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ABSTRACT 18 
 19 
Sex-limited polymorphisms, such as mating strategies in male birds and mimicry in female butterflies, 20 
are widespread across the tree of life and are frequently adaptive. Considerable work has been done 21 
exploring the ecological pressures and evolutionary forces that generate and maintain genetic variation 22 
resulting in alternative sex-limited morphs, yet little is known about their molecular and developmental 23 
genetic basis. A powerful system to investigate this is Papilio butterflies: within the subgenus 24 
Menelaides, multiple closely related species have female-limited mimicry polymorphism, with females 25 
developing either derived mimetic or ancestral non-mimetic wing color patterns. While mimetic color 26 
patterns are different between species, each polymorphism is controlled by allelic variation of 27 
doublesex (dsx). Across several species, we found that the mimetic and non-mimetic females develop 28 
male-like color patterns when we knockdown dsx expression, establishing that dsx controls both sexual 29 
dimorphism and polymorphism. We also found that mimetic dsx alleles have unique spatiotemporal 30 
expression patterns between two species, Papilio lowii and Papilio alphenor. To uncover the 31 
downstream genes involved in the color pattern switch between both species, we used RNA-seq in P. 32 
lowii and compared the results to previous work in P. alphenor. While some canonical wing patterning 33 
genes are differentially expressed in females of both species, the temporal patterns of differential 34 
expression are notably different. Our results indicate that, despite the putative ancestral co-option and 35 
shared use of dsx among closely related species, the mimicry switch functions through distinct 36 
underlying mechanisms.  37 
 38 
AUTHOR SUMMARY 39 
 40 
Understanding how a largely shared genome can encode the potential to develop multiple morphs 41 
while simultaneously restricting this potential to one sex has long been of interest to evolutionary and 42 
developmental biologists. This phenomenon, called sex-limited polymorphism, is widespread, occurring 43 
in organisms like crustaceans, insects, fish, birds, and mammals. Recent empirical work has begun to 44 
identify the genes controlling the switch between phenotypes, but the differences between 45 
developmental programs leading to those phenotypes remain unclear. Here we use a classic example 46 
of sex-limited polymorphism – female mimicry in swallowtail butterflies – to compare how closely 47 
related species have evolved to use the same gene, doublesex, in the development of multiple female 48 
morphs. Using a combination of functional experiments, we show that despite the shared use of 49 
doublesex, the developmental genetics underlying sex-limited polymorphism have evolved to function 50 
quite differently between two species that last shared a common ancestor approximately 15 million 51 
years ago.   52 
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INTRODUCTION 53 
 54 

Despite the fact that sexes share the vast majority of their genomes, males and females can 55 
develop not only distinct phenotypes, but multiple alternate phenotypes suited to particular life histories 56 
and selective pressures (1–3). Sex-limited polymorphism – the ability of one sex to develop multiple 57 
discrete morphs – thus represents a striking case of adaptive phenotypic variation. This type of 58 
adaptation appears in disparate taxa and phenotypes (2), including the alternative mating strategies of 59 
male beetles and fish, where some males adopt sneaker or fighter morphs (4,5), and female color 60 
polymorphism in damselflies (6).  61 

Studies characterizing the genetic control of sex-limited polymorphism have revealed that sex-62 
specific trait variation can be achieved by encoding the polymorphism in the sex-linked genome. For 63 
example, in brood parasitic cuckoos, females exhibit distinct plumage morphs based on their W 64 
chromosome haplotype, while the homogametic males develop a single monochromatic pattern (7). In 65 
contrast, mapping studies have also identified many examples in which the genetic basis of sex-limited 66 
polymorphism is both autosomal and Mendelian, with allelic variation at a single locus acting as a 67 
switch between alternate phenotypes (for example, pigmentation in butterflies (8) and Drosophila (9)). 68 
In some cases, such switch loci function as supergenes, wherein multiple linked genetic elements 69 
contribute to the coordinated regulation of a complex phenotype in a simple Mendelian manner (2,10). 70 
This flurry of discoveries suggests that allelic variation at switch loci is sufficient to shape distinct 71 
developmental programs that produce multiple complex phenotypes.  72 

The molecular mechanisms through which alternate alleles actually switch developmental 73 
programs to produce sex-limited polymorphism have been explored in only a handful of examples. In 74 
the brown anole, Feiner et al. (2022) suggest that alternate female color pattern morphs develop due to 75 
changes in cell migration behavior that may arise from alternate protein-coding sequences of CCDC170 76 
linked with estrogen receptor ESR1 (11). In swordtail fish, the polymorphic false gravid spot in males, 77 
which mimics the pregnancy spot of female swordfish, is associated with alternate alleles of kitlga that 78 
have unique tissue and allele-specific expression patterns (12). Finally, in ruffs, three male mating 79 
morphs are distinguished by hormonal differences associated with distinct alleles at HSD17B2 (13). 80 
Collectively, these examples illustrate that sex-limited polymorphism can develop by several potential 81 
mechanisms, including modifying gene expression patterns, altering protein function, or regulating 82 
hormone levels.  83 

Beyond the limited number of functional case studies, explicit cross-species comparisons of the 84 
molecular and developmental control of sex-limited phenotype switching are missing. Yet, these 85 
comparisons are necessary to identify general principles on how developmental programs and gene 86 
regulatory networks (GRNs) evolve to produce alternate phenotypes. Papilio swallowtail butterflies offer 87 
a powerful natural system to investigate the evolutionary developmental genetics of sex-limited 88 
polymorphism in a comparative context. Several Papilio species have evolved female-limited mimicry 89 
polymorphism (FLMP), wherein males develop a single non-mimetic wing color pattern while females 90 
develop one of multiple discrete patterns, many of which mimic patterns of distantly related toxic 91 
species. In each case the switch between female patterns is controlled by allelic variation at an 92 
autosomal locus (Fig 1A). This female-limited polymorphism in Papilio butterflies is a classic example of 93 
a supergene (14–19). 94 

In some species, such as Papilio dardanus,Papilio polytes, and Papilio alphenor, females can 95 
develop a male-like non-mimetic color pattern or one of several discrete mimetic patterns. In others, 96 
such as Papilio memnon and its relatives, none of the female morphs resemble the male color pattern. 97 
In P. dardanus, an inversion in the regulatory region of the transcription factor engrailed is associated 98 
with a diversity of mimetic female morphs (20,21). On the other hand, in the Papilio subgroup 99 
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Menelaides, FLMP evolved through co-option of the conserved transcription factor doublesex (dsx) 100 
(14,18,19,22), which regulates sexual differentiation across insects (23,24). In addition to performing its 101 
ancestral function, alternate dsx alleles determine the adult female color pattern in at least six species 102 
(Fig 1A).  103 

The evolutionary origins of mimetic dsx alleles across the Menelaides subclade remain 104 
unresolved, with current studies offering equivocal evidence for a single ancestral origin or multiple 105 
independent origins. Across the entire Menelaides subclade, species with FLMP have extremely 106 
divergent mimetic and non-mimetic dsx haplotypes. Mimetic dsx alleles across species have unique 107 
amino acid substitutions, distinct signatures of linkage disequilibrium, and varying structural features at 108 
the dsx locus (19,22,25). Within the polytes group, Zhang et al (2017) showed that species share a 109 
mimetic dsx haplotype, in addition to lineage-specific dsx haplotypes that produce additional mimetic 110 
female morphs (26). The mimetic (dominant) alleles share an inversion containing the dsx region and 111 
have both coding and non-coding differences from the non-mimetic alleles. In the memnon clade 112 
(Papilio rumanzovia, memnon, and lowii), no mimetic dsx alleles contain an inversion, and there are 113 
few to no coding sequence substitutions between the mimetic and non-mimetic haplotypes within a 114 
species (14,27). These divergent patterns of sequence evolution suggest independent co-option of dsx 115 
in different lineages (25). On the other hand, Palmer and Kronforst (2020) suggested that the 116 
differences across mimetic dsx alleles may be the result of allelic turnover, wherein ancestral alleles are 117 
continuously replaced with derived variants, thus obscuring evidence of shared ancestry among extant 118 
sequences (19). Whether dsx co-option evolved independently or ancestrally, the presence of a 119 
common switch gene across multiple species offers a critical look into how the same developmental 120 
machinery underlying sex-limited polymorphism have evolved since they last shared a common 121 
ancestor.   122 

The functional basis of dsx-mediated mimicry has been extensively characterized in Papilio 123 
polytes and P. alphenor, with recent work highlighting the evolution of several novel cis-regulatory 124 
elements that autoregulate mimetic dsx alleles leading to a spike of dsx expression in mimetic females 125 
during early pupal development (28,29). This increased expression causes a suite of transcriptomic 126 
differences between mimetic and non-mimetic females throughout pupal wing development, ultimately 127 
resulting in the development of discrete adult female patterns (28,30,31). In Papilio memnon, dsx has 128 
been shown to control both mimetic and non-mimetic female color patterns, whereas the mimetic dsx 129 
allele causes mimetic abdominal pigmentation in females (32). Additionally, mimetic dsx does not 130 
appear to show a dramatic spike of expression during early pupal development like it does in P. 131 
alphenor mimetic females (32).  132 

The combination of functional studies in P. polytes, P. alphenor, and P. memnon show that dsx 133 
is required for the mimicry switch and offers a general understanding of dsx expression in the context of 134 
wing color patterning among these species. However, what remains unknown is whether the dsx switch 135 
functions through the same developmental programs to specify color patterns in a sex-limited fashion. 136 
Characterizing these developmental programs requires a comparative analysis of gene expression in 137 
color pattern development across multiple species. To do this, we first tested the role of dsx expression 138 
in the adult color patterns across multiple species using RNAi, and then characterized spatial and 139 
temporal patterns of dsx expression and its downstream effects in Papilio lowii using a combination of 140 
immunohistochemistry and RNA-seq. By directly comparing dsx expression and signatures of genome-141 
wide differential expression between P. lowii and P. alphenor (which last shared a common ancestor 142 
approximately 15 million years ago), we identify critical shared and unique elements of the wing 143 
developmental programs underlying the dsx mimicry switch and provide insight into the molecular 144 
mechanisms by which sex-limited polymorphisms evolve.  145 
 146 
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 147 
Figure 1: Dsx-controlled mimicry polymorphism in Papilio butterflies. A) Cladogram of a subset of Papilio 148 
species; Menelaides subclade highlighted in green (23 out of 56 known species and two species groups shown), 149 
with species relationships, divergence estimates, and mimicry state based on data from (19,33,34). “nm” refers to 150 
the non-mimetic female adult phenotype (homozygous for the recessive non-mimetic dsx allele), while “mim” 151 
refers to the mimetic phenotype. Not all alternate color patterns are shown for each species. B) dsx RNAi 152 
phenotypes on the dorsal surface of genotypically mimetic and non-mimetic females and male hindwing. 153 
Untreated wild-type (WT) wings serve as a control to compare with the knockdown phenotype within an individual. 154 
Papilio alphenor RNAi individuals are from (28). * Denotes individuals injected on the ventral surface and are 155 
displayed here as such. Orientation key applies to all images without an asterisk and is shown here for the treated 156 
wing relative to the midline. Additional experimental and control RNAi individuals in Supplementary Figure S1.  157 
 158 
RESULTS 159 
 160 
dsx has a conserved ancestral role specifying sexually dimorphic wing patterns  161 
 162 

Genomic evidence has suggested that dsx controls the color pattern switch in all polymorphic 163 
Menelaides (14,18,19,22). However, the role of dsx in wing color patterning has only been examined in 164 
three species. In P. alphenor and P. polytes, knockdown of dsx expression in mimetic females results in 165 
a mosaic wing pattern resembling the non-mimetic female or male color pattern, whereas in P. 166 
memnon, mimetic females clearly converted to the male form in the absence of dsx (18,28). To confirm 167 
these results and test dsx’s role in wing color patterning in additional polymorphic species, we used an 168 
RNAi electroporation approach to knockdown dsx expression in the hindwing of three species in the 169 
memnon group: P. rumanzovia, P. lowii, and P. memnon. In contrast to the polytes group, polymorphic 170 
species in the memnon group display strong sexual dimorphism between both female morphs and 171 
males (Fig 1A). In these three species, RNAi caused females to develop a male-like color pattern (Fig 172 
1B): treated regions of mimetic and non-mimetic females recovered a mosaic of the male-like adult 173 
color pattern in terms of both blue structural color and spatial organization of those scales across the 174 
wing. These results align with recent findings from dsx RNAi in P. memnon (32). dsx may be required 175 
for sexually dimorphic patterning in P. alphenor as well, however dsx RNAi in non-mimetic females has 176 
very minor and subtle effects on the adult color pattern, and non-mimetic females closely resemble 177 
males (28). Males of species in the Memnon group with mimetic or non-mimetic genotypes had slightly 178 
fewer blue scales in the dsx siRNAs injected region compared to both their WT wing and control males 179 
injected with PBS (Supplementary Figure S1), although the patterning and scale color were not 180 
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particularly different. Altogether, these results suggest that dsx performs a conserved function in 181 
controlling sexual dimorphism, while the different dsx alleles control the development of distinct female 182 
color patterns.  183 

 184 
DSX expression prefigures mimetic color patterns but varies between species 185 
 186 

After testing the role of dsx in female wing patterning, our second approach to assessing 187 
parallelism in the dsx mimicry switch was characterizing the expression patterns of DSX protein in the 188 
developing P. lowii hindwing. Previous work in P. alphenor showed that mimetic DSX has a dynamic 189 
expression pattern across the wing throughout early to mid-pupal development: in the early stages, it is 190 
highly and uniformly expressed across the wing, but eventually resolves to prefigure the central white 191 
patch in mimetic females (28). We sought to compare these spatial expression patterns with those from 192 
P. lowii using antibody staining at key developmental stages. The stains revealed that dsx is enriched in 193 
the hindwing of P. lowii mimetic females similarly to P. alphenor, however, its expression is spatially 194 
restricted from early-on during the fifth instar larval stage and remains localized throughout early to mid-195 
pupal development (Fig 2A). This expression pattern prefigures the light bands that appear in the 196 
medial regions extending from the distal to proximal ends and toward the anterior end in mimetic 197 
females. Specifically, DSX is enriched in the scale precursor and socket cells from early pupal 198 
development. In mimetic females of P. alphenor, DSX is present in scale precursor, socket, and 199 
epidermal cells across the hindwing during early pupal development, and then gradually becomes 200 
spatially restricted to only the scale and socket cells that constitute the white patch in adult mimetic 201 
females (Fig 2A). Interestingly, DSX is also expressed in a spatially specific pattern in non-mimetic P. 202 
lowii females (Supplementary Figure S2), which is not the case in P. alphenor non-mimetic females 203 
(28). 204 

In addition to spatial expression patterns, we quantified dsx expression in P. lowii using bulk 205 
RNA-seq of hindwings from late larval through late pupal development, spanning the window of color 206 
pattern specification (late larval to mid-pupal; L5-P6) and pigmentation (late pupal development; P9). 207 
We generated RNA-seq for P. lowii individuals homozygous for one dsx allele but included some 208 
heterozygous individuals for additional comparison (Supplementary Table S2 and Fig S4-S6). We 209 
compared these results to an existing and similar dataset in P. alphenor (NCBI SRA BioProject 210 
PRJNA882073 from ref. (28). Due to highly divergent dsx alleles and genome-wide heterozygosity, we 211 
assembled a long-read Nanopore genome sequence for P. lowii (Supplementary Table S3), and 212 
quantified gene expression for each species using its respective reference genome and annotation to 213 
avoid biasing quantification results. In P. alphenor, dsx is lowly expressed in all groups except mimetic 214 
females, where it undergoes a drastic and statistically significant increase of expression peaking at 2 215 
days post-pupation. In contrast, we found that dsx is lowly expressed in all P. lowii groups (Fig 2B; 216 
Supplementary Fig S7). In mimetic females, dsx showed a pulse of expression during early pupal 217 
development, like in P. alphenor, however the difference in expression between mimetic and non-218 
mimetic females was not statistically significant at any stage (overall FDR < 0.01).  219 

 220 
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  221 
Figure 2: DOUBLESEX expression patterns in the hindwing of P. lowii and P. alphenor. A) Left: Anti-DSX 222 
staining from fifth-instar larval through mid-pupal development in hindwings from P. lowii mimetic female. Right: 223 
Cartoon schematic of DSX expression in P. lowii antibody stains and known patterns in P. alphenor at the same 224 
developmental time points (P. alphenor schematic modified from (28)). For additional staining images for P. lowii 225 
and late larval P. alphenor, see Supplementary Figures S2 and S3, and (28). Color pattern includes cell fate 226 
specification and differentiation, while pigmentation involves biosynthesis and transport of pigments. B) dsx 227 
normalized quantifications across development in four groups of P. lowii (left) and P. alphenor (right). 228 
 229 
Unique transcriptomic signatures of the dsx mimicry switch  230 
 231 

Given the differences in mimetic DSX expression between P. lowii and P. alphenor, we sought 232 
to characterize how the different dsx alleles alter expression of downstream genes and gene regulatory 233 
networks to execute the mimicry switch in each species. First, we used two complementary approaches 234 
to identify differentially expressed genes (DEGs) in the RNA-seq datasets generated here for P. lowii 235 
and previously for P. alphenor (28). We identified DEGs between mimetic and non-mimetic females at 236 
each stage using DESeq2.  We found 1,399 and 811 stage specific DEGs in P. lowii and P. alphenor, 237 
respectively. In P. lowii, divergent expression between mimetic and non-mimetic females was 238 
concentrated during late larval (L5) and late pupal development (9 days post pupation; P9). On the 239 
other hand, in P. alphenor almost all DEGs were found during early pupal development, coinciding with 240 
the spike of dsx expression at P2 (Fig 3A; right). Moreover, the majority of stage specific DEGs in P. 241 
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lowii were upregulated in mimetic females, whereas in P. alphenor the opposite trend was observed. 242 
Additionally, the overall patterns of gene expression across development varied considerably (Fig 3A; 243 
left). While DESeq2 tested the effect of sex and dsx genotype on gene expression at each stage, we 244 
additionally tested for genes with distinct expression trends throughout the developmental time series 245 
using MaSigPro. In total, 571 and 679 genes exhibited unique longitudinal expression patterns (overall 246 
FDR < 0.01) in mimetic P. lowii and P. alphenor females, respectively (Fig 3B). All DEGs for each 247 
species are listed in Supplementary Tables S4 and S5.  248 

 249 
Figure 3: Differential gene expression underlying the mimicry switch in P. lowii and P. alphenor. A) Left: 250 
Genes differentially expressed and upregulated in either mimetic or non-mimetic females at each developmental 251 
stage. Day refers to the number of days after pupation and are directly comparable between both species 252 
because they share total pupal development (PD) time. Right: mean expression profiles of four largest clusters of 253 
genes in each species identified using DESeq2. B) Genes with significantly different temporal expression profiles 254 
in mimetic females relative to the other sex-genotype groups. The intersection represents genes unique to 255 
mimetic females, while the mimetic vs. non-mimetic female comparison represents genes that are unique to the 256 
non-mimetic females.  257 
 258 
Parallelism at the effector gene level 259 
 260 

While the patterns of differential expression across development are variable and reflect 261 
potential differences in dsx regulation, the same downstream effector genes may be involved in both 262 
mimicry switches. Given the putatively ancestral co-option of dsx as a switch and close relatedness of 263 
the two species, we expected to find strong overlap between DEGs. In particular, due to the differences 264 
in the pigments and phenotypes of the adult female patterns, we expected to identify many shared 265 
pleiotropic transcription factors involved in cell fate specification instead of effector or terminal genes 266 
(for example, ones involved in pigment synthesis, transport, and deposition). To test this, we looked for 267 
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overlap in the lists of DEGs using a one-to-one reciprocal best hit approach to identify orthologous 268 
genes between the two species; 90% (1772/1970) and 84% (1246/1490) of DEGs were assigned 269 
orthologous gene IDs in P. lowii and P. alphenor, respectively. Using these data, we identified genes 270 
that were significantly DE in both species, and ones that were uniquely DE within each species. We 271 
found that 18% of P. lowii DEGs were also differentially expressed in P. alphenor (Fig 4A; 272 
Supplementary Table S6). We performed a Fisher's Exact Test based on genes that were differentially 273 
expressed in both species, unique to either species, or present in both transcriptomes but not 274 
differentially expressed, and found a statistically significant association between DEGs in both species 275 
(p = 3.6e-6).  276 

We next wanted to investigate if known transcription factors (i.e. regulatory genes) or color 277 
patterning genes were unique or shared between the two mimicry switches. Among genes that were 278 
uniquely DE in each species, several are key transcription factors and morphogens of conserved 279 
signaling pathways that have been repeatedly co-opted in wing color patterning (35–38). For example, 280 
three of the P. lowii specific DEGs, Notch, frizzled2 and dishevelled (a receptor for Notch signaling, and 281 
receptor and transducer for Wnt signaling, respectively), all have ancestral functions in cell-cell 282 
communication for cell fate specification and segment polarity (39,40). Secondarily, Notch has been co-283 
opted into the wing developmental program to specify vein patterning and midline color patterns (37), 284 
while frizzled2 receives WntA, which can act to prefigure and specify boundaries of adult color patterns 285 
(41). Interestingly, while these particular Wnt signaling components are not differentially expressed in 286 
P. alphenor, other key players are, including the regulator shaggy. Additionally, the dsx mimicry switch 287 
in P. alphenor appears to be mediated by several transcriptional co-regulators and targets like yorkie 288 
and decapentaplegic (28), which are not differentially expressed in P. lowii. Interestingly, we found that 289 
though engrailed was DE in only P. alphenor, preliminary immunohistochemistry data suggests that it 290 
functions similarly in P. lowii (Supplementary Figure S8).  291 

Several of the shared genes also play key roles in early wing development. For example, the 292 
RNA-binding protein gene couch potato is enriched in sensory organ precursor pIIa daughter cells, 293 
which are destined to become scale and socket cells, as well as already dividing or divided scale cells 294 
in wings of the butterfly Bicyclus anynana (42). Similarly, crossveinless-c encodes a BMP-binding 295 
protein that is required for wing vein morphogenesis (43), and wings apart inhibits the transcriptional 296 
repressor capicua in order to promote tissue growth and patterning, including of insect wings (44). 297 
Overall, among the 326 DEGs that were shared in the mimicry switch between both species, we 298 
identified functional groups using COG categories assigned to each gene by eggNOG (Fig 4B). In 299 
general, enrichment for translational processes and signal transduction mechanisms suggests that in 300 
both species, mimetic dsx likely has a drastic effect on cell specification and not the 301 
downstream/terminal processes in wing phenotype development.  302 
 303 
Parallelism at the GRN level 304 
 305 

Finally, we aimed to compare and contrast the GRNs involved in the dsx mimicry switches using 306 
weighted gene co-expression network analysis (WGCNA). Each module was assigned a color at 307 
random and represents clusters of genes with strongly correlated expression profiles, thus potentially 308 
corresponding to biologically functional units (45). We found 23 and 31 modules of co-expressed genes 309 
in P. lowii and P. alphenor, respectively. After identifying modules, we tested for correlations between 310 
each module with various traits (stage, sex, genotype, and group), as well as modules that were 311 
significantly enriched with DEGs. In P. lowii, we found 13 modules that were significantly enriched or 312 
deficient in DEGs (Benjamini–Hochberg corrected FET p-value < 0.05). Of these, four modules were 313 
significantly correlated with mimetic females, that is, the module’s gene expression patterns were 314 
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significantly associated with the group (Benjamini–Hochberg corrected FET p-value < 0.01; 315 
Supplementary Fig S9). In P. alphenor, 17 modules were significantly either enriched or deficient in DE 316 
genes, of which two were significantly negatively correlated with mimetic females (Supplementary Fig 317 
S10 and Supplementary Table S8). We first examined the most common processes from the top Gene 318 
Ontology (GO) terms of the first four modules that were most significantly enriched with DEs in each 319 
species. We found that modules most enriched for DEGs in each species were associated with some 320 
shared GO terms, including translation, protein localization, and metabolism (Fig 4C).    321 

Next, we sought to compare whether the network modules were preserved across species and 322 
identify orthologous modules. Using the ModulePreservation function from WGNCA, we found that, 323 
generally, the overall network topologies (relationships, connectivity, and expression patterns of genes) 324 
were highly preserved between species. This is expected because the networks and modules for each 325 
species were generated from expression data from hindwing tissue, and the biological processes 326 
involved in wing development are likely to be conserved. However, despite this preservation in network 327 
topologies, the module compositions were considerably different in terms of gene membership between 328 
species, and we therefore were only able to identify orthologous modules for six out 24 P. lowii modules 329 
using a combination of the preservation score and gene membership count (Supplementary Fig S11). 330 
Of these orthologous modules, three were similarly associated with DEGs between species (one 331 
enriched and two deficient). The orthologous module enriched in both species for DEGs (green) had 332 
GO terms associated with toll signaling (Fig 4C). As part of its role in immune defense, toll signaling is 333 
involved in melanization, and this process is also used to control stripe patterning in Bombyx mori 334 
caterpillars (46). Additionally, several toll signaling genes are upregulated in other butterfly wing 335 
patterns, including eyespots in B. anynana (47), wing spots in Pieres candida (48), and red spots in 336 
mimetic P. polytes females (49).  337 

 338 
Figure 4: Developmental programs and pathways associated with the mimicry switch. A) Euler diagram of 339 
overlapping genes that are DE between mimetic and non-mimetic females of each species. Example of candidate 340 
genes based on literature listed for each set. Full results can be found in Supplementary Table S6 B) Top COG 341 
functional categories (> 15 genes) assigned to the overlapping DEGs in panel A. C) Gene ontology term 342 
enrichment for the top four co-expressed gene modules containing the highest number of DEGs in each species, 343 
and the single most strongly correlated module between both species. Colors reflect the module color assigned 344 
by WGCNA (Supplementary Fig S6-8). *Denotes modules that were also significantly correlated with the mimetic 345 
female group.  346 
 347 
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DISCUSSION 348 
 349 

Here we compared the role of dsx in orchestrating the development of discrete, complex female 350 
morphs among closely related Papilio swallowtail butterflies. This system presents a unique case of 351 
parallelisms at multiple scales – the phenotypic state of mimicry; sexual dimorphism and female 352 
polymorphism; the switch gene dictating the adult female color pattern; regulation of switch gene 353 
expression; and potentially its downstream consequences on developmental mechanisms for wing 354 
patterning. To begin dissecting the different levels of parallelism, we first characterized the role of dsx in 355 
wing color patterning of polymorphic species. Our results show that sexual dimorphism in wing 356 
patterning is governed by dsx, consistent with its role in controlling insect sexual dimorphism (23,24). 357 
Importantly, in addition to dsx’s role in sexually dimorphic wing patterning, it is allelic variation at dsx 358 
that determines which color patterns females develop by switching between alternate wing pattern 359 
developmental programs.  360 

To further characterize how the dsx switch gene functions across species, we focused 361 
additional functional experiments on one species, P. lowii, due to its evolutionary distance from the 362 
well-studied species, P. alphenor. In comparing dsx expression from our experiments in P. lowii with 363 
previous work in P. alphenor (28), our results suggest that the mimetic alleles are expressed in notably 364 
different patterns, both in terms of their absolute levels and their spatial patterns across the developing 365 
wing. Moreover, the non-mimetic dsx alleles appear to have diverged in their expression between 366 
species. These results may suggest that dsx was convergently co-opted in mimicry polymorphism 367 
evolution two or more times. Alternatively, this likely represents cis-regulatory divergence in the dsx 368 
supergene following co-option in the common ancestor, in concordance with the idea of allelic turnover 369 
from an ancestral mimetic dsx in Papilio as proposed by Palmer and Kronforst (19). Future work 370 
uncovering the regulatory landscapes of different dsx alleles across Menelaides is necessary to 371 
determine the shared and lineage-specific repertoire of CREs that instruct differential spatiotemporal 372 
DSX expression both between morphs within a species, as well as among the mimetic female morphs 373 
of multiple polymorphic species.  374 

Beyond the switch gene itself, we examined transcriptomic changes due to mimetic dsx alleles 375 
in P. alphenor and P. lowii in terms of the genes and GRNs involved in the development of mimetic 376 
female patterns. We observed surprising differences in the developmental windows at which gene 377 
expression was significantly altered between mimetic and non-mimetic females, suggesting that unique 378 
developmental trajectories underlie the mimetic female phenotype across these species despite the 379 
shared use of dsx and their close evolutionary relatedness. Nonetheless, we also identified some 380 
critical wing cell fate specification and patterning genes that were differentially expressed in both 381 
species, suggesting that both species may share some proximate functional mechanisms of mimetic 382 
wing patterning by dsx. These genes may be directly regulated by dsx or represent critical nodes of 383 
wing developmental networks that facilitate phenotype switching among females. Interestingly, roughly 384 
a quarter of the genes that were differentially expressed in both species are also differentially bound by 385 
DSX in P. alphenor mimetic females compared to non-mimetic females (29), and thus represent 386 
promising genes to target for future functional characterization. 387 

Overall, there appear to be considerable lineage-specific differences despite both species being 388 
closely related and using the same switch gene for FLMP. While constraints exist in wing GRNs (50), 389 
the GRNs themselves are dynamic throughout development (51). The opposing windows of differential 390 
expression that we observed between P. lowii and P. alphenor suggest that DSX may be modifying 391 
expression of distinct elements of wing developmental GRNs. Additionally, wing shape, pattern and 392 
color differ between species and this could be responsible for some of the observed molecular 393 
differences. For example, in P. memnon and P. alphenor, tails are polymorphic and only develop in 394 
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mimetic females, whereas the tail is a monomorphic structure in P. lowii. Similarly, abdominal 395 
pigmentation is only observed in mimetic females of P. memnon. These differences suggest the 396 
presence of species-specific modifier genes. While supergene theory emphasizes the physical linkage 397 
of functionally related genetic elements (10,52), unlinked modifiers—genes not physically linked to the 398 
switch locus—can epistatically interact to enhance mimicry (53). The unique DEGs we identified 399 
between species likely represent some of the species and morph-specific modifier genes required to 400 
execute each mimicry switch.  401 

Another potential explanation for the observed divergence between P. lowii and P. alphenor 402 
may be developmental systems drift, wherein the genetic and regulatory basis of homologous traits can 403 
diverge even among closely related species without changing the trait itself (54). One of the most 404 
obvious cases of phenotypic invariance coupled with highly divergent developmental underpinnings is 405 
sex determination and differentiation across a multitude of taxa (55). For example, in dipteran flies, the 406 
sex determination hierarchy diverges in upstream signals (Sxl in Drosophila vs. F in Musca) while the 407 
downstream effector (dsx) is conserved, maintaining the same developmental outcome despite lineage-408 
specific genetic interactions (54,56). In dsx-mediated mimicry, it is possible that an ancestral co-option 409 
of dsx was followed by lineage-specific drift in the developmental genetics underlying female 410 
polymorphism. This may be reflected by the considerable overlap yet differences in DEGs, and the 411 
observation that different genes in known wing specification and patterning pathways are DE within 412 
each species. Comparing the direct targets of mimetic DSX and genetic manipulations of DSX targets 413 
across species will help test the relative roles of species-specific modifiers and developmental systems 414 
drift in the developmental differences among sex-limited polymorphic species.  415 

Finally, we note that bulk RNA-seq approaches to characterizing homology in molecular 416 
mechanisms and GRNs have several limitations. The loss of cellular-level resolution can obscure 417 
critical signals and differences between cell types (for example, transcriptomes of dsx-expressing cells 418 
during early and mid-pupal development vs. that of cells specified to become melanic) (57). On the 419 
other hand, the lack of conservation in gene expression patterns across species may not indicate 420 
functional divergence (57). Such cross-species comparisons may also suffer from technical challenges, 421 
including identifying orthologous genes and reference genome differences. Therefore, we may be 422 
missing some signatures of shared functional genes/pathways in our comparative RNA-seq analyses. 423 
However, we expect that, using our approach, we detected the most strongly differentially expressed 424 
genes in each species, and that those genes play a role in defining and executing the alternate 425 
developmental programs within each species. Thus, the comparison between species enables us to 426 
begin describing the shared and unique elements of the developmental genetics underlying sex-limited 427 
polymorphism. Future work leveraging single-cell approaches is poised to allow a finer-scale dissection 428 
of the molecular parallels between these polymorphic species. 429 
 430 
METHODS 431 
 432 
Butterfly care and development staging 433 
Butterfly pupae were provided by butterfly breeders in the Philippines and grown in the greenhouse at 434 
the University of Chicago. After emergence, adult butterflies were separated into male and female 435 
cages. We collected a single leg from each live adult and used it to genotype dsx alleles with custom 436 
TaqMan assay probes (Thermo Scientific). Genotype results were used to set up single or multi-pair 437 
homozygous crosses in mesh cages with Citrus shrubs. From the cages, we collected prepupae each 438 
morning and stored them in an incubator matching their natural environment: 70% relative humidity, 439 
25°C, and 16hr light : 8hr dark cycle. P0 pupae were defined as being between 12-24 hours after 440 
pupation.  441 
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  442 
RNAi 443 
We knocked down dsx expression using the RNAi protocol from Ando and Fujiwara 2013 (58) with 444 
modifications described in VanKuren et al. 2023 (28). Prepupae were collected from the cross cages in 445 
the greenhouse, and pupation was closely monitored so that RNAi experiments could be carried out at 446 
the time of pupation when the cuticle was still labile. For injections, we designed dicer substrate siRNAs 447 
(DsiRNAs) using IDT’s DsiRNA design tool and a P. lowii genome (see below), identifying off-target 448 
sites with primer-BLAST (Supplementary Table S1). We injected 2uL of 100uM DsiRNA or 1X PBS as a 449 
control into the left hindwing between vein landmarks CU1 and M3. To improve cell permeability for 450 
DsiRNA uptake, we covered the injection site with PBS and electroporated the area. The hindwing 451 
cuticle cover was then folded back, and the injected pupae were placed into a petri dish with moist 452 
paper towels. We stored the petri dishes in the same incubator with settings described above and 453 
pinned and imaged the adult butterflies.  454 
  455 
Antibody staining 456 
We characterized DSX spatial expression pattern in P. lowii using a polyclonal antibody raised against 457 
the closely related species P. alphenor (28). For staining, hindwings across different developmental 458 
stages were dissected out in 1x RT PBS following the protocol described in VanKuren et al 2023 (28). 459 
We used the rabbit anti-Dsx antibody at a 1:250 dilution and co-stained it with either DAPI or Hoescht 460 
as a control. To image the dorsal surface of whole mounted wings, a 20x objective and a Z-stack/tile 461 
scan was used on a Zeiss LSM 710 confocal microscope at the University of Chicago. Images were 462 
then converted to maximum intensity projection and stitched in Zen. We initially processed and scaled 463 
images in Fiji and then imported to Inkscape for brightness and contrast adjustment.  464 
  465 
RNA-seq sampling, extraction, and sequencing 466 
We collected three replicates per developmental stage, sex, and dsx genotype combination for RNA-467 
seq. Pupae were collected from the incubator at approximately the same time each day to reduce 468 
developmental variance between biological replicates. Each replicate consisted of two hindwings 469 
dissected from a single pupa and stored in RNAlater (Ambion) in -80°C until extraction. We extracted 470 
total RNA using TRIzol (Ambion). TruSeq library preparation using poly-A selection and sequencing 471 
(PE100) on an NovaSeq X was done by the Functional Genomics Facility at the University of Chicago 472 
(Supplementary Table S2).  473 
 474 
Papilio lowii genome sequencing, assembly, and annotation 475 
We extracted HMW gDNA from the thorax of a freshly killed P. lowii female homozygous for the 476 
mimetic dsx allele using the QIAgen GenomicTip G-100 kit. Extractions followed the manufacturer’s 477 
instructions, except we incubated chopped fresh tissue in lysis buffer overnight in a thermomixer at 478 
50oC and 200 rpm before purification. We then constructed Oxford Nanopore sequencing libraries 479 
using the ONT Ligation Sequencing Kit (LSK-110) and eliminated fragments <10 kb using the PacBio 480 
SRE XS kit before sequencing on a MinION Mk1b and R9.4.3 flow cells to 30X - 40X coverage.  481 
 482 
We called bases using Guppy and super high-quality base calling (dna_r9.4.1_450bps_sup.cfg), then 483 
assembled the genome using these raw reads and Flye v2.9.1 with default settings with expected 484 
genome size set to 250 Mb. The initial Flye assemblies were each polished using the Guppy basecalls 485 
and Medaka v1.7.2 (medaka_consensus) with the appropriate error model (r941_min_sup_g507). We 486 
then purged duplicates using purge_dups v1.2.5 (59). We used a custom repeat library for Papilio 487 
alphenor (28), the RepBase 20181026 “arthropoda” database, and Dfam 20181026 database to identify 488 
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and mask repeats genome-wide in both assemblies using RepeatMasker. The final assembly 489 
comprised 251.9 Mb in 751 scaffolds (N50 1.6 Mb). BUSCO v5 using the OrthoDBv10 endopterygota 490 
database showed the assembly contained 98.7% complete (0.5% duplicated), 0.1% fragmented, and 491 
1.2% missing SCOs.  492 
 493 
We annotated the P. lowii assembly using EvidenceModeler 1.1.1 (60). We first assembled a high-494 
quality transcript database using PASA (60) and the PE100 data generated here. After adapter 495 
trimming, we performed de novo using Trinity v2.10.0 (61) and genome-guided assembly using 496 
StringTie v1.3.3 (62). RNA-seq data were also mapped to the assembly using STAR 2.6.1d (63), and 497 
the resulting alignments used to generate genome-guided assemblies with Trinity and StringTie v1.3.3 498 
(62). We combined de novo and genome-guided assemblies using PASA 2.4.1 (64). Evidence for 499 
protein-coding regions came from mapping the UniProt/Swiss-Prot (2020_06) database and all 500 
Papilionoidea proteins available in NCBI’s GenBank nr protein database (downloaded 6/2020) using 501 
exonerate (65). We identified high-quality multi-exon protein-coding PASA transcripts using 502 
TransDecoder (transdecoder.github.io), then used these models to train and run Genemark-ET 4 (66) 503 
and GlimmerHMM 3.0.4 (67). We also predicted gene models using Augustus 3.3.2 (68), the supplied 504 
heliconius_melpomene1 parameter set, and hints derived from RNA-seq and protein mapping above. 505 
Augustus predictions with >90% of their length covered by hints were considered high-quality models. 506 
Transcript, protein, and ab initio data were integrated using EVM with the weights in Supplementary 507 
Table S3.   508 
 509 
Raw EVM models were then updated twice using PASA to add UTRs and identify alternative 510 
transcripts. Gene models derived from transposable element proteins were identified using BLASTp 511 
and removed from the annotation set. We manually curated the dsx region. The final annotation 512 
comprises 21,733 genes encoding 30,844 protein-coding transcripts, containing 97.6% complete and 513 
missing 1.5% of endopterygota single-copy orthologs according to BUSCO v5 and OrthoDB v10. We 514 
functionally annotated protein models using eggNOG’s emapper-2.0.1b utility and the v2.0 eggNOG 515 
database (69). 516 
 517 
Differential expression analysis  518 
 519 
We used the annotated genome to quantify transcript expression levels in Salmon v1.10.0 with bias 520 
correction (70). Quantification results were imported and normalized in R using tximport v1.34, and 521 
filtered for lowly expressed genes, which were defined as genes with an average normalized count 522 
below 5 across all samples. From filtered, normalized data, we used mapping rate, classical PCA (95% 523 
CI), and robust PCA using the PcaGrid function in rrcov v1.7-6 (71) to identify outlier samples. After 524 
removing outliers, we used filtered, normalized gene-level quantification data in DESeq2 v1.46 to 525 
identify differentially expressed genes at each stage in pairwise comparisons of the female groups 526 
(mimetic female versus non-mimetic females). We also used maSigPro v1.78 (72) to identify 527 
differentially expressed genes, defined as genes with significantly different temporal expression profiles 528 
in mimetic females compared to all other genotype-sex groups (non-mimetic females, mimetic males, 529 
non-mimetic males). Significant genes were first selected using a q-value cutoff of 0.01 in the p.vector() 530 
function. Subsequently, variable selection was performed based on a p-value threshold of 0.05 in T.fit(), 531 
and genes with good model fits were defined as those with an R² > 0.8. To identify orthologous genes 532 
between the two species, we used BLASTp v2.14.40 and kept the one-to-one reciprocal best hits. 533 
 534 
Co-expression network reconstruction and module preservation 535 
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  536 
Using RNA-seq data from P. lowii generated in this study, along with previously published RNA-seq 537 
data from P. alphenor (28), we constructed hindwing developmental gene co-expression networks for 538 
both species. For each species separately, networks were built using WGCNA v1.73 (45) with 539 
normalized gene-level expression data, and both adjacency and topological overlap matrices were 540 
generated using signed Pearson correlation coefficients. To examine the relationships between gene 541 
modules and traits (stage, sex, genotype, sex-genotype combination), Pearson correlations were 542 
calculated between each module eigengene and trait variable, with corresponding p-values determined 543 
using Student's correlation test. We then tested each module for enrichment or depletion of DEGs 544 
using Fisher’s Exact Test; modules with adjusted p-values < 0.01 were considered significantly 545 
enriched or depleted in DEGs. We then conducted GO enrichment analysis for each module using 546 
topGO v2.58 (73). GO term assignments were derived from eggNOG-mapper v2.1.12 annotations (69). 547 
We tested for enrichment of biological process terms using Fisher's Exact Test, with a minimum node 548 
size of 5 genes and an adjusted p-value threshold of 0.01. The top 50 enriched terms were retained for 549 
each module. After completing network reconstruction for each species, we used the 550 
ModulePreservation function in WGCNA to identify orthologous modules between both species. For our 551 
input datasets to test for network preservation across species, we used the full normalized expression 552 
data and the gene assignments to modules from each species.  553 
 554 
REFERENCES 555 
 556 
1. Slatkin M. Ecological Causes of Sexual Dimorphism. Evolution. 1984;38(3):622–30.  557 

2. Mank JE. Sex-specific morphs: the genetics and evolution of intra-sexual variation. Nat Rev Genet. 558 
2023 Jan;24(1):44–52.  559 

3. Diamant ES, Falk JJ, Rubenstein DR. Male-like female morphs in hummingbirds: the evolution of a 560 
widespread sex-limited plumage polymorphism. Proc R Soc B Biol Sci. 2021 Feb 561 
24;288(1945):20203004.  562 

4. Moczek AP, Emlen DJ. Male horn dimorphism in the scarab beetle, Onthophagus taurus: do 563 
alternative reproductive tactics favour alternative phenotypes? Anim Behav. 2000 Feb;59(2):459–564 
66.  565 

5. Hurtado-Gonzales JL, Uy JAC. Intrasexual competition facilitates the evolution of alternative mating 566 
strategies in a colour polymorphic fish. BMC Evol Biol. 2010;10(1):391.  567 

6. Willink B, Tunström K, Nilén S, Chikhi R, Lemane T, Takahashi M, et al. The genomics and 568 
evolution of inter-sexual mimicry and female-limited polymorphisms in damselflies. Nat Ecol Evol. 569 
2023 Nov 6;8(1):83–97.  570 

7. Merondun J, Marques CI, Andrade P, Meshcheryagina S, Galván I, Afonso S, et al. Evolution and 571 
genetic architecture of sex-limited polymorphism in cuckoos. Sci Adv. 2024 Apr 572 
26;10(17):eadl5255.  573 

8. Tunström K, Woronik A, Hanly JJ, Rastas P, Chichvarkhin A, Warren AD, et al. Evidence for a 574 
single, ancient origin of a genus-wide alternative life history strategy. Sci Adv. 575 
2023;9(12):eabq3713.  576 

.CC-BY-NC 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.03.03.641230doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.03.641230
http://creativecommons.org/licenses/by-nc/4.0/


9. Yassin A, Delaney EK, Reddiex AJ, Seher TD, Bastide H, Appleton NC, et al. The pdm3 Locus Is a 577 
Hotspot for Recurrent Evolution of Female-Limited Color Dimorphism in Drosophila. Curr Biol. 2016 578 
Sep;26(18):2412–22.  579 

10. Thompson MJ, Jiggins CD. Supergenes and their role in evolution. Heredity. 2014 Jul;113(1):1–8.  580 

11. Feiner N, Brun-Usan M, Andrade P, Pranter R, Park S, Menke DB, et al. A single locus regulates a 581 
female-limited color pattern polymorphism in a reptile. Sci Adv. 2022 Mar 11;8(10):eabm2387.  582 

12. Dodge TO, Kim BY, Baczenas JJ, Banerjee SM, Gunn TR, Donny AE, et al. Structural genomic 583 
variation and behavioral interactions underpin a balanced sexual mimicry polymorphism. Curr Biol. 584 
2024 Sep;S0960982224011680.  585 

13. Loveland JL, Zemella A, Jovanović VM, Möller G, Sager CP, Bastos B, et al. A single gene 586 
orchestrates androgen variation underlying male mating morphs in ruffs. Science. 2025 Jan 587 
24;387(6732):406–12.  588 

14. Kunte K, Zhang W, Tenger-Trolander A, Palmer DH, Martin A, Reed RD, et al. doublesex is a 589 
mimicry supergene. Nature. 2014 Mar;507(7491):229–32.  590 

15. Clarke CA, Sheppard PM. Super-genes and mimicry. Heredity. 1960 Feb;14(1–2):175–85.  591 

16. Charlesworth D, Charlesworth B. Theoretical genetics of batesian mimicry II. Evolution of 592 
supergenes. J Theor Biol. 1975 Dec;55(2):305–24.  593 

17. Clarke, Cyril, Sheppard, Philip Macdonald. Further studies on the genetics of the mimetic butterfly 594 
papilio memnon L. Philos Trans R Soc Lond B Biol Sci. 1971 Oct 7;263(847):35–70.  595 

18. Nishikawa H, Iijima T, Kajitani R, Yamaguchi J, Ando T, Suzuki Y, et al. A genetic mechanism for 596 
female-limited Batesian mimicry in Papilio butterfly. Nat Genet. 2015 Apr;47(4):405–9.  597 

19. Palmer DH, Kronforst MR. A shared genetic basis of mimicry across swallowtail butterflies points to 598 
ancestral co-option of doublesex. Nat Commun. 2020 Dec;11(1):6.  599 

20. Timmermans MJTN, Baxter SW, Clark R, Heckel DG, Vogel H, Collins S, et al. Comparative 600 
genomics of the mimicry switch in Papilio dardanus. Proc R Soc B Biol Sci. 2014 Jul 601 
22;281(1787):20140465.  602 

21. Timmermans MJTN, Srivathsan A, Collins S, Meier R, Vogler AP. Mimicry diversification in Papilio 603 
dardanus via a genomic inversion in the regulatory region of engrailed – invected. Proc R Soc B 604 
Biol Sci. 2020 May 13;287(1926):20200443.  605 

22. Komata S, Lin CP, Iijima T, Fujiwara H, Sota T. Identification of doublesex alleles associated with 606 
the female-limited Batesian mimicry polymorphism in Papilio memnon. Sci Rep. 2016 607 
Dec;6(1):34782.  608 

23. Price DC, Egizi A, Fonseca DM. The ubiquity and ancestry of insect doublesex. Sci Rep. 2015 Aug 609 
17;5(1):13068.  610 

24. Verhulst EC, Van De Zande L. Double nexus--Doublesex is the connecting element in sex 611 
determination. Brief Funct Genomics. 2015 Nov 1;14(6):396–406.  612 

.CC-BY-NC 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.03.03.641230doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.03.641230
http://creativecommons.org/licenses/by-nc/4.0/


25. Iijima T, Kajitani R, Komata S, Lin CP, Sota T, Itoh T, et al. Parallel evolution of Batesian mimicry 613 
supergene in two Papilio butterflies, P. polytes and P. memnon. Sci Adv. 2018 Apr 614 
6;4(4):eaao5416.  615 

26. Zhang W, Westerman E, Nitzany E, Palmer S, Kronforst MR. Tracing the origin and evolution of 616 
supergene mimicry in butterflies. Nat Commun. 2017 Nov 7;8(1):1269.  617 

27. Komata S, Kajitani R, Itoh T, Fujiwara H. Genomic architecture and functional unit of mimicry 618 
supergene in female limited Batesian mimic Papilio butterflies. Philos Trans R Soc B Biol Sci. 2022 619 
Aug;377(1856):20210198.  620 

28. VanKuren NW, Doellman MM, Sheikh SI, Palmer Droguett DH, Massardo D, Kronforst MR. Acute 621 
and Long-Term Consequences of Co-opted doublesex on the Development of Mimetic Butterfly 622 
Color Patterns. Wittkopp P, editor. Mol Biol Evol. 2023 Sep 1;40(9):msad196.  623 

29. VanKuren NW, Sheikh SI, Fu CL, Massardo D, Lu W, Kronforst MR. Supergene evolution via gain 624 
of autoregulation [Internet]. 2024 [cited 2025 Jan 10]. Available from: 625 
http://biorxiv.org/lookup/doi/10.1101/2024.01.09.574839 626 

30. Deshmukh R, Lakhe D, Kunte K. Tissue-specific developmental regulation and isoform usage 627 
underlie the role of doublesex in sex differentiation and mimicry in Papilio swallowtails. R Soc Open 628 
Sci. 2020 Sep;7(9):200792.  629 

31. Iijima T, Yoda S, Fujiwara H. The mimetic wing pattern of Papilio polytes butterflies is regulated by 630 
a doublesex-orchestrated gene network. Commun Biol. 2019 Dec;2(1):257.  631 

32. Komata S, Lin CP, Fujiwara H. doublesex Controls Both Hindwing and Abdominal Mimicry Traits in 632 
the Female-Limited Batesian Mimicry of Papilio memnon. Front Insect Sci. 2022 Jul 12;2:929518.  633 

33. Zakharov EV, Caterino MS, Sperling FAH. Molecular Phylogeny, Historical Biogeography, and 634 
Divergence Time Estimates for Swallowtail Butterflies of the Genus Papilio (Lepidoptera: 635 
Papilionidae). Schultz T, editor. Syst Biol. 2004 Apr 1;53(2):193–215.  636 

34. Joshi J, Kunte K. Polytypy and systematics: diversification of Papilio swallowtail butterflies in the 637 
biogeographically complex Indo-Australian Region [Internet]. 2022 [cited 2025 Feb 27]. Available 638 
from: http://biorxiv.org/lookup/doi/10.1101/2022.03.23.485569 639 

35. Martin A, Reed RD. Wnt signaling underlies evolution and development of the butterfly wing pattern 640 
symmetry systems. Dev Biol. 2014 Nov;395(2):367–78.  641 

36. Jiggins CD, Wallbank RWR, Hanly JJ. Waiting in the wings: what can we learn about gene co-642 
option from the diversification of butterfly wing patterns? Philos Trans R Soc B Biol Sci. 2017 Feb 643 
5;372(1713):20150485.  644 

37. Reed RD, Serfas MS. Butterfly Wing Pattern Evolution Is Associated with Changes in a 645 
Notch/Distal-less Temporal Pattern Formation Process. Curr Biol. 2004 Jul;14(13):1159–66.  646 

38. Beldade P, Brakefield PM. The genetics and evo–devo of butterfly wing patterns. Nat Rev Genet. 647 
2002 Jun 1;3(6):442–52.  648 

39. Chen Y, Li H, Yi TC, Shen J, Zhang J. Notch Signaling in Insect Development: A Simple Pathway 649 
with Diverse Functions [Internet]. Biology and Life Sciences; 2023 Aug [cited 2023 Aug 9]. 650 
Available from: https://www.preprints.org/manuscript/202308.0354/v1 651 

.CC-BY-NC 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.03.03.641230doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.03.641230
http://creativecommons.org/licenses/by-nc/4.0/


40. Strutt D, Madder D, Chaudhary V, Artymiuk PJ. Structure–Function Dissection of the Frizzled 652 
Receptor in Drosophila melanogaster Suggests Different Mechanisms of Action in Planar Polarity 653 
and Canonical Wnt Signaling. Genetics. 2012 Dec 1;192(4):1295–313.  654 

41. Hanly JJ, Loh LS, Mazo-Vargas A, Rivera-Miranda TS, Livraghi L, Tendolkar A, et al. Frizzled2 655 
receives WntA signaling during butterfly wing pattern formation. Development. 2023 Aug 656 
21;dev.201868.  657 

42. Prakash A, Dion E, Banerjee TD, Monteiro A. The molecular basis of scale development highlighted 658 
by a single-cell atlas of Bicyclus anynana butterfly pupal forewings. Cell Rep. 2024 659 
May;43(5):114147.  660 

43. Shimmi O, Matsuda S, Hatakeyama M. Insights into the molecular mechanisms underlying 661 
diversified wing venation among insects. Proc R Soc B Biol Sci. 2014 Aug 22;281(1789):20140264.  662 

44. Yang L, Paul S, Trieu KG, Dent LG, Froldi F, Forés M, et al. Minibrain and Wings apart control 663 
organ growth and tissue patterning through down-regulation of Capicua. Proc Natl Acad Sci. 2016 664 
Sep 20;113(38):10583–8.  665 

45. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation network analysis. BMC 666 
Bioinformatics. 2008 Dec;9(1):559.  667 

46. KonDo Y, Yoda S, Mizoguchi T, Ando T, Yamaguchi J, Yamamoto K, et al. Toll ligand Spätzle3 668 
controls melanization in the stripe pattern formation in caterpillars. Proc Natl Acad Sci. 2017 669 
Aug;114(31):8336–41.  670 

47. Özsu N, Monteiro A. Wound healing, calcium signaling, and other novel pathways are associated 671 
with the formation of butterfly eyespots. BMC Genomics. 2017 Dec;18(1):788.  672 

48. Wee JLQ, Murugesan SN, Wheat CW, Monteiro A. The genetic basis of wing spots in Pieris canidia 673 
butterflies. BMC Genomics. 2023 Apr 4;24(1):169.  674 

49. Nishikawa H, Iga M, Yamaguchi J, Saito K, Kataoka H, Suzuki Y, et al. Molecular basis of wing 675 
coloration in a Batesian mimic butterfly, Papilio polytes. Sci Rep. 2013 Nov 11;3(1):3184.  676 

50. Guerra D, Pezzoli MC, Giorgi G, Cavicchi S. Developmental constraints in the Drosophila wing. 677 
Heredity. 1997;79:546–71.  678 

51. O’Keefe DD, Thomas SR, Bolin K, Griggs E, Edgar BA, Buttitta LA. Combinatorial control of 679 
temporal gene expression in the Drosophila wing by enhancers and core promoters. BMC 680 
Genomics. 2012 Dec;13(1):498.  681 

52. Schwander T, Libbrecht R, Keller L. Supergenes and Complex Phenotypes. Curr Biol. 2014 682 
Mar;24(7):R288–94.  683 

53. Charlesworth D. The status of supergenes in the 21st century: recombination suppression in B 684 
atesian mimicry and sex chromosomes and other complex adaptations. Evol Appl. 2016 685 
Jan;9(1):74–90.  686 

54. True JR, Haag ES. Developmental system drift and flexibility in evolutionary trajectories. Evol Dev. 687 
2001 Mar;3(2):109–19.  688 

.CC-BY-NC 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.03.03.641230doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.03.641230
http://creativecommons.org/licenses/by-nc/4.0/


55. Cauret CMS, Gansauge MT, Tupper AS, Furman BLS, Knytl M, Song XY, et al. Developmental 689 
Systems Drift and the Drivers of Sex Chromosome Evolution. Wilson M, editor. Mol Biol Evol. 2020 690 
Mar 1;37(3):799–810.  691 

56. Hediger M, Burghardt G, Siegenthaler C, Buser N, Hilfiker-Kleiner D, Dübendorfer A, et al. Sex 692 
determination in Drosophila melanogaster and Musca domestica converges at the level of the 693 
terminal regulator doublesex. Dev Genes Evol. 2004 Jan;214(1):29–42.  694 

57. Crow M, Suresh H, Lee J, Gillis J. Coexpression reveals conserved gene programs that co-vary 695 
with cell type across kingdoms. Nucleic Acids Res. 2022 May 6;50(8):4302–14.  696 

58. Ando T, Fujiwara H. Electroporation-mediated somatic transgenesis for rapid functional analysis in 697 
insects. Development. 2013 Jan 15;140(2):454–8.  698 

59. Chakraborty M, VanKuren NW, Zhao R, Zhang X, Kalsow S, Emerson JJ. Hidden genetic variation 699 
shapes the structure of functional elements in Drosophila. Nat Genet. 2018 Jan;50(1):20–5.  700 

60. Haas BJ, Salzberg SL, Zhu W, Pertea M, Allen JE, Orvis J, et al. Automated eukaryotic gene 701 
structure annotation using EVidenceModeler and the Program to Assemble Spliced Alignments. 702 
Genome Biol. 2008 Jan 11;9(1):R7.  703 

61. Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit I, et al. Full-length transcriptome 704 
assembly from RNA-Seq data without a reference genome. Nat Biotechnol. 2011 Jul;29(7):644–52.  705 

62. Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, Salzberg SL. StringTie enables 706 
improved reconstruction of a transcriptome from RNA-seq reads. Nat Biotechnol. 2015 707 
Mar;33(3):290–5.  708 

63. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal 709 
RNA-seq aligner. Bioinformatics. 2013 Jan 1;29(1):15–21.  710 

64. Haas BJ. Improving the Arabidopsis genome annotation using maximal transcript alignment 711 
assemblies. Nucleic Acids Res. 2003 Oct 1;31(19):5654–66.  712 

65. Slater GSC, Birney E. Automated generation of heuristics for biological sequence comparison. 713 
BMC Bioinformatics. 2005 Feb 15;6(1):31.  714 

66. Lomsadze A, Burns PD, Borodovsky M. Integration of mapped RNA-Seq reads into automatic 715 
training of eukaryotic gene finding algorithm. Nucleic Acids Res. 2014 Sep 2;42(15):e119–e119.  716 

67. Majoros WH, Pertea M, Salzberg SL. TigrScan and GlimmerHMM: two open source ab initio 717 
eukaryotic gene-finders. Bioinformatics. 2004 Nov 1;20(16):2878–9.  718 

68. Stanke M, Schöffmann O, Morgenstern B, Waack S. Gene prediction in eukaryotes with a 719 
generalized hidden Markov model that uses hints from external sources. BMC Bioinformatics. 2006 720 
Dec;7(1):62.  721 

69. Cantalapiedra CP, Hernández-Plaza A, Letunic I, Bork P, Huerta-Cepas J. eggNOG-mapper v2: 722 
Functional Annotation, Orthology Assignments, and Domain Prediction at the Metagenomic Scale. 723 
Tamura K, editor. Mol Biol Evol. 2021 Dec 9;38(12):5825–9.  724 

70. Patro R, Duggal G, Love MI, Irizarry RA, Kingsford C. Salmon provides fast and bias-aware 725 
quantification of transcript expression. Nat Methods. 2017 Apr;14(4):417–9.  726 

.CC-BY-NC 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.03.03.641230doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.03.641230
http://creativecommons.org/licenses/by-nc/4.0/


71. Chen X, Zhang B, Wang T, Bonni A, Zhao G. Robust principal component analysis for accurate 727 
outlier sample detection in RNA-Seq data. BMC Bioinformatics. 2020 Dec;21(1):269.  728 

72. Conesa A, Nueda MJ, Ferrer A, Talón M. maSigPro: a method to identify significantly differential 729 
expression profiles in time-course microarray experiments. Bioinformatics. 2006 May 1;22(9):1096–730 
102.  731 

73. Alexa A, Rahnenführer J, Lengauer T. Improved scoring of functional groups from gene expression 732 
data by decorrelating GO graph structure. Bioinformatics. 2006 Jul 1;22(13):1600–7.  733 

  734 

.CC-BY-NC 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.03.03.641230doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.03.641230
http://creativecommons.org/licenses/by-nc/4.0/


Acknowledgements  735 
We thank the University of Chicago greenhouse staff and the University of Chicago Functional 736 
Genomics Facility (RRID:SCR_019196) for research support, the University of Chicago’s Center for 737 
Research Informatics for computational support, and Nipam Patel for providing the 4F11 Engrailed 738 
antibody. We also appreciate lab members Darli Massardo, Wei Lu, Paula Fernandez-Begne, Hsiang-739 
Yu Tsai, and William Zhang for valuable feedback and discussion on the manuscript. This work was 740 
supported by the GME NIGMS T32 training grant and an ARCS Foundation award to SIS, the Chicago 741 
Fellows program to MMD, and NIH R35 GM131828 to MRK.  742 
 743 
Author contributions  744 
SIS - Conceptualization, Investigation, Visualization, Writing - original draft, review & editing; MMD - 745 
Conceptualization, Investigation; NWV - Conceptualization, Investigation, Writing - review & editing; PH 746 
- Investigation; MRK - Conceptualization, Funding acquisition, Supervision, Writing - review & editing 747 
 748 
Data Availability  749 
Illumina RNA sequencing data and the genome assembly and annotation are publicly available in the 750 
National Center for Biotechnology Information (NCBI) under BioProject PRJNA1230174. Anti-DSX 751 
antibody is available from the authors upon request. 752 

.CC-BY-NC 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.03.03.641230doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.03.641230
http://creativecommons.org/licenses/by-nc/4.0/


.CC-BY-NC 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.03.03.641230doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.03.641230
http://creativecommons.org/licenses/by-nc/4.0/


.CC-BY-NC 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.03.03.641230doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.03.641230
http://creativecommons.org/licenses/by-nc/4.0/


.CC-BY-NC 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.03.03.641230doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.03.641230
http://creativecommons.org/licenses/by-nc/4.0/


.CC-BY-NC 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.03.03.641230doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.03.641230
http://creativecommons.org/licenses/by-nc/4.0/

