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Little is known about the extent to which species use homologous regulatory architectures to achieve
phenotypic convergence. By characterizing chromatin accessibility and gene expression in developing
wing tissues, we compared the regulatory architecture of convergence between a pair of mimetic
butterfly species. Although a handful of color pattern genes are known to be involved in their
convergence, our data suggest that different mutational paths underlie the integration of these genes
into wing pattern development. This is supported by a large fraction of accessible chromatin being
exclusive to each species, including the de novo lineage-specific evolution of a modular optix enhancer.
These findings may be explained by a high level of developmental drift and evolutionary contingency
that occurs during the independent evolution of mimicry.

s species diverge, mutations accumulate,

and genes, regulatory elements, or path-

ways that are tightly regulated during

development in one species may not be

similarly constrained in the other. These
genetic changes can generate different ge-
nomic environments that still underlie the
same phenotypes, a process called develop-
mental systems drift (7). Cases of convergent
evolution allow us to study how natural selec-
tion can generate biological similarities in
independent lineages despite their different
genomic environments (2). This largely un-
answered question has implications for un-
derstanding the molecular mechanisms that
promote biological diversity.

Studying convergent evolution within Hel-
iconius butterflies (3) and other adaptive ra-
diations such as African cichlids (4) has
provided insight into the link between nat-
ural selection and the genetic variation that
has shaped the appearance of diverse mor-
phologies. Recently, owing to technological
advances in chromatin profiling, we can study
the gene regulatory architecture of these mor-
phological adaptations (5-8). Chromatin re-
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modeling plays a key role in determining
cellular identity by exposing cis-regulatory
elements (CREs) to transcription factors (TFs)
and regulating gene expression, thus present-
ing an important link between genetic muta-
tions and developmental processes (9). In
this work, we used this approach to study
the degree of regulatory homology in a case
of Miillerian mimicry between two pairs of
Heliconius species and determine how muta-
tional differences have affected the evolution-
ary trajectory toward convergence.

In Heliconius butterflies, divergence and con-
vergence of wing color patterns has largely
been assigned to allelic changes at only a few
genes with major phenotypic effects (10-13).
However, recent studies of accessible chro-
matin have revealed an intricate regulatory
architecture near these genes that modulates
their spatiotemporal expression patterns (14-17).
Whereas one study revealed that indepen-
dent modular CREs at the cortex gene con-
trol the mimetic yellow hindwing bar between
Heliconius erato and Heliconius melpomene
(16), a similar study on the optix gene proposed
that conserved pleiotropic CREs underlie red
color patterns between these comimics (17).
Moreover, a third study on WntA suggested
that divergent regulatory changes could ex-
plain the different melanic wing patterns in-
duced by a CRISPR-Cas9 WniA gene deletion,
or knockout (KO), across three pairs of Heli-
conius mimics (18, 19). Overall, these studies
are suggesting a divergent regulation of mimetic
wing patterning that has evolved from an an-
cestral developmental plan (20).

Our work focuses on a pair of comimetic
Heliconius species from Panama that di-
verged ~11.1 million years ago and converged in
forewing pattern (H. erato, geographic morphs
demophoon and hydara, and H. melpomene,
geographic morphs melpomene and rosina)
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convergence in wing color patterns has ..
curred through a homologous or nonhomol-
ogous regulatory architecture, we combined
differences in chromatin accessibility and
gene expression data with a pangenome ref-
erence approach that accounted for genomic
deletions and insertions (21). Using this strat-
egy, we (i) investigated the level of chromatin
similarities genome-wide, (ii) quantified and
characterized differences in chromatin ac-
cessibility and gene expression in develop-
ing wings and sections of the forewing, and
(iii) used CRISPR-Cas9 to validate a previ-
ously uncharacterized functional CRE near
the red color pattern gene optix that under-
lies this convergent phenotype exclusive to
the H. erato lineage.

Differences in chromatin accessibility suggest
a divergent regulatory architecture

We quantified the magnitude of genome-wide
changes in chromatin accessibility in the two
butterfly species as a function of tissue and
development (Fig. 1B). As expected, we ob-
served highly dynamic chromatin remodeling
over development (22), which represented the
strongest predictor of chromatin accessibil-
ity within species (Fig. 1C). Out of the 152,897
ATAC-seq (assay for transposase-accessible
chromatin with sequencing) peaks identi-
fied across the total dataset in H. erato (all
tissues and time points), a total of 7.02, 4.51,
and 7.92% were differentially more accessi-
ble (i.e., had significantly more ATAC-seq read
counts), respectively, in fifth-instar larvae and
36- and 60-hour pupae. In H. melpomene, out
of a total of 135,296 ATAC-seq peaks, 8.39,
3.08, and 2.55% were differentially more acces-
sible, respectively in fifth-instar larvae and 36-
and 60-hour pupae (fig. S1).

To explore the distinctness of the species’
chromatin landscapes, we compared the posi-
tion and DNA sequence conservation of ATAC-
seq peaks between H. erato and H. melpomene
using a pangenome assembly. We tested for
different overlap [1 base pair (bp) versus 50%
reciprocal overlap] and replication criteria
(i.e., peak present in at least two samples ver-
sus all samples, tissues, or time points) and
consistently found a high number of species-
specific open chromatin regions (table S1). For
example, we found 57% of the total number
of ATAC-seq peaks to be species-specific, with
7277 in H. erato and 10,762 in H. melpomene
when we used our most conservative analyses
(peak present in all samples for a tissue or time
point within species and only 1-bp overlap
between species) (table S1, panel iv). This level
of distinctness was increased to 70.2% when
we used a 50% reciprocal overlap between
peaks from all samples and developmental
time points, with 10,467 in H. erato and 13,952
in H. melpomene. Across all overlap criteria,
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the lowest proportion of specific ATAC-seq
peaks observed was 26.1% in H. erato and
28.3% in H. melpomene (table S1). The dis-
tinctness in the chromatin landscape further
increased when we accounted for differen-
tial accessibility among overlapping peaks
(tables S2 and S3). For example, among the
total of 33,678 ATAC-seq peaks that were
identified as having 50% reciprocal overlap
between the two species, 8.1% (2724) to 18.1%
(6084) were significantly differentially ac-
cessible between the same tissues and time
points [table S3, foldchange (FC) > 1, adjusted
P < 0.05]. We found such a distinct chro-
matin architecture between H. erato and
H. melpomene to be equally distributed across
the 21 chromosomes (fig. S2).

Finally, we observed that ATAC-seq peaks with
less overlap between species in the pangenome
alignment generally occurred in less-conserved
genomic regions (Fig. 1D, left column). We
identified that for 11.7% (2347) and 7.9% (758)
of the total ATAC-seq peaks identified, the
sequence was only present (0% sequence sim-
ilarity) in H. erato and H. melpomene, respec-
tively, and up to 41.4% (8332) and 46.5% (4479)
had less than 50% sequence conservation (Fig.
1F, right column). Specific ATAC-seq peaks

between comimics

(with 0-bp overlap between species) had sim-
ilar fold changes when compared to shared
peaks (Fig. 1E), which suggests that they have
similar changes in accessibility (see supplemen-
tal text and figs. S3 to S5 for details on fold-
change comparisons between species). Overall,
these results highlight the existence of a wide-
spread chromatin divergence, which is strongly
driven by genomic sequence evolution.

Dissimilarities in chromatin profiles of
developing fore- and hindwings

To compare the chromatin landscape of devel-
oping wings between species, we first studied
the differences between fore- and hindwing
chromatin in each species-specific genomic
background. Our analysis of ATAC-seq peak
position and sequence similarity highlighted
that highly overlapping peaks can have low
sequence similarity (and vice versa) (Fig. 1D).
For these analyses, we used a less-restrictive
minimum of two samples within-species for the
ATAC-seq peak to be retained in the analysis
and a 50% reciprocal overlap between the spe-
cies for the ATAC-seq peak to be considered
“shared” (table S1, panel i). These criteria
allowed us to also analyze the variable portion

D Sequence similarity distribution E
between H. erato and H. melpomene

of the ATAC-seq signal within-species and
enforced both physical overlap of ATAC-seq
peaks and sequence similarity between species.

As expected from the shared ontogeny of
wings (23), less than 0.5% of ATAC-seq peaks
across development had significantly different
chromatin accessibility between the fore- and
hindwings in each of the two species (Fig. 2A).
Out of 2535 ATAC-seq peaks subdivided into
1563 and 972 peaks that were significantly
differentially more accessible in one of the two
wings in H. erato and H. melpomene, respec-
tively, only 7.2% (183 regions) were considered
shared and had similar accessibility patterns
in the two comimics. These included peaks
near potentially important wing developmen-
tal genes such as distal-less (DIl), pangolin
(pan), and dachsous (ds) in the forewing and
Ultrabithorax (Ubx), aristaless (al), split ends
(spen), winged eye (wge), and cubitus interruptus
(c?) in the hindwing (Fig. 2A and table S4). Of
the remaining peaks with a species-specific
fore- or hindwing accessibility pattern, 58.8%
(1490) were not identified (distinctly called
peak) in the other species even at different
time points, and 3.8% (96) were identified
in both species but had significantly differ-
ent accessibility (tables S2 and S3). The 183
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Fig. 1. Sampling of chromatin accessibility (ATAC-seq) data and archi-
tecture of specific and shared chromatin landscape between H. erato

and H. melpomene. (A) Geographic distribution of red-banded H. erato and

H. melpomene postman morphs used in this study. The populations of H. erato
demophoon and H. melpomene rosina have a red forewing band and a yellow
hindwing bar and admix with, respectively, H. erato hydara and H. melpomene
melpomene that lacks the yellow hindwing bar. Samples come from reared
morphs of Panama indicated with an asterisk (*). (B) Tissue sampling of fifth-
instar head, forewing (FW), and hindwing (HW), and 36-hour pupal (day 1) and

Van Belleghem et al., Science 379, 1043-1049 (2023) 10 March 2023

60-hour pupal (day 2) FW sections (FP, FW posterior; FM, FW medial; FD, FW
distal) and HW. (C) Principal components analysis (PCA) of ATAC-seq count
values for peaks with at least 25% overlap between species. (D) Sequence
similarity distribution between H. erato and H. melpomene for shared (left, =1-bp
overlap, with overlapping ranges investigated at 25% intervals) and specific
(right, O-bp overlap) ATAC-seq peaks. Dashed lines indicate density distributions.
(E) Log2-fold changes of shared (colored) and specific (dashed lines) ATAC-seq
peaks that were differentially more accessible at a developmental time point

in H. erato and H. melpomene.
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Fig. 2. Forewing and hindwing identity observed from gene expression

and chromatin landscape. (A) Venn diagrams show the differentially accessible
(DA) ATAC-seq peaks between the fore- and hindwings in H. erato and

H. melpomene. Circles connected with dashed lines indicate how many of these
wing-specific ATAC-seq peaks are shared between the two species (50%
reciprocal overlap). (B) ATAC-seq profile near the Ubx gene in fifth-instar
caterpillars. Blue and green shading indicate sequence that is specific to H. erato
and H. melpomene, respectively. Peaks in red are significantly more accessible in
the hindwing compared with forewing near Ubx and indicate the expected
conserved homology at this gene. Asterisks (*) indicate peaks that are shared
between species but significantly differentially accessible. (C) TF motifs enriched

Van Belleghem et al., Science 379, 1043-1049 (2023) 10 March 2023

in differentially accessible ATAC-peaks between fore- and hindwing and their RNA
expression levels. Log(e-value) indicates the significance level of the enrichment
signal, with red and blue indicating higher enrichment in the fore- and hindwing,
respectively, and black indicating enrichment in both fore- and hindwing. Log2FC
indicates the expression level relative to the alternative wing. (D) Gene expression
volcano plots with differentially expressed genes that have a differentially accessible
ATAC-seq peak nearby. Red and blue indicate open ATAC-seq peak in fore- or hindwing,
respectively. Upward and downward triangles indicate the enhancing or suppressing
effect of the ATAC-seq peak. Significantly differentially expressed TFs with significant
motif enrichment signal are indicated in gray. The bar plots show the counts of the
enhancing and suppressing ATAC-seq peaks in fore- and hindwing.
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Fig. 3. Chromatin accessibility and gene expression in 36-hour pupa
forewing sections. (A) Differentially accessible (DA) ATAC-seq peaks between
forewing sections in H. erato and H. melpomene. ATAC-seq peaks are either

significantly open (black lines) or closed (dark red |

gradient + to — (increasing or decreasing accessibility from the proximal to

distal wing section). Green lines indicate ATAC-seq

shared between H. erato and H. melpomene. For each comparison, we present
the total and shared count numbers. (B) Numbers are differentially accessible
ATAC-seq peaks in the wing sections. In contrast to (A), these numbers are
obtained by pairwise comparisons between wing sections. Numbers at the
boundaries of wing sections indicate peaks with shared differential accessibility

shared wing identity peaks had an average
sequence similarity of 80.7% (SD = 14.5),
whereas the 2352 distinct wing identity peaks
had an average sequence similarity of 66.6%
(SD = 24.7), with 4.1% (97) being explained by
0% sequence conservation and 30.4% having
less than 50% sequence similarity in the alter-
native species (tables S5 and S6).

Van Belleghem et al., Science 379, 1043-1049 (2023)

ines) in FP, FM, FD, or a

peaks that are considered

other sections.

Of the ATAC-seq peaks that were more ac-
cessible in the hindwing, many were concen-
trated within 100 Kb of the Ubx gene [5.56% (82)
and 2.04% (20) in H. erato and H. melpomene,
respectively], which is known to be a key gene
for insect hindwing specification (23, 24) (Fig.
2B and fig. S6). The Ubx gene was in the only
genomic region where homologous ATAC-seq

10 March 2023

compared to the other wing section. Numbers in the middle of the wings
indicate peaks identified as shared between H. erato and H. melpomene
(50% reciprocal overlap). Wings on the right show the wild-type phenotypes
of H. erato and H. melpomene, with the blue lines indicating the extent of

red scale development (and optix expression) in the WntA CRISPR-Cas9 KO.
Numbers next to the wings represent DA peaks between FP or FM and FD

in H. erato and H. melpomene, respectively. (C) TF motif enrichment (left) for
differentially accessible ATAC-peaks between wing sections and expression

of associated TFs (right). Log(e-value) indicates the significance level of

the enrichment signal, and log2FC indicates the expression level relative to all

peaks were enriched in the hindwing between
the species across all developmental time points
investigated (fig. S7). Although most peaks
had a similar accessibility pattern in both spe-
cies, we also found 36 species-specific ATAC-
seq peaks near Ubx. Sequence conservation
was generally high at these chromatin regions
(83.9%). Nevertheless, one peak at this genomic
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Fig. 4. Key regulatory switch of red forewing band development. (A) Diver-
gence [Fixation index (Fst)], phylogenetic association (tree weighting), and ATAC-seq
profile of red FW band near the optix gene. Blue shading indicates sequence that
is specific to H. erato compared with H. melpomene. Red triangles indicate CRISPR-
Cas9 excision targets. The solid red triangle indicates the target for which loss of
red scales and gain of yellow scales in the FM section were observed. (B) Zoom-in on
the only differentially accessible peak near optix associated with red forewing
band. Gray bars and colors indicate aligned nucleotides and single-nucleotide
polymorphisms (SNPs), respectively, whereas horizontal lines represent gaps.

region was completely specific to H. erato and
three peaks were shared between both species
but significantly differentially accessible.
Enrichment analysis of TF-binding motifs
in peaks differentially accessible between the
fore- and hindwing also showed differences
between H. erato and H. melpomene (Fig. 2C).
At the fifth-instar stage, we found similarly en-
riched TF-binding motifs for Ubz, extradenticle
(exd), hunchback (hb), bric a brac 1 (babl),
Arrowhead (Awh), and Deformed (DFD) in the
forewing and Medea (Med) in the hindwing.
Overrepresented TF-binding motifs specific
to either H. erato or H. melpomene matched
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more than 26 additional TF-binding sites (Fig.
2C). The pattern of differentially accessible
ATAC-seq peaks was corroborated by sim-
ilarly highly divergent patterns of differential
gene expression between the fore- and hind-
wings of H. erato and H. melpomene (Fig. 2D),
including the TFs with enriched binding mo-
tifs. These genes showed patterns of activa-
tion or suppression by nearby CREs with a
relative distribution that changes between
wings, development, and species (Fig. 2D).
Our ATAC-seq and gene expression data show
conservation of chromatin accessibility at
the Ubx locus but also a substantial number
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Blue arrows indicate in silico TF binding sites specific to each haplotype. The dashed
lines indicate complete absence of homologous sequence. (C) CRISPR-Cas9 KO
phenotype of key regulatory switch. Because of the mosaicism of CRISPR-Cas9
mutants, the complete color pattern transition is represented by the composite
analysis of the individual mutant wing phenotypes. (D) Examples of geographic
morphs with yellow forewing band phenotypes. (E) Detail of phylogeny of

red (red circles) versus yellow (yellow circles) forewing band phenotypes at
the key regulatory optix switch. The dashed branch for the outgroup species and
H. melpomene indicates complete absence of homologous sequence.

of distinct chromatin peaks between the fore-
and hindwings of H. erato and H. melpomene.
Our results thus suggest that regulatory di-
vergence has evolved between the wings of
these comimetic species, which may poten-
tially include some functional changes at the
Ubx locus itself.

Low conservation in forewing patterning
between comimics

To study the developmental architecture (genes
and CRESs) of the comimetic red forewing band
pattern, we collected and analyzed ATAC-
seq and RNA sequencing (RNA-seq) data for

50f7

202 ‘6T Afenige4 uo AseAlun uolbulysep ab10a9) e 610'80us 105 MMM//:SAdNY WL} papeo jumod



RESEARCH | RESEARCH ARTICLE

forewing sections of 36-hour pupae of both
species (Fig. 3). With this approach, we tested
different possible combinations of wing pat-
terning (wing section and gradient-like ex-
pressed ATAC-seq peaks and genes; Fig. 3A).
As for the differences between whole wings,
the results from the three forewing sections
suggested a distinct architecture of pattern-
ing represented by the divergent chromatin
landscape and gene expression between the
comimics.

Using 50% reciprocal overlap, we identified,
across all of the different patterning tests, a
total of 2239 and 848 differentially accessible
ATAC-seq peaks between sections of the fore-
wing in H. erato and H. melpomene, respec-
tively. Only 3.3% of these were shared between
the two species. Similarly, when comparing
gene expression across wing sections, we iden-
tified 69 and 544 differentially expressed
genes in the forewing sections of H. erato and
H. melpomene, respectively, of which only two
(0.3%) had shared expression patterns (Fig.
3A). The shared ATAC-seq peaks had an av-
erage sequence similarity of 82.4% (SD = 12.6),
whereas the total of 2871 differentially acces-
sible ATAC-seq peaks specific to H. erato and
H. melpomene had an average sequence sim-
ilarity of 64.8% (SD = 25.1), with 3.0% explained
by 0% sequence conservation and 30.2% having
less than 50% sequence similarity in the alter-
native species (tables S5 and S6). Moreover,
our forewing section data provided a molecu-
lar opportunity to investigate the distinct WntA
KO behavior in the two comimics. Loss of func-
tion of the WnitA morphogen resulted in the
expansion of red scales and optix expression
in the proximal part of the forewing only in
H. erato and not in H. melpomene (Fig. 3B)
(18). Differential accessibility analyses between
forewing sections within each species resulted
in 247 common chromatin peaks between
the proximal and medial forewing sections
in H. erato but zero between the proximal
and medial forewing sections in H. melpomene.
This result matches the different effect of WntA
CRISPR-Cas9 KOs in H. erato and H. melpomene
(fig. S8), thus reinforcing the existence of a dis-
tinct regulatory architecture of forewing prox-
imal black in the two butterflies.

Apart from Med, babl, and hb, we found no
patterns of shared TF motif enrichment be-
tween H. erato and H. melpomene in wing
sections (Fig. 3C). We identified 12 TFs and
signaling molecules with nearby wing section-
specific ATAC-seq peaks or differential expres-
sion patterns in both species (tables S7 and
S8). These genes are known to be involved in
developmental processes that include cell
polarity, dorsoventral determination, and
proximodistal axis identity and may repre-
sent important developmental building blocks
around which gene regulatory networks have
diverged. However, these TFs had distinct
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patterns of regulation or expression between
the species because they were identified in
different tissue comparisons. Genes such as
engrailed and distal-less eyespots (25) rep-
resent additional genes, apart from the major
known color pattern ones, that may be im-
plicated in Heliconius wing pattern develop-
ment and evolution. From these analyses, it
emerges that a distinct regulatory architec-
ture and gene expression of phenotypically
identical wing patterning has evolved since
their split ~11.1 million years ago.

A species-specific modular enhancer underlies
the independent evolution of mimicry

To further investigate the implication of the
observed widespread divergence in regulatory
architectures between the comimetic butter-
flies on adaptive evolution (summarized in
table S2), we studied the regulation of the
“red” color pattern gene, optix. Our experimen-
tal design allowed us to study black and red
sections of the wings during key developmen-
tal time points when optix expression is active
[12 to 60 hours after pupation (10)]. Our ex-
pectation was thus to identify an open chroma-
tin region that is significantly more accessible
in the red medial forewing (FM) section and
within the respective genomic association in-
terval (13).

Within a 320-kb associated interval around
the optiz gene (13), we identified a total of
106 and 93 ATAC-seq peaks in H. erato and
H. melpomene, respectively (Fig. 4A and fig.
S9). Only one of these ATAC-seq peaks (155.5 kb
downstream of the optix gene) was within a
genetic yellow or red association interval hy-
pothesized to be a candidate region for red
forewing band regulation (73) and was signif-
icantly differentially accessible in the FM sec-
tion in H. erato (Fig. 4B). Functional validation
of this candidate CRE with CRISPR-Cas9 re-
sulted in a mutant phenotype in which scale
color-type changed from red to black or yel-
low in the FM of H. erato and did not affect red
color patterns on the ventral side of the wings
(efficiency equal to 65% of emerging adults)
(Fig. 4C., fig. S10, and table S8; see fig. S11 for
validation of excision mutations). Considering
that these mutants may be mosaic because
not all cells are being mutated in the wings, we
generated a composite of the yellow-forewing
mutant phenotypes, which resembled its sister
species H. himera and similar yellow-forewing
bands of other geographic H. erato morphs
(Fig. 4D). Excising two additional candidate
loci near optiz, but outside the association
interval, did not affect the red band pheno-
type (Fig. 4A and table S9). By contrast, a re-
cent study proposed a pleiotropic architecture
of the red hindwing rays and basal forewing
pattern (referred to as “dennis”) and suggested
that modular cis-acting enhancers of the gene
optixz that are sufficient to activate the pres-
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ence of red rays and dennis patches likely do
not exist (17, 26). Our data demonstrate that a
modular CRE near optiz is necessary to induce
a red band phenotype.

Phylogenetic analysis of the H. erato optiz
CRE clustered H. erato populations or spe-
cies within its lineage according to yellow
or red color phenotypes (Fig. 4E). The se-
quence of this optiz CRE was completely absent
in H. melpomene and in butterfly species more
distantly related to the Heliconius genus (Fig.
4E), thus suggesting its appearance at the origin
of the H. erato clade. In silico identification
of TF-binding sites, with the Drosophila data-
base as a reference, identified up to nine poten-
tial TF-binding sites specific to the red band
haplotype and 15 in the yellow haplotype (Fig.
4B). One of these TF-binding sites was for spalt-
related (salr), a transcriptional repressor that,
in Drosophila, mediates most decapentaplegic
(dpp) functions during the development of the
central part of the wing (27). These targets
represent candidates for upstream regula-
tion of optix and red pattern development in
Heliconius. These results reveal the evolution
of an adaptive optiz CRE in H. erato, which
demonstrates a distinct regulatory integration
of a wing color pattern gene in the develop-
ment of convergent morphologies.

Conclusion

Morphological characters of an individual re-
quire the organization of spatial and tem-
poral gene expression (28). The integration
of these genes and their products over the
course of development defines a gene regu-
latory network (GRN) in which TFs interact
with CREs of their target genes. There is a
general consensus that gain and loss of CREs
occurs at substantially higher rates than that
of protein-coding genes (29). Despite the im-
portance of CRE changes in the evolution of
form and function in animals (30), the mag-
nitude of CRE evolution and the context and
evolutionary times necessary for CRE func-
tion to diverge or for new ones to evolve are
not well understood and may be faster than
generally described (31).

Convergent evolution provides an opportu-
nity for comparative studies of CRE evolution
and function during adaptive diversifica-
tion. In Heliconius butterflies, mimetic species
have independently evolved virtually identi-
cal wing color patterns through a shared set
of color patterning genes. This has led us to
assume that convergent wing color pattern
evolution in Heliconius was achieved through
a common developmental plan. However, this
view has begun to shift recently (16, 18, 32).
In this light, the highly divergent chromatin
landscapes that we report for H. erato and
H. melpomene suggest low conservation of
CREs in the development of mimetic wing
patterns. Aside from similarities at Ubx, many
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genes were distinctively expressed, regulated, or
organized between H. erato and H. melpomene.
Thus, our findings provide a contrast between
the extremely conserved color pattern control
at the level of protein-coding genes, with low
similarity at the level of regulatory sequence.
We show how these highly divergent regula-
tory architectures play out in the evolution of
the red forewing band. A species-specific en-
hancer can switch red scales into yellow on the
forewing of H. erato (Fig. 4C). The composite
of the mosaic CRISPR-Cas9 mutants of the
optix CRE in H. erato resembled H. erato’s
sister species H. himera (33). This suggests that
the modular regulatory changes that underlie
wing color patterns also affect morphological
diversification in the early stages of speciation.
The lineage-specific nature of this CRE indi-
cates that independent genetic changes are
likely to be involved in species diversification
of the erato and melpomene clades.

Over the ~11.1 million years since the H. erato
and H. melpomene lineages split, they have
retained a shared toolkit of genes involved
in wing patterning (e.g., WntA, optix, cortex,
aristaless, distal-less, engrailed, antennape-
dia). However, they evolved nonhomologous
and quite distinct regulation of those genes
throughout development. Although the wing
patterns among mimics are highly similar,
they are not identical, with consistent minor
differences in pattern elements (fig. S12). These
phenotypic differences may be a direct result
of the fixation of independent developmental
alterations (e.g., CRE changes) in the two but-
terfly lineages. Thus, since their split, H. erato
and H. melpomene appear to have indepen-
dently accumulated distinct genetic variations
that modified an initially shared developmen-
tal system (20).

Our work highlights a high flexibility of evolu-
tionary trajectories that could be a widespread
property of any biological system. Whereas
neutral and selected genetic changes in repro-
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ductively isolated species can create distinct
genomic environments, a developmental sys-
tem may thus be able to compensate for and
accommodate these context-specific effects
of genetic variation. This may, in turn, result
in apparently similar but ultimately distinc-
tive species-specific developmental solutions,
as demonstrated by a high evolutionary turn-
over of CREs.
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