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Development requires the coordinated action of many genes across space and time, yet 
numerous species can develop discrete, alternate phenotypes. Such complex balanced 
polymorphisms are often controlled by supergenes: multiple tightly linked loci that 
function together to control development of a complex phenotype. Supergenes are 
widespread in nature. However, the evolution and functions of supergene alleles remain 
obscure because the identities of the functional loci, and the causative variation between 
them, remain essentially unknown. The doublesex supergene controls mimicry poly-
morphism in the swallowtail butterflies Papilio polytes and Papilio alphenor. Alternate 
alleles cause development of discrete mimetic or nonmimetic wing patterns. We found 
that the mimetic allele evolved by gaining six new cis-regulatory elements (CREs) and 
an inversion that locked those CREs together with dsx and the novel noncoding gene 
U3X. At least four of these new CREs are essential for dsx expression and mimetic 
pattern development. Genome-wide assays of DSX binding suggest that dsx controls 
mimetic pattern development by directly regulating the expression of both itself and a 
handful of unlinked genes. The dsx supergene thus contains multiple functional genetic 
elements, each required for the phenotype switch and linked together by an inversion, 
and likely exerts its effects on color pattern development through direct regulation of 
unlinked “modifier” genes. Our results therefore support classic theories of supergene 
evolution, but update those ideas to match what we have learned about gene regulation 
since their development over a half century ago.

autoregulation | polymorphism | sexual dimorphism | co-option | epistasis

 Complex balanced polymorphisms are widespread in nature, ranging from sexual dimor-
phisms to alternative life history and mating strategies in many animals and plants. These 
fascinating systems have provided important examples of how natural and sexual selection 
drive the evolution and maintenance of phenotypic variation ( 1       – 5 ). Although complex 
balanced polymorphisms often involve a suite of behavioral and morphological traits, 
many are controlled by genetic variation in just a single genomic locus ( 6   – 8 ). In some 
cases, this locus is a single developmental transcription factor ( 9 ). More often, complex 
balanced polymorphisms are associated with large chromosomal regions of low recombi-
nation containing tens to hundreds of genes, frequently called “supergenes” ( 10   – 12 ).

 Supergenes control a wide array of complex balanced polymorphisms including fire ant 
colony social structures ( 2 ,  5 ), bird mating morphs ( 3 ,  12 ), fish migration ( 10 ,  13 ), and 
most sexual dimorphisms ( 6 ). In each system, the switch between discrete phenotypes is 
controlled by alternate supergene alleles. Classic theory predicts that each allele contains 
multiple genes coadapted to control different aspects of the complex polymorphism ( 14 ). 
Reduced recombination between these genes, often aided by one or more inversions, 
prevents shuffling of coadapted alleles that could produce intermediate phenotypes with 
low fitness ( 15 ). Recent work in mimetic butterflies has extended the concept of a super-
gene to encompass multiple tightly linked functional elements, such as cis﻿-regulatory 
elements, coadapted to control the phenotype switch ( 8 ,  16 ,  17 ).

 Despite these clear theoretical expectations of what a supergene really is, the causative 
gene(s), let alone functional genetic differences between supergene alleles, have been difficult 
to identify. This is because classic supergenes often span multiple megabases, contain tens 
to hundreds of genes, and exhibit extremely high linkage disequilibrium that blocks tradi-
tional genetic mapping approaches to identify causative genetic variation ( 2 ,  10   – 12 ,  18 , 
 19 ). Recent candidate approaches have identified a single gene each within the fire ant social 
supergene and the ruff mating morph supergene that are strongly associated with those 
polymorphisms ( 2 ,  20 ). These candidate genes—the pheromone binding protein Gp-9  and 
the hormone synthesis enzyme HSD17B , respectively—could potentially coordinate phe-
notype development themselves; it is not known whether any other genes are required for 
the phenotype switch. It is therefore unknown 1) whether multiple coadapted alleles exist 

Significance

 Balanced polymorphisms are 
often controlled by genetic 
variation in just a single locus 
that switches between alternate 
phenotypes. Here, we establish 
that novel cis﻿-regulatory 
elements (CREs) of the conserved 
transcription factor gene 
﻿doublesex  underlie the switch 
between mimetic and 
nonmimetic butterfly wing 
patterns. dsx  and these novel 
CREs are locked together by an 
inversion, showing that this dsx 
“ supergene” combines traditional 
concepts of multigene 
supergenes with our current 
understanding of the complexity 
of gene regulation. We identify a 
molecular basis for the functions 
of a historically important 
supergene and provide insight 
into how conserved genes can be 
co-opted into new roles in 
development.

Author affiliations: aDepartment of Ecology & Evolution, 
The University of Chicago, Chicago 60637, IL; and 
bCommittee on Development, Regeneration, and Stem 
Cell Biology, The University of Chicago, Chicago 60637, IL

Author contributions: N.W.V., S.I.S., and M.R.K. designed 
research; N.W.V., S.I.S., C.L.F., D.M., N.N.S., and W.L. 
performed research; N.W.V. analyzed data; and N.W.V. 
and M.R.K. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2025 the Author(s). Published by PNAS. 
This article is distributed under Creative Commons 
Attribution-NonCommercial-NoDerivatives License 4.0 
(CC BY-NC-ND).
1To whom correspondence may be addressed. Email: 
nvankuren@uchicago.edu or mkronforst@uchicago.edu.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.​
2509864122/-/DCSupplemental.

Published October 8, 2025.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 K
ir

st
en

 V
al

le
e 

on
 O

ct
ob

er
 1

6,
 2

02
5 

fr
om

 I
P 

ad
dr

es
s 

12
8.

13
5.

15
6.

43
.

mailto:
https://orcid.org/0000-0001-8633-8851
https://orcid.org/0000-0002-0991-8913
https://orcid.org/0009-0007-5901-107X
https://orcid.org/0000-0003-2538-1025
https://orcid.org/0009-0001-6485-4369
mailto:
https://orcid.org/0000-0002-9825-891X
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:nvankuren@uchicago.edu
mailto:mkronforst@uchicago.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2509864122/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2509864122/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2509864122&domain=pdf&date_stamp=2025-10-6


2 of 9   https://doi.org/10.1073/pnas.2509864122� pnas.org

and 2) when and why recombination suppression evolved during 
the evolution of these balanced polymorphisms.

 Here, we investigated the composition, function, and evolution 
of a supergene controlling mimicry polymorphism in Papilio  swal-
lowtail butterflies. Many palatable butterfly species have evolved 
wing color patterns resembling those of distantly related toxic 
species, thereby protecting mimics from visual predators ( 21 ). 
Negative frequency-dependent selection often results in mimicry 
polymorphisms. In some species, mimetic patterns are limited to 
one sex, usually females, resulting in complex balanced polymor-
phisms in which males develop a single nonmimetic color pattern 
while females can develop one or more discrete mimetic patterns 
( 15 ). Based on crossing experiments in P. polytes  ( 22 ), R. A. Fisher 
argued that mimicry polymorphisms evolved in two steps ( 23 ). 
First, an initial large-effect mutation switched on development of 
a novel, but imperfect, mimetic pattern. After this “switch gene” 
became established in the population, natural selection for mim-
icry caused the evolution of modifier genes that function epistat-
ically with the switch gene to improve the novel mimetic pattern 
( 23     – 26 ). Classic supergene theory is an extension of Fisher’s basic 
model to situations where the switch and modifier loci are tightly 
linked ( 14 ,  16 ,  26     – 29 ). Thus, if we can identify the functional 
genetic differences between switch gene alleles and the molecular 
basis of epistasis between them and their modifiers, then we may 
better understand the evolution of supergenes and the complex 
balanced polymorphisms they control.

 Here, we dissect the functional genetic basis of supergene mim-
icry in Papilio alphenor,  formerly considered a subspecies of 
﻿P. polytes  ( 30 ,  31 ). Female-limited mimicry polymorphism in 
﻿P. polytes  and P. alphenor  is controlled by the doublesex  supergene 
( 32 ,  33 ). This supergene comprises an ancestral h  allele and a 
novel, dominant H  allele that is defined by a 150 kb inversion 
containing dsx —a key transcription factor gene that controls insect 
sexual differentiation—and the novel noncoding gene untranslated 
three exons  (U3X ;  Fig. 1 A  and B  ). Previous RNA interference 
(RNAi) experiments demonstrated that dsxH   completely controls 
the switch from nonmimetic to mimetic female patterns ( 33 ,  34 ). 
Although the DSX proteins encoded by the two alleles are iden-
tical within their dimerization domains and DNA binding 
domains, dsxH   exhibits a unique expression pattern in pupal 
mimetic female wings that is essential to switch on mimetic pat-
tern development ( Fig. 1 B  and C  ) ( 32     – 35 ). The causes of 
allele-specific dsx  expression patterns, and therefore the functional 
genetic basis of the mimicry switch, remained unknown.        

 Recent work has also begun to identify potential modifiers of 
the dsx  switch ( 34  35 ,  37 ). RNA-seq and RNAi experiments have 
identified over a dozen genes required for mimetic pattern devel-
opment, including genes that are linked to the dsx  supergene such 
as U3X, sir2 , and prospero  ( 37 ) and unlinked genes like engrailed  
that are involved in Wnt and Hedgehog signaling ( 34 ). Although 
these studies clearly showed that these genes function downstream 
of dsxH   specifically in mimetic pattern development, the causes of 
epistasis between the switch gene and these potential modifiers 
remained unknown. The goals of this study were thus to identify 
the functional genetic elements of the dsx  supergene, determine 
the causes of the functional differences between alleles, and iden-
tify potential molecular mechanisms of epistasis between this 
switch gene and its unlinked modifiers. 

Results

The Mimetic Allele Gained Multiple Novel dsx CREs. Mimetic dsxH 
has evolved a unique expression pattern in mimetic female wings 
that is essential to switch on mimetic pattern development, yet the 

DSX proteins are nearly identical (Fig. 1 B and C). We therefore 
expected that the functional genetic differences between supergene 
alleles were regulatory. We first searched for cis-regulatory elements 
(CREs) controlling dsx expression in the developing wing using 
ATAC-seq (Fig.  1D and SI  Appendix, Figs.  S1–S4 and Tables 
S1–S3). Peaks of ATAC-seq coverage indicate genome regions 
accessible to transcription factor binding, and therefore potential 
CREs (38). We found 28 ATAC peaks within the mimetic H 
allele in early pupal wings, when dsx expression spikes in mimetic 
females. Most peaks were in or near dsxH, including peaks 0.47 kb 
and 3.9 kb upstream of the dsxH promoter, 22 peaks within introns, 
and peaks within exons 1 and 6. Peaks were also found at the UXT 
and U3X promoters. The nonmimetic h allele contained 33 peaks 
in early pupal wings located in similar relative positions to those 
in the mimetic allele.

 The different numbers of CREs in the two alleles suggested that 
CRE gain or loss may have played a role in this supergene’s evolu-
tion. We tested this idea by using BLAST to identify orthologous 
CRE sequences between the h  and H  alleles and three monomorphic 
outgroup species’ genomes ( 39 ). Despite enormous sequence diver-
gence between the alleles, CRE sequences and synteny were highly 
conserved over 20 My of evolution ( Fig. 1E   and SI Appendix, Fig. S5 
and  Tables S4 and S5 ). All CREs found in the P. alphenor h  allele 
were also found in the P. polytes h  allele and at least two outgroup 
species. However, six CREs were uniquely shared by the P. alphenor  
and P. polytes H  alleles—one at the U3X  promoter and five within 
or near dsx . This result strongly suggested that the derived H  allele 
gained multiple novel dsx  CREs. These H﻿-specific CREs are likely 
involved in the unique spike of dsx  expression in early pupal female 
wings because 1) all were accessible in early pupal wings but inac-
cessible in heads and mid-pupal wings, and 2) three of the six 
﻿H﻿-specific CREs, all within or near dsx , were significantly more 
accessible in mimetic females than in males in early pupal wings 
(SI Appendix, Figs. S3 and S4 and T﻿ables S6 and S7 ).

 It is unlikely that CREs outside the inversion regulate dsx  
expression. Hi-C experiments showed that each allele was con-
tained within a single topologically associating domain (TAD), a 
3D genome organization which largely defines the local regulatory 
region ( Fig. 1F  ) ( 40 ). The right TAD boundaries coincided with 
the right inversion breakpoint in both alleles, while the left TAD 
boundaries were 21.9 kb and 17.9 kb outside of the inversion, 
encompassing dsx  and adjacent genes sir-2, rad51 , and nach . The 
inversion and high divergence between the alleles thus caused few 
changes to the local chromatin structure. Four CREs, in or near 
﻿nach  and sir2 , were found within the TADs but outside of the 
inversion. However, these peaks were found in all samples, and 
none were differentially accessible between mimetic and nonmi-
metic females. The mimetic dsx  allele therefore gained six new 
CREs, all contained within the inversion.  

Mimetic Allele-Specific CREs Are Essential for the Mimicry Switch. 
We next tested whether these novel CREs were required for the 
mimicry switch. Knocking down dsx expression in mimetic HH or 
Hh females using RNA interference (RNAi) causes them to develop 
nonmimetic patterns (34). We expected to observe similar effects 
when we knocked out any CREs required for dsx expression in the 
mimetic wing. We therefore used CRISPR/Cas9 to individually 
delete target CREs in Hh eggs, then looked for G0 females with 
mosaic nonmimetic color patterns (Fig. 2). Injections targeting 
three conserved CREs, which we expected to be generally essential 
for dsx expression, yielded females with patches of nonmimetic 
pattern in an otherwise mimetic background (SI Appendix, Fig. S7 
and Tables S8 and S9). Importantly, we also recovered mosaic 
females from injections targeting four of six H-specific CREs, D
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strongly suggesting that these CREs are each essential for the 
mimicry switch (Fig. 2). Knockouts affected all mimetic pattern 
elements, including forewing stripes, scale color in light patches, 
and the size and color of submarginal hindwing spots (Fig. 2). U3X 
promoter knockouts yielded no phenotype, contrary to RNAi 
results in P. polytes (37). Long-read whole genome sequencing of 
three mosaic butterflies strongly supported the conclusion that 
their phenotypes were caused by knockout of the target CRE, 
rather than disruption of the entire gene or multiple nearby CREs 
(Fig. 2G and SI Appendix, Fig. S8). H-specific CREs are unlikely 
to be essential for dsx expression because both the mimetic and 
nonmimetic dsx alleles control sexual differentiation equally well. 
Instead, these novel CREs likely mediate the unique spike of dsx 

expression that is required for mimetic pattern development 
(Fig. 1C).

 Together, our results show that the functional genetic elements 
of the dsx  supergene are novel dsx cis﻿-regulatory elements. The 
mimetic supergene allele gained at least four novel dsx  CREs 
spread across 150 kb that function together to switch on dsx  
expression in early pupal female wings, triggering development of 
the novel mimetic wing pattern.  

dsx Is Autoregulated. Gene expression depends on both CREs 
and the combinations of transcription factor proteins that 
specifically bind to those CREs and drive transcription. We next 
sought to identify transcription factors (TFs) that could drive 

A

B

C

F

E

D

Fig. 1.   Regulatory architecture of the doublesex supergene. (A) Female-limited mimicry polymorphism in Papilio alphenor. (B) Pairwise sequence alignment of the 
dsx supergene alleles and flanking 20 kb. The mimetic H allele is uninverted for alignment and display. (C) dsx hindwing expression across development, from 
(34). (D) Normalized ATAC-seq coverage tracks from early pupal wings and heads within the inversion. All tracks show the range [0 to 450]. Peaks of coverage 
indicate open chromatin and potential CREs. Statistical peak calls are shown below the x-axis for each tissue and are colored according to (E). Orthologous 
peak sequences between the alleles are connected by shaded lines. SI Appendix, Figs. S1–S4 and Table S1 contain additional information. (E) Orthology and 
synteny between P. alphenor peaks and outgroup alleles. Orthology was determined by BLASTing P. alphenor peak sequences to the genome regions bounded 
by nach and UXT in each species. The P. alphenor and P. polytes H alleles are uninverted for display. Peak conservation (i.e. the number of alleles in which the 
peak sequence is present) is denoted by color, and lines connect orthologous regions. The phylogeny is modified from refs. 30 and 36. See also Materials and 
methods and SI Appendix, Tables S2–S7. (F) Hi-C contact heatmaps, topologically associating domains (TADs; black triangles), and TAD separation scores near the 
inversion in early pupal female hindwings. Gene models are shown along the x axes. Low TAD separation scores indicate boundaries between adjacent TADs. 
SI Appendix, Fig. S6 contains additional Hi-C results.
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allele-specific dsx expression in the P. alphenor wing, particularly 
through novel H-specific CREs. TFs that directly control 
dsx expression are unknown in any organism, but ChIP-seq 
experiments in Drosophila showed that over 230 different proteins 
bound to dsx CREs in whole adults. DSX itself was bound to 
the most dsx CREs of any protein (25 CREs), suggesting that 
it could play an important role regulating its own transcription 
(41). To identify CREs bound by DSX in P. alphenor wings, we 
assayed genome-wide DSX binding using CUT&RUN in early- 
and mid-pupal wings (Fig. 3 and SI Appendix, Figs. S9–S11 and 
Table S10). Similar to ChIP-seq, peaks of CUT&RUN coverage 
indicate regions of the genome bound by the target protein (42). 
We found 10,318 DSX peaks genome-wide among all samples. 
Most DSX peaks overlapped ATAC peaks (88.2%), consistent 
with the idea that CUT&RUN identified DSX binding to active 
CREs. Importantly, the strongest DSX peaks in each sample were 
found in dsx CREs (Fig. 3 A and B). These observations matched 
the Drosophila data and strongly support the idea that dsx is 
autoregulated in the developing butterfly wing.

 Patterns of DSX binding were significantly different between 
supergene alleles. DSX was bound to five CREs in the nonmimetic 
﻿h  allele in early pupal female wings. DSX was bound to these five 
orthologous CREs in the mimetic H  allele, but also to an addi-
tional 15 conserved CREs and five of the six H- specific CREs 
( Fig. 3 C  and D  ). Despite their recent origins, DSX binding sites 
in H﻿-specific CREs were just as strong as DSX binding sites in 
conserved CREs. Log-odds probabilities, which measure how 

similar DSX binding site sequences are to the consensus motif, 
were not significantly different between genome-wide DSX peaks, 
conserved peaks, or H- specific peaks ( Fig. 3 E  and F  ; all Welch’s 
﻿t  test P- values > 0.10). In fact, H﻿-specific CREs contain two of 
the top three strongest DSX binding sites in the H  allele 
(SI Appendix, Table S11 ). Our ATAC, CRISPR, and CUT&RUN 
results strongly suggest that the mimetic supergene allele gained 
multiple new dsx  CREs that mediate autoregulation and are essen-
tial for dsx  expression in the mimetic wing.

 Temporal dynamics of DSX binding in the supergene also sup-
port this conclusion. DSX is highly and uniformly expressed in 
the early pupal mimetic wing, but by mid-pupal development 
becomes restricted to regions of the wing that become white ( 34 ). 
By mid-pupal development, only one H﻿-specific CRE was acces-
sible and was not bound by DSX (SI Appendix, Fig. S3 ) ( 34 ). 
Instead, 13 conserved CREs were differentially bound by DSX 
between females and males at this stage (SI Appendix, Fig. S10 ). 
These results further suggest that DSX binding in H﻿-specific CREs 
is required in early pupae to trigger the mimicry switch, while 
differential use of conserved CREs may refine DSX expression 
later in development.

 Gene regulation depends on combinatorial binding of TFs to 
multiple CREs, and it is important to note that DSX is almost 
certainly not the only TF required for dsx  regulation. We searched 
for other TFs potentially involved in dsx  regulation by looking for 
known TF binding site sequences enriched in dsx  CREs 
(SI Appendix, Fig. S12 ) ( 43 ). dsx  CREs were most significantly 

A

C

F G

D E

B

Fig. 2.   Multiple H-specific CREs are required for mimetic pattern development. (A) Schematic of the mimetic allele indicating the ATAC peaks (CREs) that we 
targeted for deletion. Each candidate CRE was targeted for deletion by injecting 2 to 4 sgRNAs and Cas9 into fresh, heterozygous Hh eggs (SI Appendix, Tables S8 
and S9). We targeted all six H-specific CREs (red) and four conserved CREs (black) individually. The total numbers of mimetic females (total) and mosaic knockout 
(mKO) females recovered are shown for each target CRE above the schematic. CRE orthology is from Fig. 1. (B) Expected dorsal and ventral wild-type female color 
patterns. mKO females were identified by the appearance of nonmimetic color patterns in otherwise mimetic wings (indicated by pink arrows, or outlined with 
pink dashed lines in the following panels). (C–F) Examples of mKO females recovered from injections targeting H-specific CREs 22692 (C), 22673 (D), 22663 (E), 
or 22667 (F). Sample identifiers and surfaces are shown below images. mKOs of additional, conserved CREs can be found in SI Appendix, Fig. S7. *: Tail damage, 
not developmental defect. (G) Whole-genome long-read sequencing from the individual shown in (F), demonstrating the range of deletions recovered in a single 
individual. Black lines within read alignments indicate deletions relative to the reference. Note the absence of deletions affecting CDS or CREs beyond the target 
CRE 22667. Indels and variation < 5 bp long are not highlighted. Normalized ATAC-seq data from an early pupal mimetic female wing are shown, with peak calls 
below. dsx exon 5 and intron 5 are shown peaks. Additional mKO females can be found in SI Appendix, Fig. S7.
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enriched with binding sites for the Hox TFs Paired (P  = 1e-13), 
Caudal (P  =1e-11), and Extradenticle (P  = 1e-10), and DSX  
(P  = 1e-9). Future work on these TFs may shed additional light onto 
the upstream factors required for the mimicry polymorphism.  

DSX Directly Regulates Unlinked Modifier Expression. Mimicry 
polymorphisms are predicted to be controlled by both switch genes 
and epistatic modifier genes (23, 28). Epistatic modifiers, also 
known as “specific modifiers” (6, 15), function with the mimicry 
allele to control development of the mimetic pattern, but have 
little or no effect on nonmimetic pattern development. Although 
classic, multigene supergenes may evolve when modifiers are linked 
to the switch gene, most modifiers are expected to be unlinked to 
the mimicry locus (15, 26, 28, 44). Multiple genes are known to 
function downstream of dsxH in P. polytes and P. alphenor, including 
components of canonical Wnt signaling and the transcription 
factors rotund and engrailed (3435, 37). Consistent with their roles 
as epistatic modifiers of the dsx switch, these genes are differentially 
expressed between mimetic and nonmimetic female wings and, 
importantly, RNAi of these genes disrupted mimetic patterns but 
had no effect on male or nonmimetic female patterns (34, 37). 
Our DSX CUT&RUN data immediately suggested that DSX 
could directly regulate the expression of these and other unlinked 
modifiers, providing a molecular basis for epistasis.

 We tested this idea by intersecting the set of genes that were 
differentially expressed (DE) between mimetic and nonmimetic 
females with our DSX CUT&RUN results (SI Appendix, Figs. S14 
and S15  and Dataset S1 ) ( 34 ). We found 266 DE genes that were 
also differentially bound by DSX in early pupal wings, strongly 
suggesting that these are direct targets of DSX regulation. These 

potential modifiers include TFs known to be involved in the mim-
icry switch: rotund , engrailed , and prospero  ( 34 ,  37 ); the butterfly 
color patterning TF aristaless-1  ( 45 ); the T-box TF midline;  and 
at least eight other DNA-binding proteins ( Fig. 4A   and 
﻿Dataset S1 ). All of these potential modifiers, except pros , are 
unlinked to dsx . Overall, DSX binding was strongly correlated 
with lower gene expression in early pupal wings (Pearson’s 
﻿r  −0.286, P  = 0.002), consistent with its primary role as a repressor 
in Drosophila  sexual differentiation ( 46 ).        

 We confirmed the roles of al-1  and mid  in the mimicry switch 
using RNAi. mid  RNAi caused the boundary between medial red 
and white patterns to shift distally, and disrupted patterns of blue 
scales ( Fig. 4D  ). al-1  RNAi caused a more dramatic shift in the 
red/white boundary and a near-complete loss of blue scales 
( Fig. 4G  ). Consistent with their roles as epistatic modifiers of the 
mimicry switch, we observed minimal effects of al-1  or mid  RNAi 
on nonmimetic color patterns (SI Appendix, Fig. S16 ). These 
results and existing RNAi of en , pros , and rn  confirmed the roles 
of these five direct targets in the mimicry switch ( Fig. 4 ) ( 34 ,  37 ). 
These results provide strong evidence that the mimetic allele is 
epistatic to unlinked modifier genes because it directly binds to 
modifier CREs. Future work that specifically disrupts DSX bind-
ing sites would directly test this link.  

Temporal Dynamics of the Mimicry Switch. dsxH switches 
on mimetic pattern development in the early pupal wing, but 
becomes decoupled from this process as development continues. 
We know this because antibody stains showed that DSXH 
expression 1) never fully prefigured the adult pattern and 2) by 
mid-pupal development becomes restricted to regions of the wing 

Fig. 3.   The mimetic allele gained multiple novel CREs bound by DSX itself. (A and B) Normalized CUT&RUN coverage tracks for DSX, the active promoter/enhancer 
histone mark H3K4 trimethylation (H3K4me3), and negative control immunoglobulin G (IgG) in early pupal nonmimetic (A) and mimetic (B) female wings. Coverage 
across the whole of chromosome 17 is shown. Peaks of coverage indicate regions of the genome bound by the target proteins. The shaded region indicates the 
location of the dsx inversion. (C and D) DSX CUT&RUN coverage tracks in the nonmimetic h allele (C) and mimetic H allele (D) in early pupal wings. Statistically 
enriched DSX peaks are shown below the coverage tracks for each allele. Peaks that are significantly differentially bound by DSX between males and females 
are indicated by triangles. All differentially bound peaks are more strongly bound in females than in males (SI Appendix, Tables S11 and S12). Gray lines connect 
orthologous CREs (from Fig. 1). (E) The consensus DSX binding site motifs in Papilio and Drosophila. Letter heights are proportional to the base frequencies at 
each position in the binding site. See SI Appendix, Fig. S13. (F) Boxplot of the strength of DSX binding site sequences in different classes of DSX CUT&RUN peaks, 
measured using log-odds scores. Higher values indicate better matches between the peak sequence and the consensus motif (panel E). Scores are shown for 
sites in all peaks genome-wide (all peaks); peaks conserved between the h and H alleles (h peaks and H peaks); or in H-specific peaks. No pairwise comparisons 
were significantly different (all Welch’s t test P-values >0.1).
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which will become white (34). Temporal patterns of differential 
DSX binding and differential CRE accessibility further support 
the idea that DSX quickly becomes decoupled from mimetic 
pattern development (Fig. 4 and SI Appendix, Fig. S15). In early 
pupal development, 3640 (35.3%) DSX peaks (spread among 
2187 genes) were differentially bound between mimetic and 
nonmimetic female wings. However, by mid-pupal development, 
only 557 (5.4%) DSX peaks were differentially bound, with just 
46 peaks among 41 DE genes, including rn and al-1. This loose 
relationship between DSX binding and differential expression is 

consistent with work in Drosophila that showed DSX binds many 
targets genome-wide, but affects expression of only a small number 
of those genes, presumably due to the availability of appropriate 
cofactors (46).

 In contrast to DSX binding, 1.7% of CREs were differentially 
accessible between early pupal wings, while 27.7% were differen-
tially accessible in mid-pupal wings (SI Appendix, Figs. S14 and 
S15 ). These changes were associated with differential expression 
independent of DSX binding because 5.6% of DE genes contained 
at least one differentially accessible CRE in early pupal wings, but 

A D G

HEB

C F I

Fig. 4.   Acute and long-term consequences of DSX binding in early pupal wings. (A) Stacked barchart of the numbers of differentially expressed genes between 
mimetic and nonmimetic females that also contain at least one differentially bound (DB) DSX peak and/or at least one differentially accessible ATAC peak. Select 
genes known to be involved in wing development are listed. Genes with experimental evidence for their involvement in Papilio mimicry are bolded (34, 37). (B) 
Expression pattern of engrailed, a known downstream target of DSX in the mimicry switch (34). (C) Normalized ATAC and DSX CUT&RUN coverage tracks from 
nonmimetic h and mimetic H females near engrailed in early (Top) and mid-pupal (Bottom) development. Differentially accessible ATAC peaks or differentially 
bound DSX peaks between mimetic and nonmimetic females are indicated by Δ underneath the pairs of tracks being compared. Gene models are shown with 
blue boxes (exons) and lines (introns) below. (D−F) Functional and functional genomic analysis of the transcription factor midline. (D) midline RNAi in a mimetic 
female. Short interfering RNAs targeting midline were electroporated into the ventral surface of the left wing following previous work (34, 47). RNAi-induced 
pattern changes are inferred from comparison to the Right (not injected) wing pattern. Pink dashes outline the area that was electroporated. Red dashed lines 
in the insets indicate the observed and expected boundaries between white and red patches. Note the distal shift of the white/red boundary and disruption of 
blue scale patterning in the RNAi wing. (E) midline expression. (F) Same as C, but for midline. (G−I) Functional and functional genomic analysis of aristaless-1. (G) 
aristaless-1 RNAi in a mimetic female. Note the distal movement of the white/red boundary and nearly complete loss of blue scales in the RNAi wing. (H) aristaless-1 
expression. (I) Same as C, but for aristaless-1. Additional RNAi can be found in SI Appendix, Fig. S16. Peak and RNA-seq dataset can be found in Dataset S1.
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40.8% of DE genes contained at least one differentially accessible 
CRE in mid-pupal wings ( Fig. 4 ) ( 34 ). DSX thus appears to directly 
regulate few genes early in development whose effects are propagated 
to later stages despite being decoupled from DSX binding itself.   

Discussion

Structure and Evolution of a Supergene. Complex balanced 
polymorphisms require a simple genetic architecture to switch 
between alternate phenotypes. The basic concept of a supergene 
as a complex of coadapted genes was developed over a half-century 
ago yet we still lack much of the functional data necessary to say 
whether or not this concept is accurate (15). The key hurdle to 
testing these concepts has been identification of the functional 
genetic elements of supergenes. Until now, only the Primula 
S-locus has been demonstrated to contain multiple functional 
elements—genes in that case—that each contribute to the 
complex balanced polymorphism (48). Here, we show that the 
dsx supergene combines elements from classic models of supergene 
evolution and our current understanding of gene regulation: The 
dsx supergene contains multiple discrete functional elements 
within a single regulatory gene, each essential for dsx expression 
in the mimetic wing, linked together by an inversion. Recent 
authors have labeled these “multisite” supergenes to contrast them 
with classic, multigene, supergenes such as the Primula S-locus 
(6, 8, 16, 17).

 How did the dsx  supergene evolve? Although the supergene’s 
genomic structure is clear, its evolution remains murky because 
the dsx  inversion and all six H﻿-specific CREs were present in the 
last common ancestor of P. polytes  and P. alphenor  ~1.5 Mya 
( Fig. 1 ) ( 36 ). We hypothesize that this supergene originated via 
the gain of a novel CRE(s) that drove a spike of dsx  expression 
in the early pupal wing that initiated mimetic pattern develop-
ment. Subsequent gain of additional CREs may have helped 
refine the novel allele’s expression pattern across development, 
and the mimetic wing pattern in turn ( 33 ,  34 ). A key require-
ment for the evolution of supergenes is that these subsequent 
mutations are only beneficial when combined with the initial 
mutation—i.e. that they are conditionally advantageous. 
Importantly, our CRISPR/Cas9 experiments showed that at least 
four of the five novel dsx  CREs are conditionally advantageous: 
Knocking out any one of these CREs completely breaks the 
mimicry switch ( Fig. 2 ). Selection for mimicry would have then 
favored maintenance of an inversion that suppressed recombi-
nation between epistatic CREs along the 150 kb dsx  region 
because linkage disequilibrium decays rapidly in butterflies, 
down to equilibrium within ~10 kb ( 49 ). Combinatorial CRE 
knockouts, or potentially knock-in of mimetic CREs into the 
nonmimetic allele, could help reconstruct the stepwise evolution 
of this supergene.

 The evolution of butterfly wing patterns often depends on 
quantitative shifts of color pattern boundaries rather than the 
appearance of new pattern elements ( 50 ). It remains unclear 
whether a simple spike of dsx  expression would alone be sufficient 
to induce development of a rudimentary mimetic pattern—step 
one in Fisher’s model of mimicry evolution ( 23 ). However, our 
observations that DSX directly regulates expression of genes that 
are known to control color pattern development in other butter-
flies, such as engrailed  and aristaless-1,  suggest that the mimetic 
pattern likely evolved through modification of existing wing reg-
ulatory connections and color patterning programs ( 34 ,  50 ). DSX 
was bound to these genes in both mimetic and nonmimetic female 
wings, supporting the idea that those regulatory connections 
existed before mimicry evolved.  

Co-Option and Evolution of Switch Genes. Complex balanced 
polymorphisms depend on alleles at a single locus that switch 
between alternate phenotypes. Switch genes may therefore 
be expected to be regulatory genes (TFs, signaling ligands, or 
receptors) that widely affect development. In addition to dsx, the 
Hox genes engrailed and invected are associated with the Papilio 
dardanus mimicry polymorphism, and GLO2 controls anther 
position in heterostyly polymorphisms. Our work provides two 
insights into how such conserved genes can be co-opted into 
new roles like switch genes. First, we showed that dsx co-option 
occurred through the gain of new CREs. These CREs cannot 
be essential for its ancestral, conserved function in development 
of sexual dimorphisms. If the function of these novel CREs is 
limited to the developing wing—i.e. they do not have deleterious 
pleiotropic effects—then they are free to optimize their functions 
in mimetic pattern development. Our ATAC-seq data from 
developing heads provide some support for this scenario, as no 
H-specific CREs were accessible in heads. Although mutations 
in or loss of conserved CREs may have still played a role in the 
mimicry switch, the primary cause of its evolution appears to be 
the gain of novel regulation.

 Second, we found strong evidence that dsx  transcription is 
directly regulated by the DSX TF (i.e. autoregulation) ( 51 ). This 
does not imply that DSX is the only TF that regulates dsx  expres-
sion in the developing wing, only that dsx  expression depends on 
DSX. Future work that disrupts individual DSX binding sites 
within H- specific CREs, rather than entire CREs, would specifi-
cally test the autoregulation hypothesis. We propose that positive 
autoregulation could provide a simple route to switch gene evo-
lution and, importantly, dominance. New alleles are often incom-
pletely dominant and produce intermediate phenotypes in 
heterozygotes ( 23 ). Yet balanced polymorphisms depend on 
proper development of discrete, alternate phenotypes. Natural 
selection for mimicry, in particular, favors the rapid evolution of 
dominance at the switch gene because it exposes the new allele to 
selection and eliminates intermediate, poor mimics ( 23 ,  24 ). 
Gaining positive autoregulation could immediately cause new 
switch gene alleles to become dominant because it would boost 
the new allele’s expression over the ancestral allele. These effects 
would be limited to the novel allele, allowing further independent 
evolution of the alternate phenotypes. Autoregulation may also 
avoid deleterious pleiotropic effects, such as those from ectopic 
expression, because expression continues to be limited to tissues 
or stages where the gene is already expressed. Autoregulation could 
play an identical role in the evolution of classic supergenes, where 
TFs or other regulatory genes control their own and/or nearby 
gene expression. Divergence between alleles, in CREs or 
protein-coding sequences, and subsequent recombination sup-
pression would then refine the supergene alleles’ functions accord-
ing to classic models ( 15 ).  

Molecular Basis of Epistasis Between Switch Genes and 
Modifiers. Mimicry polymorphisms depend on both the switch 
gene and the epistatic modifiers it controls (23). By definition, 
epistatic modifiers, sometimes called specific modifiers, are any 
genes required for the balanced polymorphism that respond 
differently to alternate switch gene alleles (15). Classic supergenes 
only evolve when switches and their modifiers are already tightly 
linked and, indeed, many modifiers are not linked to butterfly 
mimicry supergenes at all. Crosses in Papilio dardanus and 
P. polytes exemplify this phenomenon (31, 44, 52). Within-
population crosses always yielded offspring with good mimetic 
patterns and complete dominance while between-population 
crosses yielded intermediate patterns and incomplete dominance. D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 K

ir
st

en
 V

al
le

e 
on

 O
ct

ob
er

 1
6,

 2
02

5 
fr

om
 I

P 
ad

dr
es

s 
12

8.
13

5.
15

6.
43

.



8 of 9   https://doi.org/10.1073/pnas.2509864122� pnas.org

That is, segregation revealed that each population evolved 
unlinked epistatic modifiers despite using the same switch (28, 
44). These interactions rapidly evolve. For example, all P. polytes 
develop hindwing tails, but only mimetic P. alphenor develop 
hindwing tails. Thus, P. alphenor carries genetic variation at one 
or more unlinked tail loci that is epistatic with the mimetic dsx 
allele (31). The same is true for the size of the mimetic white 
patch and forewing color pattern (31). Furthermore, genes that 
are involved in P. polytes mimicry, such as U3X, do not appear to 
be involved in P. alphenor (Figs. 2 and 3) (37). We suspect that 
these results are explained by mutations in modifier CREs that 
are bound by the switch gene itself, and therefore only revealed 
in the presence of the dominant switch gene allele. Refinement of 
the mimetic pattern may occur through cis-regulatory divergence 
in modifier genes, particularly in CREs that are directly bound 
by the switch gene. Disrupting DSX binding sites in putative 
modifiers such as en, mid, and al-1 would directly test this 
hypothesis.

 Finally, epistasis between two genes can be caused by myriad 
mechanisms, from their participation in a protein complex to 
direct transcriptional regulation of one gene by another ( 53 ). 
Our results provide a counterpoint to recent work in ruffs ( 20 ). 
In these birds, development of alternative male morphs is 
strongly associated with the epistatic effects of circulating tes-
tosterone. Testosterone levels, in turn, are associated with one 
of the ~100 genes in the supergene, HSD17B2.  Unlike direct 
regulation (i.e. the switch gene product itself binds to its down-
stream effectors to regulate their transcription), indirect regula-
tion results from intra- or intercellular signaling cascades that 
culminate in differential gene expression. Indirect regulation also 
appears to underlie widespread differential expression between 
fire ant colony social organizations ( 54 ). Whether supergenes 
often control epistatic modifiers via direct regulation by switch 
genes, indirect regulation by circulating hormones, or other 
indirect mechanisms will be important for understanding the 
general mechanisms by which complex balanced polymorphisms 
evolve and function.   

Materials and Methods

Additional details and information on experimental procedures can be found in 
the SI Appendix, Extended materials and methods.

Butterflies. Papilio alphenor genotyping, care, developmental staging, and RNAi 
were performed following (34).

Genome Assembly and Annotation. High molecular weight genomic DNA was 
extracted from individual adult female thoraxes using the QIAgen (USA) Blood 
& Tissue Kit, then used to construct long-read sequencing libraries using the 
Oxford Nanopore Technologies (USA) LSK-110 kit. Each library was sequenced 

on one R9.4.3 flow cell on a minION Mk1b. Reads were then assembled using 
Flye (55) then polished using Medaka. Assemblies were annotated using our 
previous pipeline (34). See SI Appendix, Extended materials and methods and 
Tables S13 and S14.

Hi-C. Hi-C libraries were constructed using hindwing tissue from HH or hh males 
or females and the Dovetail Genomics’ (USA) Omni-C kit following the manufac-
turer’s instructions. Hindwings from five individuals were pooled for each library. 
Libraries were pooled and sequenced PE150 on a NovaSeq 6000 S1 flow cell, 
then processed using the Juicer v1.6 pipeline (56). Data were used to scaffold 
the mimetic P. alphenor assembly and to identify TADs using hicExplorer (57).

ATAC-Seq. ATAC-seq was performed on hindwings or clean brain and retina from 
individual pupae following published protocols (38, 58). Samples were collected 
from Hh or hh males and females at two developmental stages (15 and 35% 
pupal development) in triplicate. Libraries were sequenced PE50 on an Illumina 
NovaSeqX for an average of 30M read pairs per sample. After mapping and quality 
control, we identified peaks using F-seq2. Orthologous ATAC peaks within the 
dsx region were identified using BLAST. See SI Appendix, Extended materials and 
methods and Table S1.

CRISPR/Cas9-Mediated CRE Knockouts. We targeted individual CREs for 
knockout by injecting Cas9 protein and 2 to 4 sgRNAs flanking the CRE of inter-
est into Hh eggs within 3 h of being laid. Surviving larvae were allowed to grow 
and emerge as adults before screening. Adults with large mutant clones were 
chosen for deep, long-read sequencing essentially following the Nanopore pro-
tocol described above. See SI Appendix, Supplementary text and Tables S8 and S9.

CUT&RUN. CUT&RUN was performed following (42). Samples were collected 
from individual homozygous HH or hh males and females at two developmen-
tal stages (15 and 35% pupal development) in triplicate. We pulled down DSX, 
H3K4me3, and IgG from each sample (a single pair of hindwings). Libraries were 
sequenced PE50 on a NovaSeq 6000 to ~10M read pairs per sample. CUT&RUN 
peaks were identified using MACS3 and IgG as the control track (59). Peak anno-
tation and motif identification were performed using HOMER 4.11 (43). See 
SI Appendix, Supplementary text and Table S10.

RNA-Seq Reanalysis. RNA-seq data from ref. 34 were analyzed using the new 
reference genome and annotation following the pipeline described in that paper.

Data, Materials, and Software Availability. Illumina ATAC and CUT&RUN 
sequencing data are publicly available in the National Center for Biotechnology 
Information (NCBI) BioProject PRJNA1062051 (60). Genome assemblies, annota-
tions, R projects, and full analysis results are publicly available in Dryad accession 
10.5061/dryad.tx95x6b75 (61). Previously published data from ref. 34 available 
in NCBI BioProject PRJNA882073 were used in this work (62). Anti-DSX antibody 
is available from the authors upon request. All other data are included in the 
manuscript and/or supporting information.
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