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EVOLUTIONARY BIOLOGY

Many functionally connected loci foster adaptive
diversification along a neotropical hybrid zone

James J. Lewis'?*, Steven M. Van Belleghem?, Riccardo Papa®*, Charles G. Danko?", Robert D. Reed'"

Characterizing the genetic complexity of adaptation and trait evolution is a major emphasis of evolutionary biolo-
gy and genetics. Incongruent findings from genetic studies have resulted in conceptual models ranging from a
few large-effect loci to massively polygenic architectures. Here, we combine chromatin immunoprecipitation
sequencing, Hi-C, RNA sequencing, and 40 whole-genome sequences from Heliconius butterflies to show that red
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color pattern diversification occurred via many genomic loci. We find that the red wing pattern master regulatory
transcription factor Optix binds dozens of loci also under selection, which frequently form three-dimensional
adaptive hubs with selection acting on multiple physically interacting genes. Many Optix-bound genes under
selection are tied to pigmentation and wing development, and these loci collectively maintain separation be-
tween adaptive red color pattern phenotypes in natural populations. We propose a model of trait evolution where
functional connections between loci may resolve much of the disparity between large-effect and polygenic

evolutionary models.

INTRODUCTION

Identifying the genetic basis of both the origin and maintenance of
adaptive traits is essential for the study of diversification. Recent
studies disagree, however, on the complexity of adaptive trait archi-
tecture, largely because approaches used for genetic mapping are
often inconsistent. Quantitative trait loci (QTL) studies investigating
the genetic basis of adaptive traits have repeatedly mapped natural
variation to a few Mendelian loci (I, 2). Similarly, studies of the loci
differentiating adaptive phenotypes in hybrid zones frequently find
a handful of genes that strongly segregate by phenotype (3-5). Yet,
these observations are increasingly incongruent with genome-wide
association studies (GWAS), selection associated with trait varia-
tion, and studies incorporating artificial selection, which all regu-
larly find many natural genetic variants of differing effect sizes that
associate with trait variation (6-8). This has led to several proposals
that many traits may be highly or massively polygenic (9, 10). An
oligogenic or polygenic architecture would, in turn, suggest that a
larger subset of causal variants might also contribute to maintaining
adaptive traits between hybridizing taxa. The discrepancy between
QTL studies, known for bias toward a few loci of large effect, and
the often multigenic composition of natural trait-associated varia-
tion is not new, yet reconciliation of these disparate findings has
been a challenge (9).

Here, we study hybridizing populations of Heliconius erato but-
terflies as a natural model for resolving this conflict. In Ecuador and
Peru, evolutionarily derived Radiate morphs of H. erato form hy-
brid zones along the Andes with several Postman morphs (Fig. 1A)
(5). In this region, genome-wide divergence is low, effective popu-
lation sizes are high (11), gene flow is frequent between hybridizing
morphs (12), and populations are only strongly differentiated by
three known color pattern-associated loci around WntA, cortex,
and optix (Fig. 1B). The master regulator gene optix acts as a classic
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Mendelian gene of large effect, and both QTL studies and scans for
genomic differentiation in hybrid zones have mapped control of
adaptive red mimicry color pattern variation to optix (3, 13-16).
Recent study of the Radiate phenotype in H. erato found that wing
patterns evolved via selection on at least five pleiotropic cis-regulatory
loci and that these elements were shared by all Radiate morphs
through adaptive introgression (17). Yet, despite the singular im-
portance of optix for red wing pattern evolution, studies in Heliconius
have found that quantitative variation in red wing patterns maps to
at least 15 of the 21 chromosomes in Heliconius (shown in Fig. 1C),
indicating that many more loci may be important contributors to
red color pattern adaptation in the genus (18-21). In this study, we
investigate the population genetic signatures of additional loci asso-
ciated with adaptive diversification and assess the extent to which
these may be functionally connected to optix.

RESULTS

Adaptive evolution of Optix-bound loci in Radiate

morph butterflies

We predicted that additional loci in the optix gene network may have
contributed to the adaptive diversification of the Radiate morphology.
Because Optix is a transcription factor that binds cis-regulatory ele-
ments (CREs; fig. S1A), focusing on Optix-bound loci limited our
analysis to genes directly regulated by the master regulator of red
wing coloration in butterflies. To test for additional adaptive evolu-
tion causally linked to red color pattern variation in H. erato,
we intersected a whole genome scan for selective sweeps using
SweepFinder2 (22) in a metapopulation of Radiate morphs (Fig. 1C)
with downstream targets of the Optix protein in midpupal wing tissue.
Consistent with the hypothesis that much of the Optix-associated
gene network may be under selection, Optix-bound CREs showed
significantly greater evidence of selective sweeps than expected
from CREs drawn randomly from wing assay for transposase-accessible
chromatin sequencing (ATAC-seq) data at the same developmental
stage (Fig. 2A). The composite likelihood ratio produced by
SweepFinder2 is capable of detecting hard sweeps (22), intro-
gressed sweeps (23), and, to a lesser extent, soft sweeps [e.g., (24)].
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Fig. 1. Genomic differentiation and selection in H. erato metapopulations. (A) Postman (western) and Radiate (eastern) metapopulations show Andean hybrid zone
between morphs. (B) Genomic differentiation between Radiate and Postman metapopulations with three major color pattern loci annotated. (C) Signatures of selective
sweeps in the Radiate metapopulation shows many loci under selection. Bars mark chromosomes significantly associated with red pattern variation in H. mel[pomene (red)

and H. erato (orange).
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Fig. 2. Optix binding sites mark loci of adaptation in the Radiate metapopulation. (A) Optix binding sites show significantly greater signatures of selective sweeps
than expected from annotated CREs chosen randomly from the same developmental stage. The 99.5th percentile line shows the cutoff threshold for strong signals of
selection, and bracket highlights the number of Optix-bound and control loci above this threshold. (B) Optix-bound loci with strong signals of selection often form
three-dimensional (3D) adaptive hubs. (C) Adaptive hub transcriptional start sites (TSSs) show elevated selection compared to other regulatory elements. (D) Functional
characterization of known genes at loci with strong signals of selection and adaptive hubs are often pigment associated.

Thus, much of the enriched composite likelihood ratio (CLR) signal
observed at Optix-bound CREs is likely due to selection on alleles
with varying origins and evolutionary histories, and some additional
soft sweeps may be identified in future studies.

We next used physical, Hi-C-based evidence of CRE-to-gene
interactions to link Optix binding sites to gene promoters and se-
lected CREs intersecting with selective sweep values (CLR) in the
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top 0.5% of all CLR scores as loci displaying strong signals of posi-
tive selection (fig. S1, B and C). Fifty-nine loci met the criteria of
Optix binding and high CLR values and were designated as addi-
tional loci of putative adaptive evolution driven by changing optix
expression domains (Fig. 2B). Targets of the Optix protein displaying
a strong signal of selection were found on 15 of 21 chromosomes,
including all but two chromosomes implicated in red color pattern
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variation (Fig. 1C and fig. S2A) (18-21). Together, evidence of in-
creased selection on Optix binding sites and numerous loci with
strong signals of selection in the Radiate metapopulation provide
compelling support for a multigenic adaptive process such as the two-
step model proposed by Sheppard et al. (13) and Baxter et al. (20).

Our finding that Optix binding sites are generally under in-
creased selection pressure led us to investigate the three-dimensional
landscape of adaptation at loci with strong signatures of selection.
To accomplish this, we compared our results to RNA sequencing
(RNA-seq) assays of differential gene expression between wing tis-
sue of Radiate and Postman butterflies at the same developmental
stage (25). We found that 65% of Optix binding sites that display
strong signals of selection formed cis-acting adaptive hubs, charac-
terized by a single CRE in the top 0.5% of CLR values that physical-
ly connects with two or more genes that are differentially expressed
between Radiate and Postman butterflies (Fig. 2C). Adaptive hubs
are defined locally by the presence of an Optix binding site with a
strong signal of selection in the Radiate metapopulation, with Hi-C
evidence of physical loops to at least two additional transcriptional
start sites (TSS) of genes differentially expressed between wing pat-
tern morphs. Thus, adaptive hubs are cis-acting networks of genes
in close physical proximity that are regulated by Optix and associated
with color pattern variation between morphs. This differs from de-
velopmental hubs derived from statistical analysis of network
connectivity that focus primarily on identifying large-scale genetic
interaction networks with both cis and trans interactions [e.g., (26, 27)].
Adaptive hub genes, excluding the hub center with a strong signal
of selection, displayed significantly greater signatures of selection
than expected when compared to both all genomic loci tested (all
CLR values) and selection at all annotated gene TSSs (Fig. 2D). The
median CLR value of hub genes indicated a moderate degree of se-
lection and was greater than the 95th percentile of either control
dataset. Consistent with our previous results showing increased se-
lection on Optix-bound loci, two-thirds of adaptive hub genes were
also bound by Optix, suggesting that selection can favor specific
three-dimensional Optix-associated landscapes in addition to indi-
vidual gene alleles.

We next annotated the function of known genes at adaptive hubs
and loci with strong signatures of selection to determine the compo-
sition of putative adaptive loci. In total, 160 genes with known func-
tions were linked to strong signals of selection on the Radiate optix
expression domain, as determined by selection on Optix-bound TSSs
or selection on distal CREs looping to the relevant TSS. Of these, 25%
(39) had annotated pigmentation or wing pattern-associated gene
functions, including some well-characterized pigmentation genes,
while an additional 8% (13) of genes performed a role in important
signaling pathways such as the Toll or Dpp pathways (Fig. 2D and fig.
S2B). Incorporation of pigmentation, patterning, and signaling genes
with genes of other, less obvious functions points to a complex adapt-
ive process targeting wing color—patterning genes, biochemical pro-
cesses, and potentially even compensatory mutations to account for
maladaptive effects of the changing optix expression pattern.

Optix-bound loci under selection differentiate Postman
from Radiate butterflies

Multiple lines of evidence implicate numerous loci in the adaptive
diversification of the Radiate morph. However, the extent to which
multiple loci also assist in maintaining adaptive divergence in the
Radiate metapopulation remains unclear. Current models of diver-
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sification within H. erato suggest that the Radiate phenotype evolved
in the western Amazon region about 300,000 years ago and became
the model for several comimetic species in the Heliconius and Eueides
genera (17, 28). Yet, despite strong ecological selection favoring the
Radiate morphology, extensive hybridization with non-Radiate
morphs of H. erato occurs along the Andes (3). The strongest signa-
ture of genomic differentiation between hybridizing red color pattern
morphs occurs around optix, and this remains true with a fixation
index (F) of 0.66 when comparing the Radiate metapopulation data
to 22 whole-genome datasets from the Postman-like metapopulation
along the western side of the Andes (Fig. 1B). Examination of loci
with strong signals of selection also bound by Optix, however, makes
it clear that many of these regions also act as a significant engine of
genomic differentiation between metapopulations.

As a case study, we looked more closely at the Optix-bound pro-
moter of the cotranscribed domeless/washout (dome/wash) genes,
which is 500 kb away from the major color-patterning gene cortex
and displays the strongest signature of selection within the Radiate
metapopulation (Fig. 3A). The Optix-bound dome/wash promoter
was not classified as an adaptive hub, indicating that while many
loci associated with selection on Optix binding sites form adaptive
hubs, strong candidate loci for color pattern-associated divergence
are not limited to hub loci. dome has been previously implicated in
multiple butterfly wing patterning roles, including yellow mimicry
patterns in Heliconius (29, 30). Specifically, the study of the presence
or absence of a yellow hindwing bar phenotype in H. melpomene
found a significant association between single-nucleotide polymor-
phisms (SNPs) at the dome/wash locus and the yellow bar pattern.
In crosses of Peruvian H. melpomene Radiate and Postman morph
butterflies, homozygotes for the yellow hindwing bar allele were
dominant over the Radiate hindwing phenotype. In H. erato, this
relationship was more complicated and dependent on alleles at
multiple Mendelian loci (31). Evidence of Optix binding at the
dome/wash promoter and prior association with mimicry pheno-
types thus suggests that optix interacts epistatically with dome/wash,
although additional study of this locus will be necessary to confirm
this function.

A sliding window scan of Fg, which measures within- versus
between-population differentiation, showed a high degree of dif-
ferentiation at the cortex locus as expected, and that differentiation
decreases with distance. F,; between the Radiate and Postman meta-
populations elevates again around dome/wash, with differentiation
well above the 99th percentile (Fig. 3B). While selection will often
lower nucleotide diversity, which, in turn, reduces the average pair-
wise genomic divergence between neighboring populations [e.g.,
(32)], any accumulated SNPs should differ between metapopula-
tions at loci that maintain genomic separation across hybrid zones
(see Supplementary Text). Therefore, we next sought to determine
the extent to which the available nucleotide polymorphisms drove
divergence between the Radiate and Postman metapopulations in-
dependent of within-population diversity (33). To accomplish this,
we measured the nucleotide divergence between the Radiate and
Postman metapopulations, normalized to the available nucleotide di-
versity (dy,/pi; Fig. 3C). Confirming our Fy-derived observation im-
plicating dome/wash as a locus separating metapopulations, dx,/pi
was extremely elevated (99.99th percentile) with no evidence of hap-
lotype exchange between the metapopulations.

To investigate the genome-wide significance of this observation,
we extended our analysis of metapopulation differentiation to all
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Fig. 3. Optix-bound loci with strong signatures of selection drive genomic differentiation between Radiate and Postman metapopulations. The dome/wash
color-patterning locus exemplifies a strong signal of selection (A) on an Optix binding site that displays elevated population differentiation (B) and population divergence
(€). Loci with strong signals of selection (selected loci) and the “pigment-associated” subset show increasingly significant population differentiation (D) and divergence
(E) between Radiate and Postman metapopulations relative to the genome-wide distributions.

Optix-bound loci with strong signals of selection. Fy values were
significantly greater (P < 0.001) at putative adaptive loci compared
to the genome-wide distribution, with the median value in the 93rd
percentile and an upper bound of 0.083 (Fig. 3D and fig. S3). d,,/pi
was also strongly elevated (P < 0.001) and showed an even greater
increase over the genome-wide distribution (with a median in the
97th percentile) than the relative measure of genomic differentiation
(Fig. 3E). Consistent with these loci separating metapopulations,
rather than solely reflecting selection, neither Fy nor d,,/pi was
strongly dependent on CLR at loci with strong signatures of selec-
tion (fig. S4). Together, our results clearly demonstrate that down-
stream targets of Optix regulation under recent positive selection
also act as moderate to strong barriers to gene flow between hybrid-
izing morphs.

A multigenic model of adaptive diversification of

the Radiate morphology

Updating the previous hypothesis for red color pattern evolution in
Heliconius (34), our results now suggest a two-component model of
adaptive diversification that captures the distinct processes that un-
derlie the evolution and maintenance of red mimicry color patterns
in the Radiate H. erato metapopulation: First, multigenic adaptation
occurs via selection on optix, a gene with complete developmental
control of red pigmentation in butterflies, and many additional loci
directly regulated by changing optix expression domains (Fig. 4A).
The genes associated with adaptive evolution of the Radiate mor-
phology indicate selection on pigment composition (e.g., black and
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UCH), wing morphology and patterning (nkd and osa), and apparent
epistatic interactions with other color pattern networks (dome/wash
and Whnt signaling). In the Radiate metapopulation, selection will
be a product of the relative frequency of a variant (e.g., a novel
mutation versus standing genetic variation), the effect size of selected
variants, and the ecological significance of the resulting phenotype.
Given the very large effective population size of most Heliconius
species, selection can easily act on relatively weak-effect variants to
optimize even seemingly minor aspects of the Radiate morphology.
While our data-driven approach cannot identify all genes associated
with red color pattern evolution, we nonetheless found considerable
evidence that adaptation relies on many genes in the optix network.

The Radiate phenotype is then maintained by varying degrees of
genomic isolation from the Postman metapopulation (Fig. 4B) at
many loci through both direct and conditional (i.e., dependent on
trans-allelic effects) differentiation at loci under selection
(Fig. 4, C and D). Along the Andean hybrid zone between the Radi-
ate and Postman metapopulations, genomic differentiation begins
when a hybrid individual (F; generation) backcrosses with one of
the two source populations (Fq genotypes). The backcross produces
maladapted offspring subject to selection in the Radiate metapopu-
lation if the F; Postman color pattern alleles are transferred to the F,
offspring. Allowing for recombination to narrow maladaptive hap-
lotypes, this results in a relatively small region that fails to pass
through the hybrid zone. Similar to selection on beneficial variants,
the strength of differentiation is determined by the degree of selection
on the resulting phenotype but also by the likelihood of a functional
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allele are only less fit when that individual also has the maladapted optix allele.

allele. In the case of optix, which is functionally independent of de-
velopmentally downstream variants, 50% of F, offspring will have
the maladaptive optix allele (18, 31, 35) and strong, direct differen-
tiation occurs (Fig. 4C).

Our results suggest, however, that conditional differentiation is
also prevalent in the Radiate metapopulation along the hybrid zone.
Adaptive alleles that are regulated by and functionally dependent
on optix will continue to segregate at a roughly 50:50 ratio. But be-
cause these loci mostly appear on other chromosomes, maladaptive
Optix-dependent haplotypes will only appear (and be subject to se-
lection) alongside a maladaptive optix allele in 25% of F, offspring
(Fig. 4D). Genomic differentiation at Optix-dependent loci is thus
conditional on allelic variation at optix itself, when in the presence
of a maladaptive optix haplotype, additional downstream genetic
variants from the adjacent morph will also be maladaptive. For ex-
ample, genetic variants relying on Optix activation in the hindwing
will have no effect in individuals without the hindwing optix expres-
sion domain. The conditional effect on differentiation is compounded
in cases where dependent variants may also interact, such as implied
by the synergistic effect of HDAC4 and lesswright mutant alleles on
Drosophila eye pigmentation (36). Since the degree of genomic dif-
ferentiation at a locus is a function of the strength of selection and
likelihood of a functional allele, the combination of selection and
independent segregation of alleles can produce a wide range of dif-
ferentiation at adaptive loci causally linked to optix expression. This
can nonetheless be a strong force for maintaining genomic separa-
tion between phenotypes.

Our current data provide some additional findings consistent
with the expectations of our adaptive diversification model. Consist-
ent with our proposal of selection on loci of varying effect size and
ecological significance, selection coefficients for Optix-bound loci
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with strong signals of selection were generally 4- to 10-fold lower
than observed at the optix locus (Fig. 5A). Similarly, our data sup-
port the view that adaptive loci that separate morphs through the
process of conditional differentiation will display signatures of ge-
nomic differentiation significantly elevated above background. In
our analysis, we found that Fy at 17 of 59 Optix-bound loci with
strong signals of selection was at or above the 97.5th percentile (the
third SD) and often much greater (Fig. 5B). Ultimately, however,
additional studies of developmental function and gene flow will be
necessary to rigorously test our model of adaptive diversification of
the Radiate morphology.

DISCUSSION

In this study, we show how signatures of adaptation can manifest
across a gene network. To what extent might future studies expect
to uncover additional genetic variation underlying trait adaptation?
The mode of multigenic evolution will partly determine the propensity
for both additional genetic variation and conditional differentiation.
Models of classic polygenic adaptation suggest that evolution from
standing genetic variation at many independent loci is a common
feature of multigenic adaptive processes (37). Adaptive alleles will
often be difficult to detect for classic polygenic adaptation, but none
are likely to be “hidden” from genetic studies of trait architecture.
Multiple-step adaptation, such as the proposed two-step model for
Heliconius wing pattern evolution (13, 20) supported here, diverges
from classic polygenic models by implicating sequential selection at
multiple loci over time and is thus less limited to only ancestral vari-
ants. That is, in multistep processes, novel variants that further
modify a trait might undergo a classic hard sweep, and the multi-
genic trait architecture would consist of both novel and ancestral
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Optix-bound loci with Fg greater than 0.04.

alleles. In either scenario, dependency of some alleles on another
locus of large effect will likely produce an effect similar to our find-
ings here.

The ability to detect multiple loci of adaptation will also depend
on the biological context of a study system. Hard sweeps are often
detected by CLR methods, while soft sweeps and minor frequency
shifts proposed in some polygenic models can be more difficult to
detect (38, 39). Soft sweeps on rare variants, such as deleterious al-
leles or variants that arose just preceding the adaptive event, will
often appear similar to hard sweeps (40) and can be detected with
CLR methods. Multistep adaptation along a hybrid zone, as pro-
posed here, will likely favor soft sweeps on rare variants if the sub-
sequent selection occurs early in the diversification process. In this
scenario, the initial adaptation will create a founder-like effect as the
populations split and neutral variants are slowly reintroduced by
gene flow. Population size variation, such as seasonal fluctuation in
population size, will also increase the “hardness” of a sweep (39).
Where adaptation occurs from older, neutral polymorphisms in re-
sponse to an environmental shift, alternative methods of detecting
selective sweeps may be necessary (38). Subtle shifts in allele fre-
quencies at multiple loci is the most problematic scenario for de-
tecting multigenic adaptation, although this is only expected when
mutation rates are extremely high or the loci under selection are
highly redundant with one another (41). For taxa where adaptive
introgression is likely, the ability to detect introgressed sweeps will
generally fall somewhere between hard and soft selective sweeps,
depending on the age of the adaptive allele in the source population,
the migration rate, and the origin of the new allele. In sum, tests for
selection more suited to partial sweeps from neutral variation may
identify additional loci associated with diversification in Heliconius
butterflies and other taxa.

Ultimately, our multigenic model of adaptive diversification in
Heliconius butterflies provides some resolution to the disparity be-
tween a few QTLs of large effect and the multigenic trait architec-
ture often seen in GWAS. QTL studies from a few source individuals
and scans for genomic outliers separating phenotypes will favor a
few loci of large effect when additional trait-associated variants are
functionally dependent on a single gene. Understanding the molecular
and developmental mechanisms of adaptation can, however, bring
hidden, conditional loci of adaptation to light. Thus, more detailed
analysis of the mechanisms of large-effect loci will be necessary to
develop a complete theory for the processes of adaptation and di-
versification. Future studies incorporating many more individuals
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will be important for understanding the complex genetic architecture
of wing polymorphisms in Heliconius. Our findings, however, show
that a few functional assays can substitute for hundreds or thousands
of genomic samples to identify adaptive network components (42).

MATERIALS AND METHODS
Optix binding site analysis
Genome-wide targets of Optix binding were determined using
chromatin immunoprecipitation sequencing (ChIP-seq) for the
Optix protein, as previously described (17). Forewing and hindwing
tissue from four to six Radiate H. erato individuals of mixed sex at
3 days after pupation were used to perform the ChIP assay. Samples
were taken from a laboratory colony of H. erato derived from Ecua-
dorian stock and kept pure for the Radiate phenotype. Samples were
dissected in phosphate-buffered saline, fixed for 7 min with fresh
formaldehyde, and flash-frozen on dry ice. Samples were then com-
bined by tissue for two replicates of both forewing and hindwing
assays. Chromatin from dounced and lysed samples was sheared to
approximately 250 base pairs (bp) using a Bioruptor, and IP was
performed overnight with a homemade Heliconius-derived Optix
antibody. Input samples were taken before adding the antibody as a
control. Library preparation was performed using the NEBNext
Ultra II DNA library preparation kit, and both input and control
libraries were sequenced on a NextSeq 500.

ChIP-seq and input control libraries were aligned to the Radiate
H. erato lativitta genome assembly (43) using Bowtie 2 (44). Non-
uniquely aligning reads were removed using a custom script, and data
were deduplicated using picard tools. Peak calling was performed
with MACS2 (45) on the paired BAM file using default settings, a
genome size estimate of 3.6 x 10%, and the input sequencing data as
a control. Peak calls from forewing and hindwing samples showed a
fivefold median increase over input, and 95% of ChIP peaks over-
lapped previously annotated sites of accessible chromatin from
ATAC-seq assays of the same developmental stage (25). Compari-
son of forewing and hindwing samples found that, as expected,
95.4% of peaks overlapped between wing tissues, so we generated a
single, high-quality ChIP peak set of 5051 Optix binding sites that
were used in subsequent analyses.

Hi-C processing
Hi-C libraries used to detect Optix binding site interactions were
generated using the in situ Hi-C protocol from Rao et al. (46) with
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minor modifications as previously described (17). Wing tissues
from forewing and hindwing Radiate H. erato butterflies were pre-
pared as described for the ChIP-seq assays. Four to five mixed-sex
individuals were combined for library preparation, wing tissue was
briefly dounced, and nuclei were permeabilized using 0.1% SDS. Samples
were centrifuged after ligation to remove any fragments not con-
tained within permeabilized nuclei before reverse cross-linking, and an
additional step was included to reduce fragments with unligated biotin
in the final libraries. Samples were sheared on a Covaris S2 sonicator,
and size was selected with 1.2x AMPure beads before library prepara-
tion. Sequencing libraries were prepared with the NEBNext Ultra II
DNA library preparation kit. Samples were sequenced on a NextSeq 500.

Hi-C data alignment and analysis were performed as previously
described: Hi-C libraries were aligned to the H. erato lativitta
genome assembly using Juicer (47). Matching our ChIP-seq analysis,
alignments from all replicates were then merged to produce a final
merged_nodups.txt file containing all Hi-C fragments for sub-
sequent analyses.

Hi-C interaction calls

To link Optix binding sites to gene TSSs, we used a two-component
pipeline. All TSS-proximal ChIP-seq peaks of less than 3 kb from a
potential target (generally promoter peaks) were assigned to the
proximal gene TSS. We then used the hicContactCaller pipeline
from Ray et al. (48) to determine the loci that interact significantly
at distances greater than 3 kb compared to an empirical background
model. This method calculates the observed number of reads con-
necting 3-kb windows around an Optix binding site (bait) to TSSs
within a predesignated distance (300 kb, prey window). An empiri-
cal expected value is determined from the local Hi-C alignments,
and a Fisher’s exact test is calculated using observed and expected
read counts connecting the bait and prey loci. Interaction between
the bait and prey loci were considered significant for P values of less
than 0.05, as this threshold was found to be well below the 10% false
discovery rate threshold in the previous study (48).

SNP calling

SNP calling for H. erato samples was performed as follows: Eighteen
whole genome resequencing samples from three geographically
adjacent H. erato Radiate populations (Radiate metapopulation:
H. erato lativitta, H. erato etylus, and H. erato emma) and 22 samples
from three geographically adjacent H. erato Postman populations
(Postman metapopulation: H. erato favorinus, H. erato cyrbia, and
H. erato notabilis) (3) were realigned to the Radiate H. erato lativitta
genome assembly (43) to produce gVCF (genomic variant call for-
mat) files using GATK HaplotypeCaller with default settings (49).
Populations were categorized as either “Radiate” or “Postman,”
consistent with previous analyses (3). Samples included all Radiate
and Postman individuals collected along the Andean hybrid zone
region; Radiate and Postman individuals from geographically dis-
tant populations, such as H. erato demophoon in Panama, were ex-
cluded. SNPs were filtered using VariantFiltration with the filter
“MQRankSum < -12.5 || FS > 60.0 || MQ < 20.0” and called using
GenotypeGVCFs. The VCF file was then additionally filtered to in-
clude only biallelic SNPs using VCFtools (50).

Detecting selective sweeps
SweepFinder2 (51) was used to detect signatures of selective sweeps
in the Radiate H. erato metapopulation. Allele counts for all biallelic
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Radiate sample SNPs were generated using VCFtools. SNPs were
polarized using H. erato phyllis [outgroup for East Andean Radiate
and Postman metapopulations (3)] whole-genome sequencing data
aligned to the H. erato lativitta genome assembly (3). The ancestral
allele was marked using the VCFtools fill-aa script. A custom script
was then used to convert VCFtools allele counts output to the
SweepFinder2 input format. SweepFinder2 was run using default
settings and set to test SNPs every 2000 bp (-sg 2000).

Tests for selection on Optix binding sites

To test for the increased selection on all Optix binding sites, the
highest CLR values from the SweepFinder2 output within 2000 bp
of Optix ChIP peaks were determined using bedtools (52). To pre-
pare a control dataset, we randomly selected the same number of
unbound peaks from H. erato lativitta ATAC-seq data using “shuf”
and determined the highest CLR value within 2000 bp. This ran-
dom sample was performed 10 times, then all samples were ranked
from lowest to highest, and the values were averaged for each rank
position to estimate the random expected value of the same number
of CREs sampled from the CRE distribution in the genome. A
Kolmogorov-Smirnov test was used to test for the significant differ-
ence between the expected and Optix-bound CRE distributions.
The top 500 data points for each category were plotted to increase
figure resolution.

To identify putatively adaptive Optix-bound loci, we designated
the top 0.5% of all CLR values, equal to or greater than 63, as sites
under with a strong signal of selection. We then selected all Optix-
bound loci with a CLR value at or above 63 as our initial dataset.
These were predominantly CRE loci but did include one gene that
showed a significant selection in the gene body and was bound by
Optix at the promoter. Because some highly repetitive regions show
very high CLR values and were likely regions of new repeats found
only in the Radiate clade, we manually curated selected loci to dis-
card any sites where a CLR window overlapped repetitive sequences.
The three major color pattern loci identified in scans of genomic
differentiation were excluded from all tests for the selection on
Optix-bound loci to preclude evidence of selection on the optix lo-
cus and other known loci of large effect.

Adaptive hub analysis

To test for evidence of three-dimensional evolution associated with
selection on Optix binding sites, we combined our Hi-C data with
12 RNA-seq datasets from wing tissue at 3 days after pupation (25).
RNA-seq samples were collected from laboratory colonies of a Radiate
morph (H. erato lativitta) and a Postman morph (H. erato petiverana).
To reduce the impact of nonadaptive evolution and nonevolving
loci on our results, we limited our analysis to the loci with evidence
of strong selection and differentially expressed genes between Radiate
and Postman phenotypes. Thus, adaptive hubs were characterized
by two requirements: (i) an Optix-bound “hub center” meeting our
definition of a strong signal of selection and (ii) Hi-C-based evi-
dence of physical interaction with two or more hub gene TSSs that
were differentially expressed between Radiate and Postman samples.
All CLR values were used to determine the genome-wide distribu-
tion of CLR values, while all TSS and adaptive hub gene loci were
characterized by the highest CLR value within 2 kb, as described above.
Hub centers with strong signals of selection were excluded from our
analysis of selection at hub gene loci except for the few cases where
two loci displaying strong signatures of selection interacted, in which
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case, the hub center was excluded but the interacting locus was in-
cluded. Tests for significance between adaptive hub gene CLR values
and control datasets were performed with a Mann-Whitney U test.

Gene function annotation

Adaptive hub genes and genes at loci with strong signals of selection
were annotated using Lepbase and FlyBase. For all genes with char-
acterized proteins or which showed some similarity to characterized
proteins, gene function was manually curated. Gene annotations
were categorized as “pigmentation associated” given (i) evidence of
a known effect on pigmentation or color patterning, (ii) the gene
was annotated as a regulator of known color-patterning genes in
Lepidoptera (e.g., regulation of Wnt signaling), or (iii) the gene had
known effects on wing morphology in Drosophila. Gene annotations
were categorized as “signaling,” given evidence of an important role
in major signaling pathways and lacking evidence of a functional
role in pigmentation. All other genes were categorized as “other.”
Detailed gene annotations are available in the Supplementary Materials.

Estimating population differentiation and divergence

We calculated Fy and d,,/pi to determine the extent to which loci
with strong signals of selection may associate with differentiation
between the Radiate and Postman metapopulations. Sliding window
Fy analysis between the Radiate and Postman metapopulation sam-
ples was calculated for 20-kb intervals with 10-kb steps using
VCFtools. dy, and pi were calculated for the same intervals and step
size using the Genomics-General Python library (53). Statistical tests
for significant deviation from the genome-wide distribution of both
statistics were performed using Mann-Whitney U tests.

Estimating selection coefficients

In addition to detecting selective sweeps, SweepFinder2 can be used
to estimate selection coefficients (23, 54). To do this, we used the
formula s = (r*In(2N)) / a to estimate selection coefficients for loci
with strong signals of selection. We used the previously calculated
average recombination rate (r) of 1.343 x 1077 and estimated the
Radiate metapopulation size (N) at 10M or roughly twice the size of
the metapopulation effective population size (23). Alpha was taken
for each locus from the SweepFinder2 output. We verified our
parameters by comparing our resulting selection coefficient at optix
(0.0605) with a previously calculated coefficient using the same
method (0.0595).

Butterfly stocks
All animals were reared in accordance with institutional guidelines.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/

content/full/6/39/eabb8617/DC1

View/request a protocol for this paper from Bio-protocol.
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