

distal regions, and in a few cases (Figure 3; Nadeau et al., 2016; Saenko et al., 2019) a correlation with 261 

melanic patterns whose polymorphisms associate with genetic variation at the Cortex locus itself. We 262 

thus long hypothesized that like for the WntA mimicry gene (Martin et al., 2012, Mazo-Vargas 2017 et 263 

al., Concha et al., 2020), the larval expression domains of cortex would delimit the wing territories 264 

where it is playing an active role in colour patterning. However, our CRISPR based loss-of-function 265 

experiments challenge that hypothesis because in all the morphs that we assayed, we found mutant 266 

scales across the wing surface (Figure 6 and supplementary File 9 – Figure S9).   267 

This led us to re-examine our model and consider that post-larval stages of Cortex expression could 268 

reconcile the observation of scale phenotypes across the entire wing, rather than in limited areas of the 269 

wing patterns. To test this hypothesis, we developed a Cortex polyclonal antibody, and found nuclear 270 

expression across the epithelium of H. erato demophoon pupal hindwings without restriction to specific 271 

pattern element (Figure 6). This nuclear localization overlapped with DNA, also included a strong signal 272 

in the large nucleoli of both the polyploid scale building cells, and their adjacent, non-polyploid 273 

epithelial cells (Greenstein, 1972). Following previous reports suggesting a correlation between 274 

pigmentation state and ploidy level (Cho and Nijhout, 2013; Henke and Pohley, 1952; Iwata and Otaki, 275 

2016), we tested if nuclear volume or nucleoli number would associate with the yellow band, but failed 276 

to find a consistent pattern in the distribution of Cortex protein (Figure 6 and Supplementary File 10 - 277 

Figure S10). However, currently we cannot rule an association of Cortex protein with colour pattern 278 

elements at other developmental stages, and given the apparent dynamic nature of cortex expression, a 279 

more precise developmental time series will be required to make more conclusive statements.  280 
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 281 

Cortex KO causes homeotic shifts in scale structure. 282 

Previous studies have shown an association between scale ultrastructure and pigmentation in Heliconius 283 

butterflies (Concha et al., 2019; Gilbert et al., 1987; Zhang et al., 2017). With this in mind, we tested 284 

whether ectopic yellow/white scales were accompanied by structural homeosis using Scanning Electron 285 

Microscopy. To account for known positional effects on scale structure we compared wild-type and 286 

mutant scales from homologous locations across the wing surface. 287 

Ultrastructural differences are consistent with homeosis in cortex mutant scales in both H. melpomene 288 

and H. erato (Figure 7). Cross-rib distance is the same between yellow wild-type and cortex mutant 289 

scales, and significantly different between distally located wild-type black scales. A similar relationship 290 

was observed for scale length in both species, but inter-ridge distance and scale width was consistent 291 

with homeosis only in H. melpomene (Supplementary File 11 – Figure S11).  A consistent difference 292 

between all Type I scales (mutant and wild-type) is the presence of a lamina covering the inter-ridge 293 

space (Figure 7b), suggesting this structure is an important morphological feature of yellow/white scales 294 

(Matsuoka and Monteiro, 2018), and that cortex is necessary for the differentiation of lamellar tissue in 295 

Heliconius scales.  296 

Figure 6 – Cortex protein localises throughout pupal hindwings in H. erato demophoon 

(a)  Cortex immnostaining reveals presence of Cortex across the hindwing of H erato demophoon. DAPI (left) 

Cortex (middle) and merged channels (right) are shown. (b) Cortex localises as puncta in the developing pupal 

cells. Multiple puncta per cell are visible in the large polyploid nuclei (blue arrows) while single puncta 

localise to the uninuclear epithelium below (red arrows). Scale bar = 30µm.  
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 297 

298 

Figure 7 – SEM reveals structural homeosis is induced in cortex KO scales. 

Structural homeosis is induced in cortex KO scales in both H. melpomene and H erato. Mutant and wild-type 

scale comparisons from homologous wing positions are shown, illustrating clear ultrastructural homeosis 

between wild-type and KO yellow scales. Mean cross-rib distance between wild-type and mutant yellow 

scales is not significantly different, while significantly different between both wild-type yellow and mutant 

yellow with wild-type black scales (Wilcoxon test, *** indicates p<0.001). 
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Discussion: 299 

Cortex is a key scale cell specification gene 300 

The genetic locus containing the gene cortex represents a remarkable case of parallel evolution, where 301 

repeated and independent mutations surrounding the gene are associated with shifts in scale 302 

pigmentation state in at least 8 divergent species of Lepidoptera (Beldade et al., 2009; Nadeau et al., 303 

2016; Van Belleghem et al., 2017; VanKuren et al., 2019; van’t Hof et al., 2019; Van’t Hof et al., 2016). 304 

While these studies have linked putative regulatory variation around cortex to the evolution of wing 305 

patterns, its precise effect on scale cell identity and pigmentation has remained speculative until now. 306 

Here, we demonstrate that cortex is a causative gene that specifies melanic and red (Type II and Type 307 

III) scale cell identity in Heliconius, and acts by influencing both downstream pigmentation pathways 308 

and scale cell ultrastructure. Moreover, our combination of expression studies and functional knock-309 

outs demonstrate that this gene acts as a key early scale cell specification switch across the wing surface 310 

of Heliconius butterflies, and thus has the potential to generate much broader pattern variation than 311 

previously described patterning genes.  312 

While we have shown that cortex is a key scale cell specification gene, it remains unclear how a gene 313 

with homology to the fizzy/cdc20 family of cell cycle regulators acts to modulate scale identity. In 314 

Drosophila, Fizzy proteins are known to regulate APC/C activity through the degradation of cyclins, 315 

leading to the arrest of mitosis (Raff et al., 2002). In particular, fizzy-related (fzr), induces a switch from 316 

the mitotic cycle to the endocycle, allowing the development of polyploid follicle cells in Drosophila 317 

ovaries (Schaeffer et al., 2004; Shcherbata, 2004). Similarly cortex has been shown to downregulate 318 

cyclins during Drosophila female meiosis, through its interaction with the APC/C (Pesin and Orr-319 

Weaver, 2007; Swan and Schüpbach, 2007). Cortex Immunostainings show that Cortex protein 320 

localises to the nucleus in Heliconius pupal wings, suggesting a possible interaction with the APC/C in 321 

butterfly scale building cells. Ploidy levels in Lepidoptera scale cells have been shown to correlate with 322 

pigmentation state, where increased ploidy and scale size lead to darker scales (Cho and Nijhout, 2013; 323 

Iwata and Otaki, 2016). cortex may thus be modulating ploidy levels by inducing endoreplication cycles 324 

in developing scale cells. However, we currently have no direct evidence for a causal relationship 325 

between ploidy state and pigmentation output, and a mechanistic understanding of this relationship and 326 

any role cortex may be playing in modulating ploidy levels will require future investigation. 327 

Heliconius wing patterning is controlled by interactions among major patterning genes 328 

Functional knockouts now exist for all the 4 major loci known to drive pigmentation differences in 329 

Heliconius (Mazo-Vargas et al., 2017; Westerman et al., 2018; Zhang et al., 2017). These loci represent 330 

the major switching points in the GRNs that are ultimately responsible for determining scales cell 331 

identity. This work underscores the importance of two patterning loci, cortex and WntA, as master 332 
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regulators of scale cell identity. Both are upregulated early in wing development and have broad effects 333 

on pattern variation (Concha et al., 2019; Nadeau et al., 2016). The signalling molecule WntA modulates 334 

forewing band shape in Heliconius by delineating boundaries around patterns elements, and is expressed 335 

in close association with future pattern elements (Concha et al., 2019; Martin et al., 2012). Unlike cortex 336 

mutants, WntA KOs shift scale cell identity to all three cell Types (I, II and III), depending on genetic 337 

background. Thus, WntA acts as a spatial patterning signal inducing or inhibiting colour in specific wing 338 

elements, in contrast to cortex, which acts as an “on-off” switch across all scales on the butterfly wing.  339 

Interestingly, cortex knockouts lead to shifts in scale fate irrespective of WntA expression. This suggests 340 

either that cortex is required as an inductive signal to allow WntA to signal further melanisation, or that 341 

two, independent ways to melanise a scale are available to the developing wing. The latter hypothesis 342 

is supported by certain H. erato colour pattern WntA mutants, where even in putatively cortex positive 343 

regions, scales are able to shift to Type I in the absence of WntA alone (Concha et al., 2019). This 344 

suggests that while under certain conditions cortex is sufficient to induce the development of black 345 

scales, WntA is also required as a further signal for melanisation in some genetic backgrounds. Under 346 

this scenario, colour pattern morphs may be responding epistatically to different WntA/cortex alleles 347 

present in their respective genetic backgrounds. 348 

Under a simple model (Figure 8), cortex is one of the earliest regulators and sets scale differentiation to 349 

a specific pathway switches between Type I (yellow/white) and Type II/III (black/red) scales. Thus, we 350 

can envision a differentiating presumptive scale cell (PSC) receiving a Cortex input as becoming Type 351 

II/III competent, with complete Type III differentiation occurring in the presence of optix expression 352 

(Zhang et al., 2017). This is consistent with our data, which shows cortex is also required as a signal 353 

for Type III (red) scales to properly develop. Several cortex mutant individuals had clones across red 354 

pattern elements, and failed to properly develop red pigment. The development of red scales in 355 

Heliconius butterflies is also dependent on expression of the transcription factor optix during mid-pupal 356 

development (Lewis et al., 2019; Reed et al., 2011; Zhang et al., 2017). Therefore, cortex expression is 357 

required for either downstream signalling to optix, or to induce a permissive scale morphology for the 358 

synthesis and deposition of red pigment in future scales. Cortex is thus necessary for the induction of 359 

Type III scale cells but insufficient for their proper development.  360 

Conversely, a PSC lacking a Cortex input differentiates into a Type I scale, whose pigmentation state 361 

depends on the presence of the transcription factor aristaless1 (al1), where al1 is responsible for 362 

inducing a switch from yellow to white scales in Heliconius by affecting the deposition of the yellow 363 

pigment 3-OHK (Westerman et al., 2018). The uptake of 3-OHK from the haemolymph occurs very 364 

late in wing development, right before the adult ecloses (Reed et al., 2008). Our cortex crispants 365 

revealed a shift to both yellow and white scales, with their appearance being positionally dependent; 366 

more distally located scales generally switch to white, while more proximal scales become yellow 367 
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(Supplementary File 8 and 9). This pigmentation state is likely controlled by differences in al1 368 

expression varying between wing sections in different ways across races.  369 

 370 

However, the switch induced by Cortex under this model is likely not a simple binary toggle, and is 371 

perhaps dependent on a given protein threshold or heterochrony in expression rather than 372 

presence/absence, as we find that Cortex protein also localises to the presumptive yellow bar in 373 

developing pupal wings. Moreover, the RNA-seq data presented suggests other linked genes may also 374 

be playing a role in controlling pattern switches between Heliconius races. In particular, we report the 375 

presence of a bi-cistronic transcript containing the ORFs of the genes dome and wash, which are 376 

differentially expressed during early pupal wing development. While a precise role for dome/wash in 377 

wing patterning remains to be demonstrated, it raises the possibility that multiple linked genes co-378 

operate during Heliconius wing development to drive pattern diversity. It is noteworthy that in the 379 

locally polymorphic H. numata, all wing pattern variation is controlled by inversions surrounding cortex 380 

Figure 8 – Expression of key genes affect scale fate decisions and influence downstream pigmentation 

state 

During early instar development, wing disc cells differentiate into presumptive scale cells (PSCs). Throughout 

5th instar growth, PSCs express key scale cell specification genes such as cortex, which induce differentiation 

into Type II (optix -) scales or Type III (optix +) scales. In the absence of cortex, scale cells differentiate into 

Type I scales which differ in pigmentation state based on 3-OHK synthesis controlled by aristaless1 

expression. Model based on the epigenetic landscape (Waddington).  
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and dome/wash, both of which are also differentially expressed in H. numata (Saenko et al., 2019). This 381 

raises the interesting possibility that evolution has favoured the interaction of multiple genes at the locus 382 

that have since become locked into a supergene in H. numata.    383 

Conclusions: 384 

The utilization of ‘hotspots’ in evolution has become a recurring theme of evolutionary biology, with 385 

several examples in which independent mutations surrounding the same gene have driven adaptive 386 

evolution (e.g Pitx1, Scute) (Stern and Orgogozo, 2009). One proposed facilitator of such hotspots is 387 

through the action of genes acting as “input-output” modules, whereby complex spatio-temporal 388 

information is translated into a co-ordinated cell differentiation program, in a simple switch like manner. 389 

One prediction of the nature of such genes would be a switch-like behaviour such as that observed for 390 

cortex in this study, as well as the presence of a complex modular cis-regulatory architecture 391 

surrounding the gene that is able to integrate the complex upstream positional information into the 392 

switch-like output. A conserved feature of the cortex locus in Lepidoptera is the presence of large 393 

intergenic regions surrounding the gene, with evidence these may be acting as modular cis-regulatory 394 

switches in Heliconius (Enciso‐Romero et al., 2017; Van Belleghem et al., 2017), fitting the predicted 395 

structure of input-output genes. Unlike canonical input-output loci however, cortex expression appears 396 

not to be restricted to any particular colour pattern element in any given species/race, and yet is capable 397 

of producing a switch-like output (Type I vs Type II/III scales).   398 

The genetic locus containing the gene cortex has now been implicated in driving wing patterning 399 

differences in many divergent Lepidoptera, and represents one of the more striking cases of parallel 400 

evolution to date. We have shown that it is spatially regulated during larval development, and yet shows 401 

wing-wide cell fate phenotypes leading to a switch in scale cell fate. The amenability of cortex to 402 

evolutionary change suggests it may be occupying an unusual position in the GRN underlying scale cell 403 

identity, and may be acting as an input/output gene (Stern and Orgogozo, 2009) that integrates upstream 404 

positional information into a simple on-off switch for scale differentiation. However, it is still unclear 405 

how cortex mechanistically affects pigmentation differences, and given its widespread usage throughout 406 

Lepidoptera, it is of general interest to understand its role in driving scale pigmentation.  407 

408 
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Materials and Methods 409 

Butterfly husbandry 410 

Heliconius butterflies were collected in the tropical forests of Panama and Ecuador. Adults were 411 

provided with an artificial diet of pollen/glucose solution supplemented with flowers of Psiguria, 412 

Lantana and/or Psychotria alata according to availability. Females were provided with Passiflora plants 413 

for egg laying (P. menispermifolia for H. melpomene, P. biflora for H. erato and H. charithonia, and 414 

P. vitifolia for H. hecale). Eggs were collected daily, and caterpillars reared on fresh shoots of P. 415 

williamsi (melpomene), P. biflora (erato and charithonia) and P. vitifolia for H. hecale. Late 5th (final) 416 

instar, caterpillars were separated into individual pots in a temperature-monitored room for RNA-seq 417 

experiments, where they were closely observed for the purpose of accurate developmental staging. 418 

Phylogenetic analysis of domeless and cortex 419 

To identify orthologs of dome across the Lepidoptera we performed tBLASTn searches using the 420 

previously annotated H. melpomene Hmel2 (Hm) and H.erato demophoon V1 (Hed) dome sequences 421 

against the genomes of Operophtera brumata V1 (Ob), Trichoplusia ni Hi5.VO2 (Tn), Bombyx mori 422 

ASM15162v1 (Bm), Manduca sexta 1.0 (Ms), Plodia interpunctella V1 (Pi), Amyeolis transitella V1 423 

(At), Phoebis sennae V1.1 (Ps), Bicyclus anynana V1.2 (Ba), Danaus plexippus V3 (Dp), Dryas iulia 424 

helico3 (Di), Agraulis vanillae helico3 (Av), Heliconius erato lativitta V1 (Hel) genomes found on 425 

Lepbase (Challis et al., 2016). As a trichopteran outgroup we used a recently published Pacbio assembly 426 

of Stenopsyche tienmushanensis (St) (Luo et al., 2018). Recovered amino acid translations were aligned 427 

using clustal omega (F. et al., 2019). The resulting alignments were used to produce a phylogenetic tree 428 

using PhyML (Guindon et al., 2010), based on a best fit model using AIC criterion (selected model was 429 

JTT + G + I + F). The tree was visualised and re-rooted to the Trichopteran outgroup using FigTree. 430 

To confirm cortex as a cdc20 gene, we retrieved full-length protein homologs from TBLASTN searches 431 

and used them to generate a curated alignment with MAFFT/Guidance2 with a column threshold of 0.5. 432 

We then constructed a maximum-likelihood tree using W-IQ-TREE with the “Auto” function to find a 433 

best-fit model of substitution. 434 

Tissue sampling and RNA-Seq 435 

H. melpomene rosina and H. erato demophoon butterflies were collected around Gamboa, Panama; H. 436 

melpomene melpomene and H. erato hydara butterflies were collected around Puerto Lara, Darien, 437 

Panama. Methodology for sample preparation and sequencing was performed as previously described 438 

(Hanly et al., 2019). The datasets generated and/or analysed during the current study are available in 439 

the SRA repository (PRJNA552081). Reads from each species were aligned to the respective genome 440 

assemblies Hmel2 (Davey et al., 2016) and Herato_demophoon_v1 (Van Belleghem et al., 2017), 441 
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available on using Hisat2 with default parameters (Kim et al., 2019). The genomes and annotations used 442 

are publicly available at www.lepbase.org. Reads were counted with HTSeq-count in union mode 443 

(Anders et al., 2015) and statistical analysis performed with the R package DESeq2 (Love et al., 2014), 444 

using the GLMl;  445 

~ individual + compartment*race 446 

(Compartments: Anterior Hindwing (HA), Posterior Hindwing (HPo)). H. melpomene and H. erato 447 

were analysed separately; homology between genes was determined by reciprocal BLAST. Contrasts 448 

were then extracted for comparison of race, compartment, and race given the effect of compartment, 449 

alternating the race used as the base level. 450 

In situ hybridizations 451 

Fifth instar larval wing disks and whole mount in situ hybridizations were performed following a 452 

published procedure (Martin and Reed, 2014) and imaged using a Leica S4E microscope (Leica 453 

Microsystems).  Riboprobe synthesis was performed using the following primers from a 5th instar wing 454 

disc cDNA library extracted from H. melpomene: 455 

Forward primer 5’ – CCCGAGATTCTTTCAGCGAAAC -3’ and Reverse primer 5’ – 456 

ACCGCTCCAACACCAAGAAG – 3’. Templates for riboprobes were designed by attaching a T7 457 

promoter through PCR and performing a DIG labelled transcription reaction (Roche). The same H. 458 

melpomene probe was used in all in situ hybridisation experiments. The resulting probe spanned from 459 

Exon 2 to Exon 7 and was 841bp long. 460 

Immunohistochemistry and image analysis 461 

Pupal wings were dissected around 60 to 70 h post pupation in PBS and fixed at room temperature with 462 

fix buffer (400 µl 4% paraformaldehyde, 600 µl PBS 2mM EGTA) for 30 min. Subsequent washes 463 

were done in wash buffer (0.1% Triton-X 100 in PBS) before blocking the wings at 4°C in block buffer 464 

(0.05 g Bovine Serum Albumin, 10 ml PBS 0.1% Triton-X 100). Wings were then incubated in primary 465 

antibodies against Cortex (1:200, monoclonal rabbit anti-Cortex) at 4°C overnight, washed and added 466 

in secondary antibody (1:500, donkey anti-rabbit lgG, AlexaFlour 555, ThermoFisher Scientific A-467 

31572). Before mounting, wings were incubated in DAPI with 50% glycerol overnight and finally 468 

transferred to mounting medium (60% glycerol/ 40% PBS 2mM EGTA) for imaging.  469 

Z-stacked 2-channelled confocal images were acquired using a Zeiss Cell Observer Spinning Disk 470 

Confocal microscope. Image processing was done using FIJI plugins Trainable Weka Segmentation 471 

and BioVoxxel (Arganda-Carreras et al., 2017; Brocher, Jan, 2014; Schindelin et al., 2012). Manual 472 

tracing of nuclei was input for machine learning and processing of images to obtain final thresholded 473 

images, then an overlay of Cortex puncta with DAPI nuclei staining identified regions of nuclei 474 
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containing Cortex puncta. Spatial analysis of image data was conducted using R software 4.0.0 package 475 

Spatstat (Baddeley and Turner, 2005). 476 

CRISPR/Cas9 genome editing  477 

Guide RNAs were designed corresponding to GGN20NGG sites located within the cortex coding region 478 

using the program Geneious (Kearse et al., 2012). To increase target specificity, guides were checked 479 

against an alignment of both melpomene and erato re-sequence data at the scaffolds containing the 480 

cortex gene (Moest et al., 2020; Van Belleghem et al., 2017), and selected based on sequence 481 

conservation across populations. Based on these criteria, each individual guide was checked against the 482 

corresponding genome for off-target effects, using the default Geneious algorithm. Guide RNAs with 483 

high conservation and low off-target scores were then synthesised following the protocol by Bassett 484 

and Liu, 2014. Injections were performed following procedures described in Mazo-Vargas et al., 2017, 485 

within 1-4 hours of egg laying. Several combinations of guide RNAs for separate exons at different 486 

concentrations were used for different injection experiments (Supplementary File 7). For H. charithonia 487 

we used the H. erato specific guides and for H. hecale we used the H. melpomene guides.  488 

Genotyping 489 

DNA was extracted from mutant leg tissue and amplified using oligonucleotides flanking the sgRNAs 490 

target region (Supplementary File 6). PCR amplicons were column purified, subcloned into the pGEM-491 

T Easy Vector System (Promega) and sequenced on an ABI 3730 sequencer.  492 

Scanning Electron Microscopy (SEM) Imaging 493 

Individual scales from wild type and mutant regions of interest were collected by brushing the surface 494 

of the wing with an eyelash tool, then dusted onto an SEM stub with double-sided carbon tape. Stubs 495 

were then colour imaged under the Keyence VHX-5000 microscope for registration of scale type. 496 

Samples were sputter-coated with one 12.5 nm layer of gold for improving sample conductivity. SEM 497 

images were acquired on a FEI Teneo LV SEM, using secondary electrons (SE) and an Everhart-498 

Thornley detector (ETD) using a beam energy of 2.00 kV, beam current of 25 pA, and a 10 μs dwell 499 

time. Individual images were stitched using the Maps 3.10 software (ThermoFisher Scientific).  500 

Morphometrics analysis 501 

Morphometric measurements of scale widths and ridge distances were carried out on between 10 and 502 

20 scales of each type, using a custom semi-automated R pipeline that derives ultrastructural 503 

parameters from large SEM images (Day et al., 2019). Briefly, ridge spacing was assessed by Fourier 504 

transforming intensity traces of the ridges acquired from the FIJI software (Schindelin et al., 505 

2012). Scale width was directly measured in FIJI by manually tracing a line, orthogonal to the ridges, 506 

at the section of maximal width.  507 
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