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GENETICS

A widely diverged locus involved in locomotor
adaptation in Heliconius butterflies

Yubo Zhang'’, Dequn Teng?!, Wei Lu®', Min Liu3!, Hua Zeng', Lei Cao’, Laura Southcott?,
Sushant Potdar’, Erica Westerman®, Alan Jian Zhu3*, Wei Zhang'**

Heliconius butterflies have undergone adaptive radiation and therefore serve as an excellent system for exploring
the continuum of speciation and adaptive evolution. However, there is a long-lasting paradox between their con-
vergent mimetic wing patterns and rapid divergence in speciation. Here, we characterize a locus that consistently
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displays high divergence among Heliconius butterflies and acts as an introgression hotspot. We further show that
this locus contains multiple genes related to locomotion and conserved in Lepidoptera. In light of these findings,
we consider that locomotion traits may be under selection, and if these are heritable traits that are selected for,

then they might act as species barriers.

INTRODUCTION

Speciation involves the complex interplay of multiple factors. During
this process, selection acts as a main driving force to shape incipient
species, resulting in the aggregation of differentiated morphological
and physiological traits (I). A few traits are directly under direc-
tional selection and play a major role in speciation, such as beak size
in Darwin’s finches and skeletal shape in threespine sticklebacks
(2, 3). Some of these speciation traits are ecological traits that trigger
reproductive isolation, whereas others are subject to directional
selection and associated with a mating cue or directly contribute to
assortative mating, known as classic or automatic “magic traits” (4).

The underlying mechanisms of speciation traits have also been
illustrated at the molecular level, with an increasing number of
speciation genes being identified and characterized. Many of these
studies have focused on a single gene or tightly linked genes such as the
hybrid sterility gene Overdrive and the hybrid male sterility 1 (HMSI)
region (encoding DNA binding proteins) in Drosophila (5, 6). Limited
case studies have documented the interactions of genetic loci associ-
ated with different traits, such as the genetic coupling of vision and
pigmentation genes and the linkage of mate preference and wing
pattern loci in Heliconius butterflies (7, 8). Disentangling the rela-
tionships of multiple ecological and mating traits triggering repro-
ductive isolation or involved in early speciation might provide a more
comprehensive understanding of speciation.

Neotropical butterflies in the Heliconius genus exhibit Miillerian
wing patterns for predator warning and have provided an ideal
system for exploring the continuum of speciation and adaptive evo-
lution (9, 10). Their wing patterns have also contributed to repro-
ductive isolation as a critical mating cue (8, 11). Therefore, the
genetic basis of their characteristics has drawn considerable attention
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since the 1950s (12) and more than 30 wing pattern loci have been
documented such as the B/D locus for red pigmentation, Yb for yellow
hindwing bars, and K for forewing band color (8, 13-15). Notably,
there remains a long-lasting paradox between the convergence of
mimetic wing patterns and the rapid divergence and speciation in
this genus (16). Besides wing patterns, other behavior and ecological
factors may contribute to build and establish the species barriers,
such as mating preference, chemical sensing, and habitat selection.
For example, from a holistic perspective, butterfly wings also exhibit
behavioral and dynamic traits, and the literature documents the
existence of synergy between behavior and morphology, such as the
behavioral similarity of mimetic butterflies (10). A series of behav-
ioral and genomics studies indicate that wing locomotion might be
involved in Heliconius adaptive radiation (17-19). Recently, studies
based on multiomics data also provide insights into assortative mating
(20, 21) and chemosensory communication (22), but the genetic
mechanisms of other traits remain unclear.

Here, with the aim of addressing speciation and adaptation of
Heliconius butterflies, we examine the genome-wide patterns of dif-
ferentiation in multiple Heliconius races/species and identify a locus,
L, that displays strong linkage disequilibrium (LD) and high diver-
gence. We elucidate the complex evolutionary history of L and re-
veal that it is a hotspot region for introgression. We also show that
the L locus contains a group of locomotion-related genes clustered
only in Lepidoptera. Our work has systematically characterized the
function and evolution of a locomotor locus and provided a fresh
perspective regarding the role of biomechanical traits in butterfly
adaptation and speciation.

RESULTS

Taxon sampling and whole-genome phylogenetic analysis
The highly divergent and rapidly evolving Heliconius genus is a
model system for understanding the speciation process (Fig. 1A).
With the aim of characterizing genetic regions involved in different
stages of divergence and isolation, we first obtained multiple whole-
genome resequencing datasets of representative taxa in Heliconius
genus from previous studies and generated a whole-genome phylog-
eny using 105.2 Mb of genome-wide single-nucleotide polymorphism
(SNP) data with sequences aligned to the Heliconius melpomene ref-
erence genome (Fig. 1B) (23). See Materials and Methods for detailed
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Fig. 1. The geographical distribution and genome-wide phylogeny of Heliconius
butterflies. (A) The distributions of sampled subspecies/species are shown in
different colors, along with wing pattern images. (B) The maximum likelihood phy-
logenetic tree was constructed on the basis of 102.5 Mb of genome-wide SNP data.
The color ranges represent major clades. The scale bar represents the percentage
of substitutions per site. The round labels indicate the selected subspecies used
in downstream analyses, among which the three H. melpomene subspecies form
co-mimicry pairs with selected H. erato subspecies and H. timareta subspecies.

information of data sources. This genome-wide phylogeny yielded
the same tree topology for the silvaniform-cydno-melpomene clade
as reported in the previous study (18) but yielded a different topology
for the Heliconius erato subspecies (24). To avoid additional missing
data and biased sampling, we aligned the H. erato samples to the
H. erato reference genome (24) for downstream analyses. We also
obtained additional H. e. emma samples from different populations
from a previous study (24) and added them to examine this discordant
tree topology (fig. S1). The frequent incongruence in H. erato sub-
species, likely owing to the complex history of divergent regions
across the genome, is consistent with the view resulting from a
recent genomics study indicating that the phylogeny of Heliconius
is not a simple bifurcating tree (25). See Supplementary Results for
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a complete description of the phylogenetic incongruence in H. erato
subspecies.

According to the geographical distribution and phylogenetic re-
sults, we focused on four taxa of Heliconius genus—Heliconius timareta,
Heliconius cydno and Heliconius pachinus, H. melpomene, and
H. erato (Fig. 1B)—and evaluated the genomic differentiations be-
tween the geographical races, incipient species, and sympatric sister
species across the speciation continuum. Each group contained
subspecies displaying similar or different wing patterns and formed
comimetic pairs with species from other groups (Fig. 1A). Among
these species, H. cydno and H. melpomene are sister species belonging
to the melpomene-cydno-timareta clade. They coexist in Central
America and the western slopes of the Andes and have incomplete
reproductive isolation with occasional hybridization (26). Relative
to H. melpomene, H. timareta is genetically closer to H. cydno and is
distributed across the eastern Andes (27). However, sympatric races
of H. timareta and H. melpomene show remarkable signatures of
introgression (27). These three distinct but closely related species split
into a series of subspecies across their geographic ranges. H. erato is
distantly related to the melpomene-cydno-timareta clade, but its races
have undergone parallel radiation with H. melpomene races through-
out the Neotropics (28). Thus, pairwise comparisons of three timareta
races, four cydno races, five melpomene races, and three erato races
were made to locate the genomic islands with increased divergence.
We also compared the melpomene samples at the scale of allopatric
races from the eastern and western slopes of the Andes, compared
more established species from the cydno and melpomene clades, and
divided samples of H. e. emma into two populations according to
the phylogeny (fig. S1). The small genome-wide Fsr values for com-
parisons in each group suggested that these samples were all in the
early stage but at different levels of speciation (table S1).

Genetic divergence across the L locus and wing pattern loci

We calculated Fsy for every 50-kb window across the genome be-
tween races/species in each group. The low Fst throughout the
genome indicated reduced divergence between incipient species,
whereas a few outlier peaks displayed substantially higher values,
including two peaks corresponding to two known color pattern and
mimicry loci, Yb and B/D, respectively (Fig. 2). However, regardless
of the wing patterns, we observed a consistent peak that stood out
on chromosome one in both incipient and more established species
and showed Fgr values greater than the Fgr at B/D and Yb, ranked in
the top 0.05 to 0.1% in H. timareta, the top 0.05 to 0.5% in H. cydno
and H. pachinus except between H. cydno galanthus and H. cydno
chioneus, and the top 1% in the comparison of H. c. galanthus and
H. melpomene rosina (Fig. 2, fig. S2, and tables S1 and S2). Notably,
this region was the only outlier region shared by H. timareta and
H. cydno comparisons (fig. S3). For melpomene races from Peru and
Colombia, the differentiation patterns were mainly explained by B/D
and Yb locus, but we captured a pattern that stood out in this region
that had a greater Fgr value than the genome-wide mean value
(Mann-Whitney U test, P < 0.001; Fig. 2 and table S1) in the com-
parison of allopatric melpomene races from the western and eastern
slopes of the Andes (Fig. 2, fig. S4, and table S2). In the erato group,
the corresponding peak regions were relatively smaller but still
noticeable, so we calculated Fgr values for every 20-kb window
instead and observed the corresponding regions for which the Fsy
values were significantly higher among all the erato comparisons
(Mann-Whitney U test, P < 0.001; fig. S4 and table S1). In particular,
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Fig. 2. Genomic divergence during early speciation. Pairwise Fsr values are calculated across the genome in 50-kb sliding windows with a step size of 20 kb, between
subspecies of H. timareta, H. cydno and H. pachinus, and H. melpomene; between the eastern and western populations of H. melpomene; and between H. m. rosina and
H. c. galanthus. Twenty-kilobase sliding windows are used for the calculation of Fsr values between subspecies of H. erato. Results of comparisons within each clade are
grouped in the same color. The red dashed lines represent the top 1% threshold across the genome. The L locus and other wing patterning loci are labeled with gray bars.
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the corresponding regions were ranked in the top 1% in the com-
parison of the two H. e. emma populations (table S2). In addition,
this outlier region also exhibited elevated LD () relative to neighbor-
ing regions in the timareta and cydno groups (Fig. 3A and fig. S5).
Owing to the relatively fewer SNPs in this region, the LD pattern
was not discernible in the melpomene and erato groups (fig. S5).
Given that these Fgr outlier regions on chromosome one show ele-
vated LD in multiple Heliconius races/species, we propose that this
region likely acts as a single locus and named it the L locus. The
divergence across L has been repeatedly observed among incipient
species in both the melpomene-cydno-timareta and erato clades and
between more established species H. cydno and H. melpomene,
suggesting a consistent role of L that has contributed to large ge-
nomic differences between multiple Heliconius races/species. Notably,
some of these incipient species with divergent L display similar wing
patterns (e.g., between H. cydno subspecies, between H. t. florencia
and H. t. timareta, and between H. e. emma populations) (Fig. 1).
These findings indicate a quite different evolutionary history of
L from that of wing pattern loci.

Evidence of selection and introgression at the L locus

Focusing on the L locus, we calculated the nucleotide diversity ()
for each comparison of the four groups, and we observed signifi-
cantly reduced diversity at L, comparable to the reduced diversity at
B/D and Yb (Mann-Whitney U test, P < 0.001; Fig. 3B and table S4).
These results suggest that the L locus was subject to strong selection.
We also annotated a list of protein-coding genes located within the
Llocus (fig. S5 and table S3). Notably, the L locus contains two col-
lagen type IV genes previously reported to be involved in monarch
butterfly migration (29) and introgression among distantly related
Heliconius butterflies (table S3) (18). In addition, given that the
widespread reticulate evolution is observed across the Heliconius
genus (25), we constructed sliding-window phylogenetic trees along
the L locus and observed different topologies from the species tree
and the tree of the color pattern locus B/D (Fig. 3C and fig. S6). In
particular, the three timareta subspecies became polyphyletic within
a 20-kb interval ranging from 11.65 to 11.67 Mb on the scaffold
Hmel2010010 on chromosome one, where they were grouped sepa-
rately within the cydno, melpomene, and silvaniform clades (Fig. 3C).
Likewise, the western and eastern melpomene populations joined
the cydno-timareta and silvaniform clades, respectively, within a
20-kb interval ranging from 11.63 to 11.65 Mb on Hmel201001o0,
and the western melpomene was grouped with H. pachinus in this
region (Fig. 3C). Another instance of topological discordance was
observed in the erato group, in which H. e. lativitta was found to
group with H. e. favorinus within a 20-kb interval ranging from
15.26 to 15.28 Mb on the scaffold Herato0101 on chromosome one,
whereas H. e. favorinus was closer to H. e. emma in the species tree
(Fig. 1B and figs. S7 and S8). Given that both introgression and
incomplete lineage sorting can result in discordant topologies, we
tested the patterns of introgression at L by integrating the D-statistic
and fy-statistic (30) and then distinguished between introgression
and ancestral variation by comparing the absolute divergence (d.y)
(table S5) (31). We combined these results and interpreted the typ-
ical patterns of introgression along the L locus between H. t. timareta
and H. m. malleti and between H. t. thelxinoe and Heliconius numata,
which explained the polyphyletic topology of the three H. timareta
subspecies within L (fig. S9 and table S5). We also found evi-
dence of possible introgression between eastern H. melpomene and
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Heliconius elevatus, between western H. melpomene and H. pachinus,
and between H. e. lativitta and H. e. favorinus, indicating an even
more complex evolutionary history of L (fig. S9 and table S5). In
summary, we observed multiple signatures of gene flow at L be-
tween H. t. timareta and H. m. malleti, between H. t. thelxinoe and
H. numata, between eastern H. melpomene and silvaniform species,
and between H. pachinus and H. melpomene. All these cases suggest
that additional divergence could be introduced via hybridization.

Given that we did not detect introgression involved in the differ-
entiation of L among H. cydno subspecies, we used them to tease
apart the role of L in ecological speciation in the absence of gene flow.
Genome-wide pairwise Fsp between H. cydno subspecies showed
signatures of isolation by distance, which were linearly and positively
correlated with geographic distance. Fsr of Yb and Br loci also yielded
weak albeit constant signatures, whereas Fgsr of L increased with
geographic distance and was approximately eightfold faster than the
genome-wide Fsr (Fig. 4). These results suggested that L was likely
resistant to gene flow between parapatric races and/or subject to
strong directional selection in different populations, revealing its
possible role in H. cydno local adaptation and speciation.

Functional implications of the L locus in

Heliconius butterflies

Given the strong LD around the L locus, our a priori hypothesis was
that these tightly linked genes might coordinately drive differentiation
and speciation in Heliconius butterflies. According to orthologous
gene annotation in Drosophila melanogaster computed at FlyBase
(http://flybase.org/), at least four genes were considered to be related
to locomotion including Col4a1 and Vkg, related to extracellular
matrix organization (32, 33) and skeletal muscle tissue development
(34); Oseg4, related to indirect flight muscle and wing structure
(34, 35); and na, related to adult locomotor behavior (36, 37), al-
though direct evidence is still lacking (table S3). To test this hypothesis,
we analyzed wing motion in Heliconius species and observed sig-
nificantly distinct wing beat frequencies (WBFs) between H. cydno
and H. melpomene and between H. m. malleti (eastern melpomene)
and H. m. rosina (western melpomene) (Fig. 5A), in line with their
remarkable genetic differentiation at L (Fig. 2). We also examined
the effect of races and sexes on WBF using a subset of data including
individuals with known gender, but the significant difference was
only found between races rather than between sexes (fig. S10). More-
over, we analyzed the expression patterns of focal genes in wing
development of melpomene races. Consistent with the sequence diver-
gence and WBF difference between eastern and western melpomene,
they showed significantly different expression pattern of Col4a.l and
Vkg in pupal wing discs, which were similar within either eastern or
western melpomene likely because of local adaptation (Fig. 5B and
fig. S11). Likewise, we found that the similarity of the expression
levels of Col4ar1 and Vkg in pupal wing discs of Heliconius himera
and H. e. lativitta was greater than the similarity of either of these
patterns to that of H. e. petiverana, consistent with their phylogenetic
relationship at L (fig. S12). See Supplementary Results for a complete
description of genetic differentiation and gene expression at the
Llocus in H. himera and other H. erato subspecies. We further inves-
tigated the expression levels in different tissues of one H. melpomene
race and revealed that the expression profiles of Col401 and Vkg
were similar, likely owing to the two chains forming a heterotrimer
molecule. Oseg4 and na also showed similar patterns with wing disc
and antenna-biased expression, indicating a possible role of sensory
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function (Fig. 5C). Together, these results suggest a correlation
between levels of genetic differentiation and gene expression of L
during development of Heliconius wings.

To further dissect the function of L, we focused on the orthologs
of Col4a1, Vkg, Oseg4, and na in D. melanogaster and performed
functional validation via the tissue-specific knockdown (KD) of the
genes in flight-associated organs. To avoid off-target effects of RNA
interference (RNAi), at least two RNAI lines targeting distinct regions
in the individual gene locus were used (fig. S13). Flight in Drosophila
is powered by the synchronized movement of the indirect flight
muscles of the thorax, and a recent study suggested that flight be-
haviors additionally require scutellum-mediated wing-wing coordi-
nation (38). The KD of all four genes resulted in similar notum
phenotypes, such as an altered structure of scutellum accompanied
by a reduced number of mechanosensory bristles (Fig. 6, A to O,
and fig. S13). Notably, the resulting KD flies displayed a stretched
out or curly wing morphology (fig. S13). In addition, ectopic veins
and hairs as well as misarranged sensory bristles were easily observ-
able. Consistent with the aforementioned adult wing phenotypes, the
expression pattern of Senseless, a transcriptional factor essential for
sensory organ development, was altered in the third-instar wing

Zhang et al., Sci. Adv. 2021; 7 : eabh2340 4 August 2021

imaginal discs of KD flies. As scutellum-mediated wing-wing coor-
dination is essential for flight control and stereotypically organized
mechano- and chemosensory bristles are optimally designed for
efficient mechanical force and chemical detection, KD flies were
accordingly found to lose their flight ability (Fig. 6, P and Q). Specifi-
cally, Fisher’s exact test revealed a significant difference between con-
trol and KD flies in terms of flight ability (Fig. 6, P and Q, and table S6).
See Supplementary Results for a complete description of significantly
different flight abilities between control and KD flies. In summary,
our studies provide strong evidence that the Drosophila orthologous
genes within the L locus are functionally related to locomotion.

Although the gene sequences at L are conserved, we observed a
pattern of gene rearrangement by drawing a synteny map for L be-
tween multiple species in different orders (Fig. 7 and table S3). The
abovementioned four genes were clustered at L in all lepidopteran
species but scattered on different chromosomes in other orders
(Fig. 7 and table S3), suggesting the cis-regulation and tight linkage
of L specifically involved in lepidopteran evolution. Besides, there
were two small genes, PITHD1 and SetT, adjacent to Vkg, likely
hitchhiked with Vkg during the lepidopteran rearrangements, as
they are located on the same chromosome with Vkg in the two
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outgroup species D. melanogaster and Tribolium castaneum (table S3).
Furthermore, we disrupted the ortholog of Oseg4 in another nymphalid
butterfly species, Kallima inachus, and observed slower but not
significantly different WBFs in somatic mosaic knockouts (mKOs),
likely owing to limited mutants with weak mosaic phenotypes but
revealing a possible functional constraint of L in Lepidoptera (fig.
S14). In addition, we observed that one Oseg4 mKO had abnormally
shorter antennae, indicating its role in sensory function (fig. S14).
Together, our results elucidate the potential function of the L locus
by showing that the four main genes at this locus might all contribute
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to locomotion but in different ways. We therefore consider L to very
likely be an important locus for controlling lepidopteran locomotion.

DISCUSSION

In this study, we characterized a genetic locus that displays high
divergence among Heliconius butterflies and acted as an introgression
hotspot. We further showed that it is likely a lepidopteran gene cluster
containing multiple genes related to locomotion. These findings
involve a handful of fundamental issues in evolution, including
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speciation, adaptation, and hybridization. Understanding the role
of locomotion appears to be the key to disentangling this complexity.
Butterfly wings exhibit a variety of functions and have been favored
by natural selection and sexual selection, and wing patterns have
been recognized as an important morphological trait involved in
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speciation and adaptation. Although locomotion is a less intuitive
biomechanical feature, our results decode the role of wing locomo-
tion that cannot be overlooked: it has been favored by selection in
multiple Heliconius species and likely plays an important role in eco-
logical speciation and local adaptation.

We found high divergence of the L locus between incipient
Heliconius species in the present study, which indicates that loco-
motion might be involved in multiple stages and lineages during
Heliconius speciation. Directional selection serves as an important
driving force for ecological speciation. This process could be pro-
moted by either a strong single trait or multiple traits (39). If the
latter, multiple traits could be involved either simultaneously or in
a particular order, depending on their roles and other stochastic
factors. In Heliconius butterflies, wing patterns have been favored
by natural selection. Ample evidence supports the functional role of
wing patterns (9, 13), suggesting that they have served to promote
biodiversity and speciation. In addition to wing patterns, our results
suggest that other traits, such as locomotion, might have been co-
opted along with wing patterns or could be independently involved in
Heliconius speciation as an ecological trait during multiple stages of
speciation. Different locomotion abilities might facilitate Heliconius
butterflies to explore and become established in different niches,
resulting in assortative mating as a by-product of allopatric speciation.
Beyond the Heliconius genus, we showed that the origin of L was
likely due to gene rearrangement in Lepidoptera, indicating an even
more prevalent role of wing locomotion in butterflies and moths.

Besides, our results suggest an additional scenario of speciation
with gene flow: Islands of divergence could originate via hybridization
with a third-party species. The role of hybridization in speciation has
been debated for decades, leading to two widely accepted hypotheses.
Hybridization may either facilitate speciation by weeding out un-
competitive hybrids (known as reinforcement) or hinder speciation
by breaking down species barriers (40). In the first scenario, islands
of divergence increase by increased genetic hitchhiking, eventually
blocking hybridization. However, how these islands of divergence
originate remains an unresolved question. As a logical principle,
islands of divergence will include the first regions to avoid hybrid-
ization and will therefore serve as islands of speciation. Our results
show that hybridization can fuel divergence, and some islands of
divergence might have a greater chance than expected to participate
in hybridization as introgression hotspots in the early stage of spe-
ciation. Therefore, in this scenario, introgression serves as a direct
source of divergence instead of weeding out hybrids. Recent studies
on Heliconius butterflies have also shown the wide impact of intro-
gression in adaptive radiation (25). Our observation of both high
divergence and typical signatures of introgression across L between
multiple Heliconius races provides detailed evidence illustrating that
divergence introduced via introgression might particularly facilitate
speciation among incipient species under rapid radiation.

On a broader scale, the locomotor organs of a butterfly can be
considered a combination of the wings, thorax, and brain; therefore,
genes involved in locomotion are likely associated with multiple
functional categories. The functional validation of orthologous genes
in the model organism D. melanogaster also showed the complex
locomotor function of L (Fig. 6). The genes located at L are tightly
packed with reduced recombination but still have the chance to
undergo recombination (e.g., recombination via introgression).
The complex function and the chance of recombination enable
L to be favored by selection and to play multiple roles in different
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evolutionary processes. Given that the L locus is conserved across
Lepidoptera, further evidence from other lepidopteran species is still
required to fully elucidate the role of wing locomotion and its rela-
tionship with other traits.

MATERIALS AND METHODS

Data collection and genotype calling

We downloaded 123 individual genome resequencing datasets from
National Center for Biotechnology Information (NCBI) PRJEB12740
(41), PRINA73595 (27), PRIEB1749 (42), PRJEB8011 (43), PRINA324415
(24), PRINA308754 (18), PRIEB21091 (44), PRINA471310 (45), and
PRJEB11772 (23). We performed quality control by removing raw
reads with an average quality below 10 using Trimmomatic v0.38 (46).
We aligned qualified reads to the reference genomes of H. melpomene
v2.5 (23) and H. e. demophoon v1 (24) using Bowtie2 v2.3.4 (47)
with the parameter -very-sensitive-local and reordered alignments
and removed polymerase chain reaction (PCR) duplicates using
Picard v1.96 (http://broadinstitute.github.io/picard/). We realigned
indels using RealignerTargetCreator and IndelRealigner in GATK v3.7
(48) and called genotypes using UnifiedGenotyper in GATK v3.7
with the following parameters: heterozygosity, 0.05; stand_call_conf,
50.0; and dcov, 250. We extracted genotype calls with a good quality
(Qual > 50) for the subsequent analyses (table S7).

Phylogenetic and population genetic analyses
We aligned and concatenated SNPs with good quality (Qual > 50,
approximately 105.2 Mb) from individual samples with similar
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sequencing coverage and constructed maximum likelihood phylo-
genetic trees with the GTRGAMMA model and 100 bootstrap replicates
using Randomized Axelerated Maximum Likelihood (RAXML) (49).
The tree files were visualized using Interactive Tree Of Life (iTOL) (50).

The Fsr values and nucleotide diversity () were calculated using
VCFtools (51). For the genome-wide estimates, we used a block size
of 50 kb by filtering out windows with SNP counts below 100 and
then calculated the SE using a jackknife approach. For the local ge-
nomic regions, we used a block size of 500 base pairs and calculated
the SE using a moving block bootstrap approach (18).

The square of the correlation coefficient (r*) was estimated to
measure pairwise LD using Haploview v4.2 (52) with the following
parameters: -maxdistance, 200, and -dprime and -minMAF, 0.10.
The heatmaps of the LD statistics were generated using LDheatmap
in R (53).

We used both Patterson’s D-statistic and a modified f-statistic
(fa) to test for introgression. The D-statistic was used to identify
an excess of shared derived alleles supporting either the discordant
ABBA or BABA pattern (54, 55), whereas f3 was used to estimate
the fraction of admixture in an unbiased manner (30). The D-
statistic and fq were calculated using ABBABABAwindows.py (30),
and two-tailed z tests were performed to determine whether the
SE for each test was significantly different from zero, thus sug-
gesting potential introgression. We also calculated pairwise
sequence divergence (dyy) to distinguish incomplete lineage sorting
from putative introgression using a customized script adjusted on
the basis of popgenWindows.py (https://github.com/simonhmartin/
genomics_general).
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Wing motion analyses

We filmed the flight of free-moving butterfly individuals in H. c.
galanthus (n = 15), H. m. malleti (n = 16), and H. m. rosina (n = 15)
using a digital camera (30 or 60 frames per second). For each indi-
vidual, the butterfly was allowed to fly freely in the greenhouse or
the insectary, and the uninterrupted flights were captured. The flight
sequences were analyzed using the DLTdv5 digitizing package in
MATLAB (version R2019b) (56). The flight trajectories were digi-
tized frame by frame, during which the WBF was recorded. We per-
formed a one-way analysis of variance (ANOVA) to examine the
WBEF difference among groups, with the WBF as the dependent
variable and species as the independent variable. Shapiro-Wilk
normality test and Levene’s test were carried out to confirm that the
data meet the assumptions of normality and homogeneity. Tukey’s
paired comparisons were conducted to determine differences be-
tween different taxa using the function “glht” in the R package
multcomp (57).

Differential gene expression analyses

RNA sequencing (RNA-seq) datasets for H. melpomene and H. erato
were downloaded from PRJNA577441 (22), PRJEB2745 (27),
PRJNA552081 (58), and PRJNA435610 (59). RNA-seq data for
adult antennae, proboscis, legs and abdomen tissues of H. m. rosina,
and mid-pupal forewings and hindwings of H. m. rosina, H. m.
melpomene, H. m. aglaope, H. m. amaryllis, H. himera, H. e. lativitta,
and H. e. petiverana were obtained and analyzed (table S7). Raw reads
were trimmed and aligned to the reference genome of H. melpomene
v2.5 (23) and H. e. demophoon v1 (24) using STAR (60) with gene
models obtained from Lepbase (http://lepbase.org/). The abundances
of each gene were quantified by RSEM (RNA-Seq by Expectation
Maximization) (61). Count normalization and differential expression
analyses were carried out using DESeq2 (62). The cutoffs of differ-
entially expressed genes were set to an adjusted P value less than 0.05
and an absolute value of log, fold change greater than one. The SNP
sites of H. erato transcriptomes were called using GATK v3.7 (48).
We extracted coding DNA sequences of each gene at the L locus and
constructed gene trees using RAXML (49).

Multiple alignment and synteny mapping for the L locus
Using BlastP (63), we identified the orthology of genes at the L locus,
including Col40.1, Vkg, Oseg4, and na, in multiple insect reference
genomes, including H. e. demophoon v1 (24), D. plexippus v3 (64),
P. xuthus v1.0 (65), B. mori (66), D. melanogaster v6.22 (67),
T. castaneum v5.2 (68), A. mellifera HAv3.1 (69), A. lucorum (70), and
L. migratoria (71). We extracted 200-kb regions containing these
four orthologous genes and performed multiple alignments to the
reference genomes of H. melpomene v2.5 (23) to determine locally
collinear blocks using Mauve (72) with default parameters. We modi-
fied annotation tracts from Lepbase v4 (73) and Ensembl Metazoa
release 45 (74) and inferred a phylogenetic diagram according to the
phylogenetic relationships among major insect lineages (75).

Fly genetics

All fly crosses were maintained at 29°C unless otherwise noted. The
phenotypes of the adult scutellum, wing, and larval wing discs are all
fully penetrant (n > 20). The original fly strains used in this study are
as follows: Drosophila, ap-Gal4 (BDSC3041, Bloomington), Drosophila,
UAS—mcd8—ég7f70 (BDSC5137, Bloomington), Drosophila, UAS-
w RNASHO7N (THU0558, Tsinghua Fly Center), Drosophila,
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UAS-Col4al RNAi“P'#7#* (VDR(C28369, Vienna Drosophila RNAi
Center), Drosophila, UAS-Colda1l RNAF™'*N (TH01836.N, Tsinghua
Fly Center), Drosophila, UAS-Vkg RNA#*"5% (VDRC106812, Vienna
Drosophila RNAi Center), Drosophila, UAS-Vkg RNA;{SH0#246-N
(THO1665.N, Tsinghua Fly Center), Drosophila, UAS-na RNAi“?''7
(VDRC3306, Vienna Drosophila RNAi Center), Drosophila, UAS-
na RNAi"™®076%P-1 (THU3978, Tsinghua Fly Center), Drosophila,
UAS-Oseg4 RNA?"’® (NIG2069R-1, National Institute of Genetics,
Kyoto), and Drosophila, UAS-Oseg4 RNAi™*/7*P1 (THU3978,
Tsinghua Fly Center).

Intermediate strains were constructed on the basis of these strains.
Detailed genotypes of animals in all experiments are as follows: For
Fig. 6 (A to C') and fig. S13B, ap-Gal4 x UAS-w RNA#17N; for
Fig. 6 (D, E, and E’) and fig. S13D, ap-Gal4, UAS-mcd8-gfp x UAS-
Col4a1 RNAFHN; for Fig. 6 (F and F') and fig. S13C, ap-Gal4,
UAS-mcd8-gfp x UAS-Coldal RNAi“P'?%%; for Fig. 6 (G to I') and
fig. S13F, ap-Gald, UAS-mcd8-gfp x UAS-Vkg RNA;04246N; for
fig. S13E, ap-Gal4, UAS-mcd8-gfp x UAS-Vkg RNAiXKI11655; for
Fig. 6 (], K, and K’) and fig. S13G, ap-Gal4, UAS-mcd8-gfp x UAS-
na RNAi™R764P:1, for Fig. 6 (L and L') and fig. S13H, ap-Gal4, UAS-
mcd8-gfp x UAS-na RNAI“P"72 for Fig. 6 (M to O') and fig. S13],
ap-Gald, UAS-mcd8-gfp x UAS-Oseg4 RNAI™""7*P1; and for fig. S131,
ap-Gald, UAS-mcd8-gfp x UAS-Oseg4 RNAF"%1,

Immunohistochemistry

For Senseless immunofluorescence staining, fly wing discs dissected
from third-instar fly larvae were fixed in 4% paraformaldehyde,
blocked in 0.2% bovine serum albumin, and incubated overnight at
4°C with guinea pig anti-Sens (1:500). The wing discs were incubated
with Alexa Fluor-conjugated secondary antibodies (1:400; Invitrogen)
for 1 hour at room temperature before mounting. Fluorescence
images were acquired with a Leica SP8 confocal microscope. The fig-
ures were assembled in Adobe Photoshop CS5. Minor image adjust-
ments (brightness and/or contrast) were performed in Photoshop.

Flight ability tests and statistical analyses

We conducted flight ability tests on 20 individuals from each of the
four treated fly strains—Col4a1 RNAi, Vkg RNAi, na RNAi, and
Oseg4 RNAi—and a control strain, w RNAi. For each trial, one indi-
vidual was introduced into a 55 mm-by-55 mm transparent acrylic
box, in which the fly was allowed to move freely. After 3 min of
acclimatization, the acrylic box containing the individual was lifted
to a height of approximately 30 mm and dropped on the ground.
The trial started when the individual dropped to the bottom surface of
the acrylic box and ended after 30 s of free movement. The container
was cleaned with 75% ethanol to remove any chemical pheromones
between trials. All trials were video recorded using a Nikon D850
camera (1920 x 1080 pixel resolution; 120 frames per second). Video
analyses were conducted using Tracker v5.1.3 (76). Specifically, for
each trial, we recorded (i) whether the individual exhibited flight
behavior during the test period; (ii) how fast the individual recovered
movement (i.e., movement latency), defined as the time period from
the start of the trial to the time point at which the individual started
to move; and (iii) ascent speed, defined as how quickly the individual
reached the highest point during the test period.

We analyzed the behavior data in the program R v3.6.2 (www.r-
project.org). The data were log-transformed to meet the assump-
tions of parametric tests when required. We first conducted Fisher’s
exact test to examine whether knocking down the candidate genes
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resulted in a deficiency of flight ability, followed by a post hoc analysis
using the function “pairwiseNominallndependence” in the rcom-
panion package (https://cran.r-project.org/package=rcompanion)
with a corrected P for multiple pairwise comparisons between strains.
We then tested for ascent speed using one-way ANOVA, with
ascent speed as the dependent variable and strain as the independent
variable. The ascent speed data were log-transformed. Tukey’s paired
comparisons were used to determine differences between strains
using the function glht in the multcomp package (57). We per-
formed a nonparametric Kruskal-Wallis test to determine the effect
of knocking down candidate genes on movement latency because
the movement latency data were not normally distributed. Post hoc
analyses were conducted using Dunn’s test for multiple comparisons.

CRISPR-Cas9 genome editing
For CRISPR-Cas9 experiments, single-guide RNA (sgRNA) of Oseg4
was designed using sgRNAcas9 V3.0 (77) against the reference
genome of K. inachus (78) to avoid off-target effect. Following the
protocol for CRISPR-Cas9 genome editing in Lepidoptera (79), the
mix of sgRNA and Cas9 protein was injected into developing
embryos 1 to 2 hours after oviposition. Larvae of K. inachus were
reared to adults at 26° to 28°C with 70 relative humidity. Genotyping
primers were designed outside the target region, and CRISPR
mutants were identified by bidirectional Sanger sequencing of PCR
amplicons. PCR amplicons were then cloned into pEASY-T1 vector
(TransGen Biotech) and sequenced. The primers used for gene
editing and genotyping are as follows: guide RNA, GACCATA-
AGTACGCCTTCTA; genotyping primer forward, ATGAC-
CAATCCACAACTACGTACA; and genotyping primer reverse,
GTTCTGGATGCATGTTGAACAGTTA.

Free-moving flight of mosaic mutants (n = 6) and wild types
(n = 6) were filmed using a Nikon D850 camera (1920 x 1080 pixel
resolution; 120 frames per second). The wing motion was recorded
on the 2 and 6 days after emergence with three reduplicates for each
individual. The flight sequences were analyzed using Tracker v5.1.3
(76), and WBFs were calculated. A linear mixed-effects model was
performed to examine the relationship between WBF and genetic
background considering intraindividual variations. The model was
conducted using the R package “ImerTest” (80) with WBF as the
dependent variable, genetic background as the fixed effect, and in-
dividual as the random effect. The validity of the mixed-effect model
was assessed by comparing the model with the fixed effect to the
null model with only the random effect using the function “anova.”

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/32/eabh2340/DC1
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