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EVOLUTIONARY BIOLOGY
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Divergent selection across species ranges does not always translate into observable morphological diver-
gence. Genomic approaches agnostic to traits or groups of populations under selection can reveal cryptic
genetic diversity and provide insights into the nature of local adaptation. Here, we use such an approach to
investigate local adaptation in the zebra butterfly, Heliconius charithonia. This species is widely distributed
across the Caribbean and adjacent North, Central and South America yet is morphologically and genetically
homogeneous across its range. Genomic analyses, however, reveal three geographically restricted inver-
sions that survived recent range expansions that explain genetic homogeneity in the rest of the genome.
These inversions are ancient but not shared with related species. Their polymorphisms cannot be explained
by accumulation of mutational load and are more likely maintained by divergent selection in hetero-
geneous environments. Our study emphasizes the power of genomic approaches for uncovering hidden
diversity in morphologically homogeneous species and highlights the important role of chromosomal rear-

rangements in local adaptation.

INTRODUCTION

Understanding how species adapt to heterogeneous environments
remains a central goal in evolutionary biology. Species with broad
distributions are exposed to diverse selective pressures across their
ranges (1, 2). Such variation arises from heterogeneity of both biotic
factors, including competition and predation, as well as abiotic con-
ditions such as climate, geography, and resource availability, creating
a complex and heterogeneous selective landscape that drives local
adaptation (3). Adaptation in the face of gene flow can be achieved
provided that divergent selection is strong enough to prevent loss
of locally advantageous alleles and maintain a migration-selection
equilibrium (4). Contrary to traditional views in animal evolution-
ary biology (5), gene flow has a relatively weak effect on local diver-
gence across species ranges (4, 6, 7). Nonetheless, local adaptation
can be challenging when it involves alleles at multiple loci, since
gene flow can break up adaptive combinations (8). When adaptation
is very local relative to dispersal distance, genetic architectures that
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reduce recombination between loci underlying adaptive traits are
likely to evolve (9-11).

Structural variants (SVs), such as chromosomal inversions, are
important modifiers of the recombination landscape (8, 12, 13). In
heterozygotes, inversions typically suppress recombination between
standard and inversion haplotypes and thereby can help maintain-
ing linkage disequilibrium among adaptive alleles and facilitate
adaptive divergence in the face of gene flow (8, 14). Consistent with
this, inversions and other large SV's have been increasingly impli-
cated in a variety of adaptive phenotypes (15-18). However, much
of this evidence has come from systems where conspicuous traits
guided initial investigations. While such phenotype-driven studies
have been invaluable for understanding the genetic basis of adapta-
tion, they can also introduce bias in understanding the relative role
of different adaptive processes and underlying genomic architecture
(19, 20). For instance, phenotype-first studies may inadvertently
overstate the general role of large SV in adaptation, since other SV's
not linked to adaptation may remain uncharacterized. In contrast,
bottom-up genomic approaches that examine genome-wide pat-
terns of variation without relying on phenotypic assumptions offer
several advantages. By being phenotype agnostic, they avoid a priori
hypotheses about which groups of populations or traits are under
selection, therefore providing a comprehensive and unbiased means
to identify adaptive processes and their genetic underpinnings (20).
In addition, they can be particularly helpful in organisms in which
the natural history is not well studied and in species with cryptic
adaptive variation (20).

The zebra longwing butterfly, Heliconius charithonia, is widely
distributed across the Caribbean and Gulf of Mexico (Fig. 1A). Its
range extends from South America to southern United States, and to
the Greater Antilles, and it can be found across a diverse range of
habitats (rainforest edges, cloud forest, and dry forest), from sea
level to ~1500 m. This species is also unique in that it is the only
member of the genus found on the major Caribbean islands, which
suggests dispersal abilities lacked by other Heliconius species. Unlike
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Fig. 1. Sampling and population structure of Heliconius charithonia. (AR) H. charithonia species distribution and sampling locations (coordinates and sampling
location code names are provided in table S1). Subspecies’ ranges are depicted in different colors and were inferred on the basis of historical and current records
(136). (B) PCA based on 12,394 autosomal SNPs. (C) ML tree based on 267,524 autosomal sites. Nodes with bootstrap support >70 are indicated by the white circles.
Monophyletic clades of individuals from the same subspecies are collapsed. See fig. S1 for the full phylogeny. (D) An admixture-graph model of H. charithonia sug-
gests two colonization waves of the Caribbean. Dashed edges indicate admixture events, with ancestry proportions as percentages within boxes. Solid edges and

corresponding numbers indicate drift.

other Heliconius, which are iconic for the geographic diversity of
wing color pattern, H. charithonia varies little across its exten-
sive geographic range. Although eight subspecies are currently
recognized, these are defined on the basis of very minor differences
in color pattern (21, 22). Genetic diversity and spatial genetic
structure in H. charithonia remain poorly characterized, with only
one previous study using low-resolution data from two mitochon-
drial genes, restriction fragment length polymorphisms, and al-
lozyme data (23). In this study, relationships between populations
were often poorly resolved because of low levels of divergence
(0.4%) at mitochondrial DNA (mtDNA), suggesting a recent and
rapid colonization of the Caribbean. However, given the broad dis-
tribution of this species and the breath of habitats and abiotic con-
ditions it is exposed to, it could be a good candidate to explore
cryptic adaptive processes and their genetic basis.

Here, we investigate the biogeographic history of H. charithonia
and characterize genetic diversity across its geographic range using
whole-genome sequence data. We first examine population struc-
ture and phylogenetic relationships to reconstruct the colonization
history of the Caribbean. We then explore patterns of genetic varia-
tion and recombination across the genome and identify putative
inversion polymorphisms. Last, we investigate the evolutionary his-
tory of these inversions and the role of selection in the maintenance
of inversion polymorphisms, including potential associations be-
tween inversion haplotypes and environmental conditions across
the species’ range.

Seixas et al., Sci. Adv. 12, eadv1982 (2026) 1 July 2026

RESULTS

Population structure and biogeographic history

of H. charithonia

We analyzed whole-genome resequencing data from 76 H. charithonia,
sampled from 23 locations spanning the species’ range and includ-
ing representatives of all eight subspecies (Fig. 1A and table S1). In-
dividuals group according to subspecies and geographic location,
based on principal components analysis (PCA) of single-nucleotide
polymorphisms (SNPs; Fig. 1B). The first two principal components
explain only 12.5% of the total variation, reflecting geographic
structure (Fig. 1B). Broadly, the first component distinguishes be-
tween island populations east of Cuba (Dominican Republic, Mona,
Puerto Rico, Montserrat, and Saint Kitts) and all other continental
and island populations, and the second component between pop-
ulations north of Cuba (i.e., New Providence and Florida) from all
others. The Jamaican population (H. c. simulator) is an outlier to
other Caribbean populations and forms a separate cluster.

In a maximum-likelihood (ML) tree based on autosomal SNPs,
the Jamaican population branches first from the base, suggesting that
it could have resulted from an earlier colonization of the Caribbean
(Fig. 1C and fig. S1A). The second deepest branch includes all the
mainland populations from Peru to south Texas (H. c. bassleri and
H. c. vazquezae). Relationships among the remaining crown popula-
tions suggest a stepping stone model of colonization of the Caribbean
islands from mainland Central America to Cuba, thereafter fol-
lowing two routes: northward to New Providence and Florida and
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southward toward the Lesser Antilles (Fig. 1C and fig. S1A). The
Z-chromosome ML tree shows broadly the same relationships as the
autosomal phylogeny (fig. S1B). To further explore the possibility of
multiple waves of colonization of the Caribbean, we estimated ad-
mixture graphs with varying numbers of gene flow events. In line
with the hypothesis of an earlier colonization of the Caribbean, an
admixture graph with a single admixture event was best supported
(Fig. 1D). In this graph, the Jamaican population results from ad-
mixture between an early-diverging lineage (64% ancestry; bootstrap
confidence interval: 57 to 70%)—a remnant of an older colonization
event—and more recent lineages present in neighboring islands
(36% ancestry, with confidence interval: 30 to 43%)—resulting from
a more recent colonization. The Z chromosome retains the most
variation from that earlier colonization (75.1%), compared to
autosomes (25.1 to 40.6%; based on Twisst analysis; fig. S2). At the
mitochondrial genome, the Jamaican population alone retains ex-
clusively the ancestral haplotypes, the split at the base suggesting
that the earlier colonization happened some 1.03 million years ago,
while the extant lineages started diversifying ~620 ka ago. Diversifi-
cation within the Caribbean began ~320 ka ago (based on molecular
clock calibration of a Bayesian phylogenetic tree of the mitochon-
drial genome; fig. S3).

Levels of population differentiation and diversity are also consis-
tent with current or recent gene flow following a recent expansion
and colonization of the Caribbean islands from the continent. Popu-
lation differentiation, as measured by Fsr, was generally low (mean
Fsr = 0.096; fig. S4A) and absolute population pairwise divergence
(dxy=0.74t0 2.06%) is comparable to, albeit generally slightly high-
er than, within-population nucleotide diversity (1 = 0.66 to 1.75%)
(fig. S4B). Furthermore, levels of within-population nucleotide di-
versity decrease toward the edges of the distribution and are partic-
ularly low in the island populations closest to the Lesser Antilles
(Mona, Puerto Rico, Montserrat, and Saint Kitts; fig. S4B). We tested
the hypothesis of a recent range expansion of H. charithonia in
two ways. First, we estimated changes in effective population size
(Ne) through time based both on autosomal [pairwise sequentially
Markovian coalescent (PSMC)] and mitogenome [Bayesian Skyline
Plot (BSP)] data. Both analyses suggest a population expansion in
the recent past but at different times: ~60 ka ago (BSP; fig. S5) and
200 to 300 ka ago (PSMC; fig. S6). This is likely due to differences in
the calibration of the molecular clock: The nuclear genome clock
was estimated on the basis of the spontaneous mutation rate be-
tween Heliconius melpomene parent and offspring (24), while the
mtDNA clock was estimated on the basis of divergence in several
arthropod taxa with independently dated divergence times (25).
Furthermore, the PSMC analysis shows that, after the initial popula-
tion size increase, most populations experienced a bottleneck be-
tween ~60 and 100 ka ago, H. c. vazquezae populations in Central
America being the exception and showing a continued increase in
N, until the recent past. We also used the directionality index (V')
(26) to infer the geographic origin and direction of the second wave
of expansion. This test shows significant support for a range expan-
sion (P < 0.001) with an origin in the range of H. c. bassleri in South
America (fig. S7). This is in line with phylogenetic analysis that
shows H. c. bassleri branches off early from the later colonization
wave (Fig. 1C and fig. S1).

Together, all these lines of evidence suggest two colonization waves
into the Caribbean from the mainland, with the most recent coloni-
zation wave resulting in homogenization of the genomes across the
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range of the species. In accord with the low levels of genetic divergence,
we find a lack of hybrid sterility in crosses between H. c. vazquezae
(Texas) with H. c. tuckeri (Florida)—both 32 F; and 131 F; hybrids,
from a single pure cross and three F; crosses respectively, were suc-
cessfully reared until eclosion. In contrast, hybrid female sterility is
often found in other interspecies and even some intraspecies crosses
in Heliconius (27-29).

Deeply divergent haplotypes correspond to

polymorphic inversions

The lack of strong overall population structure in H. charithonia al-
lows the detection of outlier genomic regions that may be under se-
lection. We used a local PCA approach along the genome to identify
genomic regions with distinct population structure. This approach
has the advantage of not requiring any a priori definition of which
population or groups of populations might be differentiated. Using
this method, we found three large outlier genomic regions: one on
chromosome 2 (~1.85 Mb), another on chromosome 6 (~1.00 Mb),
and a third on chromosome 19 (~540 kb; Fig. 2, A to C, and fig. S8).

On chromosome 2, the PCA of the outlier region shows five dis-
tinct clusters (Fig. 2D). The two clusters occupying intermediate
positions along PC1 and PC2 space (dotted circles) have the highest
heterozygosity (Fig. 2G). Both the intermediate clusters and the two
peripheral clusters with the least common genotypes (leftmost of
PCI and top of PC2) are found only in H. ¢. vazquezae (from Panama
to Texas); the other peripheral cluster (right of PC1) includes both
H. c. vazquezae and all individuals from the other subspecies (table
S1). These findings are consistent with the existence of three groups
of individuals homozygous for distinct nonrecombining haplo-
types, the two intermediate clusters representing heterozygotes and
with another group being absent from our dataset. The chromosome
6 and 19 outlier regions yield three very distinct clusters (Fig. 2, E
and F), the intermediate clusters along PC1 (dotted circles) having
highest heterozygosity in both cases (Fig. 2, H and I). The periph-
eral clusters likely represent homozygotes for alternative haplotypes.
Both the intermediate and the peripheral cluster with the least com-
mon genotypes include only H. c. vazquezae individuals (table S1).
In all three cases, linkage disequilibrium is high across these outlier
regions when analyzing all individuals together but not when ana-
lyzing only individuals from the most abundant cluster (Fig. 2, J to
L). Genetic divergence (dxy) between individuals of the three pe-
ripheral clusters on chromosome 2 and the two peripheral clusters
on chromosome 6 and 19 (i.e., homozygotes) is ~5.30 to 6.05, 5.47,
and 6.51% within these regions, far exceeding divergence within
clusters (1.87 to 2.43%, 2.81 to 4.28%, and 1.59 to 2.05% for chromo-
some 2, 6, and 19, respectively; fig. S9). These patterns are consistent
with large, divergent structural rearrangement polymorphisms that
suppress recombination between haplotypes, allowing accumula-
tion of divergence between them while maintaining linkage disequi-
librium along the haplotype.

To determine whether these divergent haplotypes are associated
with SVs, we compared two genome assemblies of H. charithonia
(from Texas and Puerto Rico) to other Heliconius chromosome (or
near-chromosome)-level genome assemblies. Both individuals share
the same genotype at the outlier regions on chromosome 2 and 6, being
homozygous for the most frequent haplotype in H. charithonia (Fig. 2,
Cand D). Genome alignments show that both individuals are homozy-
gous for an inversion at chromosome 2, which overlaps the haploblock
region, with breakpoints at positions at Herato0206:503,660 and
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Fig. 2. Three large nonrecombining haplotype blocks are likely inversions. (A to C) Local principal components analysis (PCA) along chromosomes 2 (A), 6 (B), and 19
(C). Each dot represents 500 SNP windows and windows with outlier multidimensional scaling (MDS) values are highlighted in orange, pink, and blue. (D to F) PCA of the
outlier regions on chromosomes 2 (D), 6 (E), and 19 (F). The intermediate clusters along PC1 [(D) to (F)] and PC2 (D), highlighted by the dashed circles, likely represent in-
dividuals heterozygous for nonrecombining haplotypes. (G to I) Heterozygosity at outlier regions on chromosome 2 (G), 6 (H), and 19 (I). Each dot represents one indi-
vidual. (J to L) Linkage disequilibrium for chromosomes 2 (J), 6 (K), and 19 (L). Linkage disequilibrium was calculated including all H. charithonia individuals (upper
triangle) or only individuals homozygous for the most common homozygous genotype (lower triangle). (M to O) Alignment of the Texas H. c. vazquezae and Puerto Rico
H. c. charithonia assemblies to the Heliconius erato demophoon reference. Only chromosome 2 (M), chromosome 6 (N), and chromosome 19 (O) are shown. Putative inver-
sions are highlighted with different colors. Two additional rearrangements are present on chromosome 2 (M) but are not highlighted as these are known and restricted to
H. erato (see fig. S10A). Dotted lines represent scaffold boundaries. The arrows in the PCA [(D) to (F)] and heterozygosity [(G) to (I)] plots point to the H. charithonia reference
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Herato0209:708,130 (Fig. 2M and fig. S10A). Hence, the most fre-
quent haplotype in H. charithonia represents the inverted state of
the region. We further examined the breakpoints of the haplotypes
underlying the five clusters in the outlier region of chromosome 2 by
visualizing genotypes across this interval (fig. S11A). The largest
haplotype corresponds to the inversion identified in the genome
alignments and predicted by the local PCA. A second haplotype,
spanning ~1.46 Mb, is fully nested within the larger inversion. This
structure likely reflects a secondary inversion, restoring the orienta-
tion of the nested region to the ancestral state (fig. S11B). Recombi-
nation in heterokaryotypes anywhere within this inversion region
will likely generate unbalanced gametes, as gametes would carry both
duplications and deletions (see fig. S11C for details). Furthermore,
the high levels of divergence all along the inversion region suggests
that recombination has been strongly suppressed.

At the outlier region on chromosome 6, both H. charithonia as-
semblies share the same genotype (homozygous for the most fre-
quent haplotype), but neither shows evidence of an inversion based
on genome alignments (Fig. 2N and fig. S10B). While this could
indicate that an inversion is instead associated with the least fre-
quent haplotype (an assumption we adopt hereafter), the absence of
signal could also result from genome alignment in this region being
particularly poor (Fig. 2N). Elevated nucleotide diversity () within
both clusters of homozygotes could also suggest a more complex
rearrangement (e.g., duplications) within the region (fig. SS9).

Last, at the outlier region on chromosome 19, the H. charithonia
assemblies are homozygous for different genotypes (Fig. 2F), yet we
found no evidence of an inversion based on genome alignments to
other Heliconius genomes (Fig. 20 and fig. S10C). However, this is
likely due to a difficulty in aligning within this region due to repeti-
tive content (fig. S12) and/or misassemblies in and around putative
inversion breakpoints (Fig. 20 and fig. S10C). Illumina short-read
coverage is elevated near the boundaries of the chromosome 19 re-
gion relative to the genome-wide average, suggesting that the break-
points are rich in repetitive sequences (fig. S12). Consistently, both
H. charithonia genome assemblies align poorly to a ~180-kb re-
gion (Herato1910:1,521,759-1,701,968) within the putative inversion
(Herato1910:1,494,502-2,034,941) in the Heliconius erato reference
genome (Fig. 20). Genome assembly across repetitive regions can
be challenging, particularly when generated from short-read data,
as in the Puerto Rico assembly (which used 10X Chromium tech-
nology). The Texas assembly was generated using PacBio and Hi-C
data, which should allow correct assembly provided that the reads
were long enough to span the repetitive regions around inversion
breakpoints and/or Hi-C data maps uniquely to both sides of the
inversion breakpoints (30). However, mapping of Texas Hi-C data
around the left breakpoint of the putative inversion regions is poor
(both when mapped to its own assembly or the Puerto Rico assem-
bly), yielding no detectable signal of an inversion (fig. S13). While
we cannot directly show that the haploblocks on chromosome 6 and
19 are inversions and/or could correspond to a more complex or a
series of chromosomal rearrangements, for simplicity, we will refer
to all these regions as inversions.

Evolutionary history of the inversions

To investigate the origins of the divergent haplotypes at the three
inversions, we compare with closely related species from the erato,
clysonymus, and sara/sapho clades (table S1). Deep divergence be-
tween the H. charithonia haplotypes at the three inversions compared

Seixas et al., Sci. Adv. 12, eadv1982 (2026) 1 July 2026

to genomic background levels of divergence (fig. S9) could be ex-
plained by introgression from other species. To test the latter, we cal-
culated dxy along chromosomes between H. charithonia homozygotes
and individuals representative of outgroup species. We found no
drop in dyy at any of the inversion regions as would be predicted by
recent introgression (figs. S14 to S16). Furthermore, ML trees show
that none of the inversion haplotypes group with any other species
(Fig. 3). On chromosome 2, we find both standard and the two inver-
sion haplotypes are basal to the whole erato-clysonymus-sara/sapho
clade (Fig. 3A). Also, all three haplotypes are deeply divergent, but
the largest H. charithonia inversion haplotype (primary inversion),
which groups with Heliconius peruvianus, is more closely related to
the nested (secondary) inversion than to the standard arrangement.
This topology indicates that both inversion haplotypes are derived
relative to the standard arrangement. On chromosome 6, both stan-
dard and inversion haplotypes group together and branch deep in
the sara/sapho clade (Fig. 3B), as in the majority tree inferred from
collinear regions of the genome (Fig. 3D). On chromosome 19, one
haplotype—presumed to carry the inversion—forms the deepest
branch in the whole erato + clysonymus + sara/sapho clade (Fig. 3C). In
contrast, the branch of the alternative haplotype—presumed to rep-
resent the standard arrangement—retains its position deep in the sara/
sapho clade as seen in the average autosomal tree (Fig. 3C). The same
results were also obtained when using a coalescent-aware method to
estimate species trees in blocks along chromosomes (fig. S17).

An alternative explanation for the elevated divergence at these
inversions is an ancient origin of the inversion haplotypes (i.e., re-
tention of an ancestral polymorphism). In particular, the phyloge-
nies of the inversion regions on chromosomes 2 and 19 (Fig. 3, A
and C), which are inconsistent with the tree inferred from collinear
regions of the genome (Fig. 3D), and where inversion haplotypes
branch most deeply in the entire erato-clysonymus-sara/sapho clade,
would suggest that they predate the diversification of the group. To
investigate the timing of origin of the inversions, we estimated the
ages of the inversion polymorphisms and compared these to diver-
gence times estimated under the majority tree from collinear re-
gions (Fig. 3D and table S2). In all three cases, their origin predates
the split between H. charithonia and its sister species H. peruvianus
(~300 ka ago), supporting an ancient origin, but still more recent
than the root age of erato + clysonymus + sara/sapho clade of 1.53 Ma
ago estimated from collinear parts of the genome. The inversions on
chromosome 19 and 6 originated 1.35 and 1.04 Ma ago, respectively,
while both primary and secondary inversion haplotypes on chro-
mosome 2 had a more recent origin at 596 and 535 ka ago.

The conflicting patterns between the species tree and inversion
topologies (and dates) on chromosomes 2 and 19 can instead be rec-
onciled if we assume introgression between clades not carrying the
inversion haplotypes (Fig. 3, E and G). In the case of the chromo-
some 2 inversion, introgression from an ancestor of the erato (or
clysonimus) clade into an ancestor of the sara/sapho clade, after the
latter split from H. peruvianus and H. charithonia (Fig. 3E), would
render both clades (erato and sara/sapho) sister to each other rather
than the latter being sister to charithonia/peruvianus as in the rest of the
genome (Fig. 3D and fig. S17). Regarding the putative chromosome
19 inversion, the posterior mean estimate for its origin (1.35 Ma ago)
is slightly younger than the root age of the erato-clysonymus-sara/
sapho clade (1.53 Ma ago), though their confidence intervals over-
lap (table S2). However, node ages estimated from collinear parts of
the genome (including root age) could be underestimated since our
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Fig. 3. Phylogenetics of polymorphic inversions and collinear regions of the genome. (A to D) ML phylogenies of inversion regions on chromosome 2 (A), chromo-
some 6 (B), chromosome 19 (C), and whole-genome collinear regions (D). Trees were rooted using midpoint rooting. Bootstrap values indicated next to nodes. Outgroup
individuals are colored according to the main clades: erato (red), sara-sapho (blue), clysonymus (green), and melpomene/doris/burneyi (gray). H. charithonia individuals are
colored according to their inversion haplotypes: inversion (gold, pink, and dark blue) and standard (black). (E to G) Inferred evolutionary scenarios for the inversion hap-
lotypes on chromosomes 2 (E), 6 (F), and 19 (G). The likely origin of inversion haplotypes (indicated by stars) and their estimated age (indicated in black) are shown against
the species tree inferred from collinear regions of the genome (gray background; relevant node ages are indicated in gray). Node ages were estimated using a mutispecies
coalescent approach (see table S2). Dashed lines in the genealogy of inversion regions [(E) and (G)] indicate probable introgression that explains the differences from the

main species tree (D).

analysis does not account for gene flow, which is common in this
clade (31). Moreover, since the arrangements are likely under diver-
gent selection, their age could be overestimated. Therefore, while
it remains possible that the chromosome 19 inversion predates the
origin of the entire group, it is more likely it originated after the split
between the erato-clysonymus and sara/sapho-charithonia clades.
The discordant topologies can then be reconciled assuming intro-
gression between the common ancestor of sara/sapho-charithonia
clades, not carrying the inversion, and the common ancestor of the
erato-clysonymus clade (Fig. 3F).

In sum, all three inversion polymorphisms appear to be old. Giv-
en their ages and that none is shared with other species, the inver-
sions appear to have been maintained as long-term polymorphisms
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as a result of some sort of balancing selection since their origins deep
in the ancestry of H. charithonia lineage.

Little evidence for deleterious effects of inversions

To explore possible deleterious effects of the inversions, we first in-
vestigated the inversion breakpoints (table S3). Inversions can dis-
rupt genes if breakpoints fall within a gene or its regulatory elements
(32). Of the two inversion breakpoints of the largest (primary) in-
version on chromosome 2, inferred on the basis of genome align-
ments, only the right breakpoint falls within a gene (evm.TU.
Herato0209.48), an ortholog of CG31344 in Drosophila melanogaster.
For the nested (secondary) inversion on this chromosome, both inver-
sion breakpoints (inferred on the basis of local PCA and visualization
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of genotypes) fall within genes (evm.TU.Herato0206.24 and evm.
TU.Herato0209.31, for the left and right inversion breakpoints, re-
spectively). Their orthologs in D. melanogaster (CG31229 and Arc42,
respectively) are both associated with mitochondrial function.
On chromosome 6 and 19, we obtained only approximate coordi-
nates of the inversion breakpoints based on the local PCA. The
breakpoints on chromosome 6 do not overlap annotated genes, and
the closest genes are 106 and 130 kb from left and right breakpoints.
On chromosome 19, the first breakpoint is within the gene evm.
TU.Herato1910.104, an ortholog of PIHI domain containing 1 in
D. melanogaster. The second inversion breakpoint is within evm.
Herato1910.121 orthologous or paralogous to highroad (hiro) and
CG32483 genes in D. melanogaster.

We next investigated possible deleterious mutational load car-
ried by the inversions, which can accumulate because of reduced
efficacy of purifying selection resulting from suppressed recombina-
tion in heterozygotes (provided that these are common). We esti-
mated the rate of nonsynonymous to synonymous polymorphism
(pN/pS), the rate of nonsynonymous to synonymous substitution
(dN/dS), and the directionality of selection (DoS), for both inversion
and standard haplotypes independently. Inversion haplotypes present
levels of nonsynonymous relative to synonymous polymorphism
(pN/pS) and substitution (dN/dS) in line with the whole genome
(Fig. 4, A and B). While levels of nonsynonymous over synonymous
substitution (dN/dS) are similar to those of standard haplotypes
(Fig. 4B), the ratio of nonsynonymous to synonymous polymorphisms
(pN/pS) is lower in inversion haplotypes (Fig. 4A). Correspondingly,
inversion haplotypes show overall negative (i.e., purifying) selec-
tion (DoSchr2 1 = —0.09, DoScpys 2 = —0.12, DoScre = —0.06, and
DoSchr19 = —0.03), although less negative than the standard haplotypes
(Fig. 4A). This pattern is consistent whether the inversion haplotype
is the most frequent allele (primary inversion on chromosome 2) or
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least frequent allele (secondary inversion on chromosome 2 and in-
version haplotypes on chromosome 6 and 19). These results suggest
that the inversions do not harbor a strong deleterious mutational load
and some nonsynonymous mutations in the inversion haplotypes
could be positively selected.

The lack of signal of accumulation of strongly deleterious variants
could be explained by rare recombination and/or gene conversion in
heterokaryotypes (i.e., gene flux). Gene flux decreases linkage-
disequilibrium within inversions, helping mitigate some of the costs
associated with recombination suppression (33-35). To explore this
hypothesis, we attempted to quantify gene flux between the inver-
sion haplotypes by fitting demographic models of strict divergence
and isolation with migration using gIMble. In all three inversions
and all inversion haplotype pairwise comparisons, a model of strict
divergence is favored (table S4). To examine potential gene flux at a
finer scale, we also performed topology weighting (Twisst) analysis
in sliding windows along the inversions. In all three inversions, to-
pologies grouping individuals by haplotype (rather than geographic
proximity as expected because of gene flux) were strongly supported
(weight > 0.95) (figs. S18 to S20).

If inversion haplotypes accumulate recessive mutational load, in-
version homozygotes should be rare because of heterozygous advan-
tage. Instead, heterokaryotypes seem rare in all three inversions
(n =15, 5, and 6, of 76 individuals in chromosomes 2, 6, and 19,
respectively) (table S1). Focusing only on H. c. vazquezae from Central
America and Texas, the only subspecies in which the inversions are
polymorphic, inversion genotype frequencies deviate significantly
(P < 0.01) from Hardy-Weinberg equilibrium (HWE) in all inversions
because of a deficit of heterokaryotypes. The only exception is one
class of heterokaryotypes on chromosome 2, which are more frequent
than expected (table S1). Because recombination proceeds normally
in inversion homozygotes, deleterious mutations can be efficiently

P &
A v Vv Chromosome 2
A v Chromosome 6
A v Chromosome 19
Whole genome
B

dNIdS

Fig. 4. Limited evidence for accumulation of deleterious mutations in inversions. (A) DoS and ratio of nonsynonymous to synonymous polymorphisms (pN/pS),
computed in 500-kb windows genome-wide and in the inversion regions. (B) Ratios of nonsynonymous to synonymous substitutions (dN/dS). The ancestral and derived
state of the inversions are given by the dashed and full colored lines. Shades of gray are used to display 0.95 and 0.975 quantiles of the genome-wide values. std, standard;

inv, inversion.
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purged once an inversion reaches moderate to high allele frequen-
cies, providing a plausible explanation for the absence of signals of
mutational load seen in this system. Overall, evidence thus suggests
that none of the inversions is associated with strongly deleterious
fitness effects. The lack of heterozygotes is instead consistent with
local selection favoring homozygotes, although our ability to test
this hypothesis was limited by the small number of samples avail-
able per population.

Inversions maintained by spatially heterogeneous selection

Inversion polymorphisms may persist over the long term in a het-
erogeneous environment if local selection favors distinct haplotypes
in different regions. The three inversions are polymorphic only in
H. c. vazquezae. On chromosome 2, the rare haplotypes are found
only in part of the range of this subspecies: The ancestral haplotype
is mostly found in the southernmost H. c. vazquezae populations in
our dataset, from Panama to Chiapas near the southern border of
Mexico (with one occurrence in Texas), while the secondary inver-
sion is found only further north near the mountainous regions,
mostly from Oaxaca and Veracruz in Mexico to Texas (Fig. 5A). The

inversion on chromosome 6 also has a restricted distribution, being
mostly restricted to Oaxaca in Mexico to Texas (Fig. 5B). The inver-
sion on chromosome 19 seems to follow a south-north gradient,
with one copy present in Guatemala and southern Mexico each, and
becoming almost fixed further north in Mexico (Oaxaca and Veracruz)
and fixed in our Texas sample (Fig. 5C).

The geographically restricted distributions of these rare inver-
sions are consistent with local adaptation, particularly the chromo-
some 19 inversion. SNPs within the chromosome 19 inversion are
significantly associated with four environmental variables: mini-
mum temperature of the coldest month, temperature seasonality,
temperature annual range, and water vapor pressure (Fig. 5D and
fig. $21). Individuals homozygous for the inversion on chromosome
19 face significantly lower temperatures in the coldest month (3.9°
to 10.8°C) and greater temperature oscillations throughout the year
(temperature seasonality = 165 to 708; temperature annual range =
19° to 31°C), compared with homozygotes for the ancestral arrange-
ment (minimum temperature in the coldest month = 8.0° to 22.8°C;
temperature seasonality = 26 to 518; temperature annual range = 8°
to 25°C; fig. S22 and table S5). Water vapor pressure, a proxy for
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Fig. 5. Association of inversion haplotypes with environmental factors. (A to C) Geographic distribution of chromosome 2 (A), chromosome 6 (B), and chromosome
19 (C) inversion genotypes. (D) Latent factor mixed-models Manhattan plots showing association with climatic variables inside chromosome 19 inversion. Each point in-

dicates P values at each SNP. Points are colored according to estimated false discovery rates (dark blue, <0.00001; medium dark blue, <0.0001; light blue, <0.001; gray, >

0.001). P values for the inversion coded as a single-locus are also shown. The dashed vertical lines represent the inferred boundaries of the inversion.
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humidity, is also significantly lower in regions where inversion ho-
mozygotes are found (1.4 to 1.9 kPa) than in other geographic loca-
tions (1.6 to 2.9 kPa). The rare, inversion haplotype on chromosome
19, present mainly in the northern part of the distribution, seems
likely to confer a selective advantage for particularly cold and dry
conditions in subtropical Texas and Central and Northern Mexico.
SNPs within the chromosome 2 and 6 inversions, in contrast, show no
obvious association with climatic variables (figs. S21, $23, and S24).

DISCUSSION

Here, we present a genome-wide analysis of H. charithonia popula-
tion structure, with a focus on its biogeographic history and geo-
graphic distribution of genetic diversity. Using resequence data
sampled across the species range, we infer two colonization waves of
the Caribbean from the mainland into the Greater Antilles. The
most recent colonization resulted in homogenization of genetic di-
versity across the whole species range, consistent with the low mor-
phological diversity of this species. Using unsupervised methods to
detect regions of the genome with outlier genetic structure, we
found ancient large inversions segregating in H. charithonia, one of
which likely plays a role in local adaptation to climatic conditions at
the subtropical edge of its range.

Genetic homogeneity and colonization of Caribbean islands
Unlike other Heliconius species with wide distributions, population
structure is weak in H. charithonia. For example, considerable popu-
lation structure exists across broad biogeographic scales in H. erato
and H. melpomene (36, 37). Deep genetic divergence in those spe-
cies is often associated with major geographic barriers, for example
between populations across the Andes. Within biogeographic re-
gions, there is little differentiation across most of the genome, even
between geographic populations with different wing color patterns
(38, 39). In H. charithonia, these major barriers do not seem to disrupt
genetic homogeneity, nor do we find major ecological differences
between mainland and island habitats. H. charithonia exhibits very
little local population structure (40) and regularly disperses hundreds
of kilometers north within a single year from south of the Rio Grande
valley in Northern Mexico to Central Texas and beyond (41) (Fig. 1A).
This long-range dispersal ability likely explains why the species is so
genetically homogeneous, at least on the mainland. Relatively recent,
rapid expansion into the Caribbean from the continent would ex-
plain the low levels of genetic divergence there as well. We identified
at least two colonization waves of the Caribbean by H. charithonia
from our genomic dataset. The most recent colonization of the
Caribbean (~180 to 320 ka ago) likely occurred from Central America
into Cuba, through the Yucatdn Peninsula. From there, H. charithonia
expansion split into two routes: north into Florida and the Bahamas
and south into the Greater Antilles (Fig. 1D).

An earlier colonization (~1.03 Ma ago) can also be inferred from
genetic variation found exclusively in Jamaica. This is consistent
with another study on birds showing that this island is more isolated than
other Antillean islands, retaining variation from earlier Caribbean
colonizations (42). Evidence of an ancestral colonization comes
mainly from mitochondrial genomes (all four Jamaican individuals
show similar deeply divergent haplotypes) and from genetic varia-
tion at the Z chromosome (75.1% ancestral variation). In contrast,
the autosomes retained much less ancestral variation (31.4%). The
contrast between autosomal and mitochondrial loci was suggested
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to result from male-biased migration into the Caribbean and/or
different effects of founder events and genetic drift on the different
genomic compartments (23). Our data from the Z chromosome al-
lows us to test between these hypotheses. In ZW systems such as
H. charithonia, male-biased dispersal would favor an excess—not a
deficit—of homogenization of variation on the Z chromosome
(males are ZZ). Instead, the ancestral variation in different genomic
compartments is more consistent with differential impact of found-
er events and genetic drift and/or the Z carrying more incompatibil-
ities than autosomes (43).

Evidence for chromosomal inversions
The availability of population-level whole-genome datasets allows
the discovery of SVs in a comprehensive and cost-effective way (20).
For example, an increasing number of studies have investigated ge-
netic heterogeneity along the genome using unsupervised methods
such as local PCA in sliding windows (44). Such methods have re-
vealed genomic blocks of tightly linked SNPs that are highly differ-
entiated, providing clues to SVs such as chromosomal inversions
that reduce recombination (45-50). Complementary analyses, in-
cluding PCA within these regions showing discrete genetic clusters
and elevated heterozygosity of the putative heterokaryotypes, fur-
ther support the presence of an inversion polymorphism. Our unsu-
pervised approach revealed three highly differentiated genomic
regions that are very likely inversions. Two nested inversions, the
larger 1.9 Mb long and the smaller 1.5 Mb, fall on chromosome 2.
Inversions on chromosome 2 have been described previously in other
H. erato—clysonymus-sara/sapho species (50-53), but the inversion
in H. charithonia is not homologous to any of these. The putative
inversions on chromosomes 6 and 19 are ~1 Mb and 540 kb long,
respectively, and have not been previously described in Heliconius.
Uncovering inversions from indirect evidence has drawbacks.
Since indirect methods rely on signals of linkage and divergence,
they most easily detect large, polymorphic, and highly divergent in-
versions (20). It is thus likely that our dataset does not fully describe
all structural variation present in H. charithonia. In addition, inver-
sions are best confirmed using direct methods such as long-read
sequencing and/or Hi-C sequencing data (54, 55). Direct methods
are also better for characterizing inversion breakpoints, which can
only be approximated using indirect approaches. We directly con-
firmed the largest inversion on chromosome 2 and determined its
breakpoints (Fig. 2M) but could not do so for the smaller nested
inversion on chromosome 2 or the other putative inversions on
chromosomes 6 and 19 (Fig. 2, M to O). Our inability to confirm the
chromosome 6 inversion may be explained if neither H. charithonia
assembly (from Puerto Rico and Texas) carries the inversion haplo-
type (both are homozygous for the same haplotype; Fig. 2E). Also,
all three genotypes show particularly high diversity within this re-
gion when compared with the genome background (Fig. 2H and
fig. S9B), which could indicate further hidden structural complexity
not captured by our approaches. In contrast to the two other outlier
regions, the two H. charithonia assemblies have distinct genotypes
at the chromosome 19 region (both homozygous, but with different
inversion haplotypes), yet genome alignments show them to be col-
linear with outgroup species. While it is possible that this region
does not correspond to an inversion, we believe that we were unable
to confirm it because of a misassembly in one of the reference ge-
nomes, most likely the Texas assembly (i.e., the inversion was not
assembled in the correct orientation) due to the complex genomic
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structure around the putative inversion region (Fig. 20 and figs. S12,
S13, and S25). Furthermore, and consistent with assembly prob-
lems near this breakpoint, a ~500-kb region directly adjacent and
upstream of the putative inversion is duplicated in the Texas assem-
bly and is also present at the end of chromosome 19 (figs. S9 and
$25). When mapping PacBio reads to its own genome assembly,
coverage in these regions drops to half the genome-wide coverage
(fig. S25), suggesting that they do not represent a true duplication/
translocation but instead two distinct haplotypes of the same genom-
ic region. Because of high divergence, they were assembled separate-
ly, with one being placed at the end of chromosome 19 (fig. $25). This
underscores the complex genomic structure around the putative in-
version region, and we cannot rule out the possibility of misassem-
bly. Overall, our results provide strong evidence for multiple SVs in
H. charithonia, most likely inversions, although the difficulty in con-
firming several candidates suggests that the genomic architecture of
some of these regions may be more complex.

Ancient polymorphicinversions involved in adaptation to
heterogeneous environments

Chromosomal inversion polymorphisms are often ancient and may
predate the origin of the species in which they are found (12). This
is sometimes explained by introgression from closely related species
(56-59), including in Heliconius (50-52, 60). We find that inversions
segregating in H. charithonia are old (535 ka ago to 1.35 Ma ago), all
three predating the split between H. charithonia and its sister species
H. peruvianus. However, we failed to find any evidence of introgres-
sion and it seems more likely these inversions are ancient ancestral
polymorphisms.

The long-term persistence of inversion polymorphisms rais-
es questions about how inversions become established and main-
tained within species. Multiple factors—including local adaptation,
mutation load, and breakpoint effects—have been suggested to
explain these processes, and their relative importance may change
through the life of an inversion (8, 14, 32). For instance, in Heliconius
numata, wing-color polymorphism is associated with an inversion
at a mimicry locus (supergene P) on chromosome 15 (15, 61). In
this system, Miillerian mimicry adaptations associated with recom-
bination suppression are thought to explain the initial spread of the
inversion polymorphisms, but this may be coupled with assortative
mating among phenotypes and accumulation of deleterious muta-
tions leading to heterozygote advantage (62). In H. charithonia, there
is little evidence for accumulation of mutational load in the form
of nonsynonymous mutations in any of the inversions. In the ab-
sence of recombination, deleterious mutations are expected to ac-
cumulate in inversions that are frequently heterozygous, and each
arrangement may fix different mutations, leading to greater fit-
ness of heterozygotes. Recombination is suppressed only in hetero-
karyotypes but can proceed in homokaryotypes, so that purifying
selection can remove deleterious mutations when both chromo-
somal morphs maintain reasonably large effective population sizes
(63). In H. charithonia, heterokaryotypes were rare in all inver-
sions (n =15, 5, and 6, on chromosomes 2, 6, and 19, respectively)
across the species (n = 76) (Fig. 5 and table S1). Even within H. c.
vazquezae, the only subspecies in which all three inversions are
polymorphic, inversion genotypes show no evidence of heterozy-
gote excess, suggesting that neither inversion haplotype has fixed
highly deleterious mutations. Demographic modeling and phyloge-
netic analyses indicate that the absence of mutational load cannot
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be explained by gene flux between haplotypes (table S4 and figs. S18
to S20).

A more plausible explanation for the establishment and mainte-
nance of inversion polymorphisms in H. charithonia is local ad-
aptation. Inversions can be maintained as stable polymorphisms in a
heterogeneous geographical landscape by migration-selection bal-
ance (8, 64). If a new inversion captures a set of locally adapted alleles
at two or more loci, the inversion haplotype will be advantageous,
since suppressed recombination within the inversion preserves the
favorable combination of alleles (8). The spatial structure of the chro-
mosome 19 polymorphism and its association with environmental
conditions (Fig. 5, A and C) suggest that different inversion haplo-
types confer local benefits in response to climatic conditions. Weak
geographic structure at the whole-genome level indicates that popu-
lations are currently connected by high levels of gene flow, which, in
the inversion region, is counteracted by divergent selection. Notably,
the chromosome 19 inversion haplotype present in Mexico and Texas
resisted a recent population expansion that homogenized most
genetic variation across the entire species range. While it is unclear
whether this inversion was initially advantageous and spread be-
cause of recombination suppression, it is likely currently maintained
by a balance between migration and selection. Clinal variation of in-
versions across geographical or environmental gradients offers com-
pelling evidence of natural selection driven by abiotic factors (12, 65).
Numerous recent examples of species in which chromosomal inver-
sions segregate between distinct ecotypes or in parallel with environ-
mental gradients include monkeyflowers (66), sunflowers (45, 46),
deer mice (47), seaweed flies (48), annual ragweeds (49), marine
snails (18, 67), cod (34), sticklebacks (68), and other Heliconius but-
terflies (50, 53). Likewise, in H. charithonia, the three inversion poly-
morphisms exhibit geographic structuring, suggesting a potential
role in local adaptation.

Several lines of evidence indicate that the chromosome 19 inver-
sion confers a local adaptive advantage, particularly in response to
cold and desiccation stress. First, genotype-environment analyses
show an association between SNPs within the inversion and climat-
ic variables related to temperature variability, cold, and desiccation
(Fig. 5D and fig. S21). A previous study also found that temperature
was a key factor determining residency time of H. charithonia in
Texas during warmer months (41). Second, the inversion polymor-
phism appears to follow a south-north gradient and is spatially
segregated between populations in dry, cold habitats (restricted to
Texas and Mexico) and populations in warmer, more humid habitats
(elsewhere in the distribution; Fig. 5C and fig. $22). Third, the chro-
mosome 19 inversion contains 18 genes (table $3), including two
near inversion boundaries—Catalase (Cat) and Trehalose transporter
I-like (Tret1l)—that have been implicated in adaptation to cold and
desiccation across different taxa (69-73). In insects, species resistant
to cold also tend to be tolerant of desiccation (74, 75), and many mech-
anisms underlying tolerance to these two environmental stresses
overlap (74). These include up-regulation of antioxidant defenses
and metabolism and transport of trehalose between cells and the
hemolymph. Periods of environmental stress, such as cold and des-
iccation, result in an increase of reactive oxygen species that can
cause cellular damage (75, 76). In response, increased activity or ex-
pression of antioxidant enzymes helps mitigate oxidative stress, in-
cluding catalase that breaks down harmful hydrogen peroxide into
water and oxygen (69, 70, 77). Another key response to extreme
conditions, such as cold, heat, and desiccation, is biosynthesis and
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transport of sugars, especially trehalose. Trehalose, the main hemo-
lymph sugar in most insects, acts as a cryoprotectant at low tem-
peratures. Its accumulation improves tolerance to cold, desiccation,
and hypoxia and facilitates cryoprotective dehydration by replacing
water and preserving the structure of proteins and membranes dur-
ing stress (78-81). Given its geographic structure, association with
environmental variables, and functional gene content, the chromo-
some 19 inversion polymorphism is highly likely involved in adapta-
tion to drier, colder subtropical conditions in northern populations of
H. c. vazquezae, enabling its success as the most northerly distrib-
uted member of its genus.

The inversion polymorphisms on chromosome 2 and 6 showed
no association with any of the climatic variables that we examined.
The outlier region on chromosome 6 encompasses multiple gene
copies orthologous to the timeout gene in D. melanogaster. The para-
log of this gene in insects, timeless, is a canonical circadian clock
gene (82, 83). The role of timeout as a circadian clock gene is more
contentious, although it has been reported to be involved in light
entrainment of the circadian clock in Drosophila (83), variation in
circadian activity rhythms in different populations of rice borer moths
(84), and diapause thresholds and voltinism in speckled wood but-
terfly (85). Heliconiini butterfly adults, including H. charithonia, fre-
quently exhibit promenading behavior, but their activity seems to
depend on external cues (e.g., light levels and/or temperature) that
could also be related with periods when predators are most active
(86-88). It has also been shown that Heliconius can use time as a
context for making foraging decisions related with availability of
pollen resources that vary predictably in time in different host plants
(89). It is thus possible that the polymorphism at the chromosome 6
inversion could be linked to changes in behavior in response to
external cues and/or resource availability. Regarding the large
inversion on chromosome 2, a Gene Ontology enrichment analy-
sis revealed an overrepresentation of genes associated with “wing
disc” and “gustatory receptor neuron” phenotype categories. The
latter phenotype raises the intriguing possibility that the chromo-
some 2 inversion may play a role in host plant adaptation. Notably,
H. charithonia is among the few Heliconiini adapted to and able to
feed on Passiflora hosts with hooked trichomes (90, 91). Larvae from
mainland populations (H. c. vazquezae) can escape physical damage
from the trichomes and feed on the host plant because of external
(thicker and more puncture-resistant cuticle) and postingestive
adaptations (90-92). Coincidently, the distribution of Passiflora
species with hooked trichomes, such as Passiflora adenopoda and
Passiflora lobata, is restricted to northern South America and Central
America. These Passiflora overlap with the range of H. c. vazquezae
(Central America), where the chromosome 2 inversion haplotypes
are common but also extends to that of H. c. bassleri (South America),
which is fixed for the same inversion haplotype found on the island
populations. Several factors may explain the lack of perfect association
between the ranges of inversions haplotypes and trichome-bearing
Passiflora: (i) Variation in relative densities of Passiflora with and
without trichomes (which exist in these areas) may change through
Central and South America; (ii) we might have missed the inver-
sion in H. c. bassleri because of low sample size (n = 4); or (iii)
the chromosome 2 inversion is not involved in host adaptation.
Experimental assays and genetic mapping will be fundamental to
directly test links between inversion haplotypes and putative adap-
tive traits, as demonstrated in other species (17, 48, 93). This
should be particularly feasible in this system, given the low genomic
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divergence outside inversion regions and full fertility observed be-
tween subspecies.

MATERIALS AND METHODS

Sample collection and genome resequencing

We performed Illumina short-read whole-genome sequencing of
76 H. charithonia collected from across most of H. charithonia native
range (Fig. 1A and table S1). These included wild-caught speci-
mens collected from different localities across the species ranges be-
tween 1990 and 1991; wild-caught samples collected in Peru (2011),
Honduras (2022), Guatemala (2023), and Mexico (2016 to 2019, 2021,
and 2023); and fresh samples reared in captivity from Colombia,
Costa Rica, and Texas (table S1). RNA-free genomic DNA was ex-
tracted using the E.Z.N.A Tissue DNA kit (Omega Bio-tek Inc.), in-
cluding a ribonuclease A treatment step. Samples from Honduras,
Guatemala, and Mexico were extracted using a magnetic bead clean-
up DNA extraction protocol (see Commit b4384aa: https://phyletica.
org/lab-protocols/extraction-spri.html). DNA integrity was manually
inspected on agarose gels, and concentrations were determined on
a NanoDrop spectrophotometer and a Qubit fluorometer. Whole-
genome DNA library preparation was performed using the Illumina
DNA Prep library kits aiming at an insert size of ~350 bp. The result-
ing libraries were sequenced using 150-bp paired-end sequencing
on Illumina NovaSeq S4 and SP instruments at the Harvard Univer-
sity Bauer Core and on a DNBSEQ-T7 instrument (Innomics Inc.,
Sunnyvale, CA; see table S1). To our new data, we added previous
whole-genome resequence data of seven H. charithonia individuals
and 36 genomes of 26 closely related species (table S1).

Read mapping and genotype calling

Reads were filtered for adapters using Trimmomatic v0.39 (94) and
mapped to the H. erato demophoon reference genome (95) using bwa-
mem v0.7.15 (96) with default parameters. Median coverage across
all H. charithonia samples was 13.0X (ranging from 4.6X to 126.0X;
table S1). Genotyping was carried out with beftools v1.17 mpileup and
call modules, using the multiallelic-caller model (call -m), requiring
minimum base and mapping qualities of 20. Genotypes were filtered
using the beftools filter module. Both invariant and variant sites were
required to have a minimum quality score (QUAL) of 20. Furthermore,
individual genotypes were filtered to have a depth of coverage (DP) > 4
(except for the Z chromosome of females for which the minimum re-
quired DP > 2) and QUAL >20. Genotypes not fulfilling these require-
ments or within 5 bp of an indel (--SnpGap) were recoded as missing.

Population structure and phylogenetic analysis

Population structure was investigated using a PCA as implemented
in PLINK v1.9 (97). We considered only H. charithonia individu-
als and only autosomal biallelic sites (excluding singletons) with no
missing genotypes and each at least 25 kb from the next SNP.

We estimated phylogenies using all H. charithonia genome se-
quences and one of the sister species, H. peruvianus. Autosomal and
Z-chromosome phylogenies were generated separately, using both
variable and invariable sites. In PLINK, positions were selected to be at
least 1 kb apart (--bp-space 1000) with no missing genotypes (--geno
0) across all 76 H. charithonia individuals and the H. peruvianus
outgroup. For the Z chromosome, we select sites every 100 bp to
retain more sites. The resulting variant call format (VCF) files were
converted to FASTA format using a custom script (https://github.
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com/FernandoSeixas/Hcharithonia-inversions). We inferred ML trees
using IQ-TREE v2.1.0 (98). Model selection was performed using
ModelFinder (99) (-m MFP), and branch support was estimated
using ultrafast bootstrap implemented in IQ-TREE (100), with
5000 ultrafast bootstrap replicates (-B 5000). To retain informa-
tion at heterozygous sites, we assigned International Union of Pure
and Applied Chemistry (IUPAC) ambiguity codes to which IQ-
TREE assigned equal likelihood for each underlying base identity.
To infer population relationships while accounting for admixture
events, we estimated admixture graphs, using the “qpgraph” func-
tion of the ADMIXTOOLS 2.0.0 R package (101). Only autosomal
SNPs with minimum allele frequency (MAF) >5%, with no missing
genotypes (--geno 0) and at least 1 kb apart (--bp-space 1000) were
considered, resulting in 247,944 SNPs. We ran the analysis grouping
individuals by their assigned population (see table S1). Given the lack
of population structure within H. c. vazquezae and to simplify this
analysis, we included only a subset of H. c. vazquaze populations—
Panama, Honduras, Mexico (two populations), and Texas. We con-
sidered admixture graphs with up to four admixture events, each
estimated using five independent replicate runs. In each run, the
best-fit graph was estimated using the command “find_graphs” with
default parameters and specifying H. peruvianus as outgroup. For
each number of admixture events, only the best run (i.e., the run
with the lowest score) was considered. We then determined which
model was best supported, by running 100 block-bootstrap replicates
of the best graph under each model and comparing the likelihood
score distributions using the “qpgraph_resample_multi” and “com-
pare_fits” functions. Confidence intervals for strength of drift and
admixture proportion were estimated using the “qpgraph_resample_
snps” with 100 bootstraps.

We estimated a dated phylogeny for the mitochondrial genome.
Whole mitochondrial genome sequences of each individual were as-
sembled from a subset of 5 million trimmed reads with MITObim
v1.9.1 (102), using the --quick option and up to 40 iterations. The full
mitochondrial genome of Heliconius sara was used as bait (Genbank
accession NC_026564). Mitochondrial genome assemblies were
aligned using MAFFT (103) and pruned manually in Geneious ver-
sion 2023.2.1 (104). We selected only genic regions for phylogenetic
analysis, on the basis of annotations of the H. sara reference. Models of
DNA evolution for each gene alignment were fit using ModelTest-
NG (105, 106). Bayesian phylogenetic inference in BEAST v2.6.3
(107) was used to date divergence times. Three independent runs of
10 million generations were performed using the best-fit nucleotide
substitution model (or the next-most simple model implemented in
the software), a BSP tree prior, and a strict molecular clock. Runs were
examined in Tracer v1.7.1 for convergence and consistency across
runs. Replicate runs were concatenated using LogCombiner, and
postburn-in trees were summarized using TreeAnnotator, both part
of the BEAST package. Node ages were calibrated assuming a substi-
tution rate of 1.15 X 10™° substitutions/site per year for the cyto-
chrome oxidase subunit 1 (COI) region (25). We also constructed a
median-joining network using PopART 1.7 (108, 109).

Summary statistics and genomic differentiation

Within-population (7) and between-population (dxy, Hudson’s Fsr)
summary statistics were estimated in 50-kb nonoverlapping sliding
windows along the genome using the python script popgenWindows.py
(available from github.com/simonhmartin/genomics_general). Sites
with less than 80% individuals genotyped were discarded; only
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windows with at least 20% sites passing filters were considered. We
found that the Jamaican population retains variation from an ancestral
colonization wave of the Caribbean. To explore heterogeneity in an-
cestry across the genome, stemming from multiple colonizations of the
Caribbean, we used Twisst (110) (https://github.com/simonhmartin/
Twisst). Phylogenetic relationships were estimated among three focal
subspecies [H. c. simulator (Jamaica), H. c. churchii (Dominican
Republic), and H. c. bassleri (Colombia and Peru)], using H. peruvianus as
the outgroup. Only SNPs variable in the focal species and without miss-
ing data were considered. Statistical phasing and imputation were per-
formed using Beagle v5.1 (111), with default settings. ML trees were
inferred from the phased filtered dataset, in 50-kb nonoverlapping win-
dows, assuming a general time reversible (GTR) substitution model,
in PhyML (112). Exact weightings were computed for all phylogenies.

Genetic crosses

Captive-bred populations of H. charithonia from Florida and Texas
were reared in the OEB Harvard greenhouses. Adult butterflies
were fed with a solution of water with sugar and pollen and pro-
vided additional pollen sources—Lantana spp. (Verbenaceae). We
performed crosses between captive bred H. c. vazquezae (Texas)
with H. c. tuckeri (Florida). F; individuals were obtained by crossing
1 pure Texas virgin-female with 1 pure Florida male, producing 32
viable adult offspring (16 females and 16 males). Three F; female-
male pairs were mated to generate F, progeny (67 females, 64 males).
Females were kept isolated from males before the crosses to ensure
all were unmated. Individuals were monitored daily and stored once
adult butterflies emerged.

Historical demography and range expansion

Past demographic dynamics of H. charithonia were estimated using
the PSMC model (113). Diploid consensus sequences were obtained
using samtools v1.17 mpileup for all autosomal contiguous scaffolds
longer than 1 Mb and requiring a minimum base and mapping qual-
ity of 20 and DP >8. Because of PSMC'’s limitations inferring coales-
cent rates in the more recent past, we also used coalescent BSP (114)
in BEAST for the mitochondrial genome, as described above. Since
the H. charithonia mitochondrial lineage from Jamaica represents
a basal and divergent lineage, the Jamaican mitogenomes were ex-
cluded from this analysis. The Bayesian Skyline demographic profile
was generated in Tracer v1.7.1 and plotted with R.

We tested for range expansion of H. charithonia versus equilib-
rium isolation-by-distance using the method outlined in (26). This
method relies on allele frequency clines created by successive found-
er events during a range expansion and can infer the strength of the
founder effects associated with spatial expansion and the most likely
expansion origin (26, 115). The data were prepared using PLINK,
considering only SNPs with no missing data and a MAF of 0.05 and
at least 10 kb apart. The H. peruvianus individual was included to
determine the derived state of each allele. The filtered dataset was
then analyzed in the R rangeexpansion package (26). This analysis
was performed both including all individuals and excluding indi-
viduals from Jamaica.

Detection of divergent haplotypes

To identify genomic regions with outlier population structure, we
performed local PCA with the lostruct R package (44). We used the
dataset including only H. charithonia with biallelic sites (excluding
singletons) with a maximum of 5% missing genotypes. Local PCA in
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lostruct was performed for nonoverlapping windows of 500 SNPs
and independently for each chromosome using the eigen_windows
function. The distance matrix between windows from local PCs was
then computed using the pc_dist function (with the two top PCs)
with default parameters and distances were visualized using multi-
dimensional scaling (MDS) with the cmdscale function with two
MDS axes. The two MDS axis were then visualized by plotting the
MDS score against the genomic position of each window. The z-
score of the MDSI score for each window was calculated; potential
haploblocks of interest corresponded to genomic regions with at
least five consecutive windows with a z-score > 3.

All SNPs within these haploblocks were used to calculate PCAs
using PLINK. After inspecting the PCAs, samples were manually
assigned to groups, as in every haploblock the individuals segregat-
ed into well-defined clusters. For each region, we also measured het-
erozygosity for every sample (reported as the percentage of called
genotypes within that sample that are heterozygous) using bcftools.

For each chromosome harboring a putative inversion, we esti-
mated pairwise linkage disequilibrium () considering either (i) all
H. charithonia individuals or (ii) only individuals of the most repre-
sented cluster as defined by the PCA of the region. In this analysis,
we excluded two individuals with more than 20% missing data. Only
biallelic SNPs with MAF > 0.05 and at least 1000 bp apart were con-
sidered. Genotype r* values were calculated with vcftools geno-r2
(116). Last, the mean 7> values were calculated between all 100-kb
windows within a chromosome were calculated using the script em-
erald2windowldcounts.pl (from https://github.com/owensgl/reformat).

To measure genetic differentiation between standard and inver-
sion haplotypes, we calculated absolute sequence divergence (dxy)
using the python script popgenWindows.py (available from github.
com/simonhmartin/genomics_general). This was calculated in 50-kb
nonoverlapping sliding windows along chromosomes harboring the
inversions, between the predicted homozygote genotypes.

To determine whether divergent haplotypes correspond to in-
versions, we compared the chromosome level genome assemblies
of one H. c. vazquezae individual from Texas (117) and one H. c.
charithonia from Puerto Rico (118) to the two H. erato (95, 119), the
H. sara (120), and the H. melpomene (121) reference genomes. Iden-
tification of SVs was performed using SyRI 1.6.3 (122). SyRI expects
chromosome-level assemblies with the same number of chromo-
somes. Hence, for the genome assemblies of H. melpomene, H. erato
demophoon, H. e. lativitta, and H. charithonia from Puerto Rico, we
concatenated scaffolds in the same chromosome. Pairwise genome-
to-genome alignments were then performed using minimap2 (123),
with parameters “-ax asm20 —eqx,” and SV's were identified using
SyRI, with parameters “-f -k” We also mapped the Hi-C data used to
generate the Texas H. charithonia genome assembly to both the Texas
and the Puerto Rico H. charithonia genomes. Note that the Hi-C
data come from an individual (not included in our population ge-
nomics dataset) descendant from that used to produce the PacBio
data, but both are homozygotes for the chromosome 19 inversion.
Mapping of Hi-C data to the two genomes was carried using HiC-
Pro v3.1.0 (124) with default parameters, and the contact maps were
visualized using pyGenomeTracks (125, 126).

Timing the origins of inversions

To reconstruct the evolutionary history of the inversions, we analyzed
an extended dataset including 18 closely related species (26 subspe-
cies; table S1). Read mapping and genotype calling were performed as
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described above. Absolute genetic distance (dxy) between both the
standard and inversion haplotypes and the outgroups was calculated
in sliding windows of 50 kb (50-kb step) along chromosomes using
the python script popgenWindows.py (available from github.com/
simonhmartin/genomics_general).

Phylogenetic relationships within the inversion regions were es-
timated on the basis of ML concatenated gene trees using IQ-TREE
(98). H. charithonia individuals, homozygous for each inversion
haplotype, and individuals representative of the different Heliconius
clades were included. Sites without missing information in all indi-
viduals were considered. Model selection was performed using
ModelFinder (99) (-m MFP), and branch support was estimated us-
ing ultrafast bootstrap implemented in IQ-TREE (100), with 5000
ultrafast bootstrap replicates (-B 5000). To retain information at het-
erozygous sites, we assigned IUPAC ambiguity codes to which 1Q-
TREE assigned equal likelihood for each underlying base identity.
Phylogenetic relationships across the genome were also estimat-
ed for H. charithonia harboring different inversion genotypes, as
well as outgroup species, using the multispecies coalescent approach
implemented in BPP v.4.6.2 (127). Only a subset of species was con-
sidered, and H. melpomene was used as an outgroup. Loci were
selected to be 300 bp long, at least 2 kb apart from the nearest loci
and at least 2 kb apart from exons as annotated in the reference
genome. Repetitive elements as annotated in the reference genome
were masked before producing sequence alignments. For each
locus, individuals with more than 50% missing genotype calls were
excluded from the alignment, and only loci with at least two indi-
viduals per population were considered. Furthermore, sites with
more than 20% of individuals with missing genotype calls were
removed, and loci with less than 50 bp passing filters were excluded.
Loci were grouped into blocks of 100 loci, and those overlapping
the inversions on chromosomes 2, 6, and 19 were grouped in sepa-
rate blocks. Species-tree estimation was then performed in BPP us-
ing the A01 analysis (species-tree inference assuming no gene flow).
Inverse gamma priors (invGs) were applied both to the root age
(70) and to effective population sizes (6)—invG (3, 0.3) and invG (3,
0.04), respectively. Parameters were scaled assuming a mutation rate
of 2.9 x 107 substitutions per site per generation and a generation
time of 0.25 years (24). The Markov chain Monte Carlo was run for
1,000,000 iterations after 32,000 iterations of burn-in, sampling ev-
ery 2 iterations.

To estimate divergence times between inversion haplotypes, we
again used BPP (127), but assuming a fixed species tree (A00 analy-
sis). For each inversion, the inversion topologies inferred from the
BPP AO1 analyses were used. We also estimated divergence times
between species, using the collinear parts of the genome. For this,
we assumed the majority tree across all noninversion blocks to be
the true species tree. To reduce the amount of data, we subsampled
10 loci from each noninverted blocks in chromosome 2, 6, and 19.
The analysis were run using the same priors, burn-in, and number
of iterations as in the BPP A01 analyses.

Functional impact of inversions

We used the H. erato demophoon gene annotation (95) to explore
whether inversion breakpoints disrupted annotated genes. The
coordinates of inversion breakpoints on chromosome 2 were de-
termined on the basis of the local PCA results and genome align-
ments, while for the chromosome 6 and 19, we relied on the local
PCA results. For each inversion, we recorded genes spanning the
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breakpoints or the closest annotated gene to the left and right of the
inversion breakpoint.

To test whether inversions are enriched for deleterious muta-
tions, we calculated the ratio of nonsynonymous to synonymous
polymorphisms (pN/pS) within H. charithonia, the ratio of syn-
onymous to nonsynonymous substitutions (dN/dS) compared with
H. e. demophoon, and the DoS (128). SNPs in H. charithonia were
annotated using SNPEff v5.1 (129), with default parameters, and the
H. e. demophoon reference genome annotation. To ensure each gene
comprises several SNPs, only genes larger than 5 kb were consid-
ered. These metrics were calculated for each inversion region using
only individuals homozygous for each of the inversion haplotypes,
while whole-genome distributions were obtained using all individu-
als and calculated on 500-kb nonoverlapping windows.

To assess whether heterokaryotypes are maintained by selection—
potentially as a consequence of masking mutational load—we tested
HWE for inversion genotype frequencies within H. ¢. vazquezae
(the only subspecies in which inversions are polymorphic), using
HWE.chisq in R from the “genetics” package.

To identify SNPs associated with environmental variables, we used
latent factor mixed models, as implemented in the LEA R package
(130-132). This analysis tests for significant associations between
SNP allele frequencies and the selected environmental variables af-
ter correcting for genetic structure. SNPs were filtered to include
only those with no missing data, a MAF of 0.05, and at least 100 bp
apart from each other, resulting in 1,088,130 SNPs. The climatic
variables were obtained from the WordClim database, with 2.5 arc
min (~4.6 km?) resolution (133), and extracted for each specimens’
location using QGIS 3.36.2. Genotype-environment (GE) associa-
tions were inspected using the [fimm2 function, with the lambda de-
fault parameter of 1 x 10", and number of factors K = 3 to account
for population structure. The resulting P values were adjusted to ac-
count for multiple testing using the Benjamini-Hochberg method.
The same GE tests were performed but coding the inversion as a sin-
gle locus and selecting SNPs at least 10 kb apart from collinear parts
of the genome.

Gene flux within inversions

To detect and quantify possible gene flow between inversion haplo-
types, we fitted and compared strict divergence (DIV) and Isolation-
with-Migration (IM) models using gIMble v1.0.3 (134). Two individuals
per inversion haplotype were included in the analysis. A VCF con-
taining genotype calls only for the individuals included in this analy-
sis was first produced using freebayes v1.3.10 (135), considering only
reads with a minimum mapping quality of 20 and bases with a mini-
mum quality of 20. Only genotype calls with a minimum depth of 8
and SNPs with a quality of >20 were considered. The VCF was next
preprocessed using gimbleprep. Since, demographic models fit by
gIMble assume a neutral model of evolution, we focused only on in-
tergenic regions. We then ran the gIMble parse module for all possi-
ble haplotype pairwise comparisons within each inversion region, to
quantify genetic diversity and divergence for the filtered subset of the
data. We summarized variation in pair blocks of 64 bases and tallied
all blockwise site frequency configurations of mutations across pairs,
using gIMble blocks and gIMble tally modules. Last, we fitted “strict
divergence” (DIV) and “isolation with migration” (IM) demographic
models to using the gIMble optimize module. gIMble query was run
to extract model summary information, including composite likeli-
hood, for each model allowing us to determine the best fitting of the
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three models for each of inversion regions and inversion genotype
pairwise combinations.

To explore possible gene flux between nonrecombining haplo-
types at a finer scale along inversion regions, we also estimated phy-
logenetic relationships in sliding windows among sets of individuals
homozygous for each inversion haplotype using Twisst. For the chro-
mosome 2 inversions, we considered four groups: three Continen-
tal populations—homozygous for the standard haplotype (g00_cont),
homozygous for the larger inversion haplotype (gl1_cont), and ho-
mozygous for the nested inversion haplotype (g22_cont)—and the
Jamaican population in which all individuals are homozygous for
the larger inversion haplotype (g11_isld). For inversions on chromo-
some 6 and 19, we considered three populations: two Continental—
homozygous for the standard haplotype (g00_cont) and homozygous
for the inversion haplotype (g11_cont)—and the Jamaican popula-
tion in which all individuals are homozygous for standard haplotype
(g00_isld). One H. erato individual was used as the outgroup. Gene
flux between inversion haplotypes is expected to result in phylog-
enies grouping Continental populations carrying different haplo-
types, while in the absence of gene flux populations in the Continent
and in the Caribbean carrying the same haplotype should be sister.
Only SNPs variable in the focal species and without missing data
were considered. Statistical phasing and imputation were performed
using Beagle, with default settings. ML trees were inferred from the
phased filtered dataset, in 25-kb nonoverlapping windows, assuming
a GTR substitution model, in PhyML. Exact weightings were com-
puted for all phylogenies.

Supplementary Materials
The PDF file includes:

Figs.S1to S25

Legends for tables S1to S5

Other Supplementary Material for this manuscript includes the following:
Tables S1to S5

REFERENCES

1. O.Savolainen, M. Lascoux, J. Merild, Ecological genomics of local adaptation. Nat. Rev.
Genet. 14,807-820 (2013).

2. T.J. Kawecki, D. Ebert, Conceptual issues in local adaptation. Ecol. Lett. 7, 1225-1241
(2004).

3. A.Tigano, V. L. Friesen, Genomics of local adaptation with gene flow. Mol. Ecol. 25,
2144-2164 (2016).

4. J.B.S.Haldane, A mathematical theory of natural and artificial selection. (Part VI,
Isolation.). Math. Proc. Camb. Philos. Soc. 26, 220-230 (1930).

5. E.Mayr, Animal Species and Evolution (Harvard Univ. Press, 1963).

6. J. A. Endler, Geographic Variation, Speciation, and Clines (Princeton Univ. Press, 1977).

7. P.Nosil, T. H. Vines, D. J. Funk, Reproductive isolation caused by natural selection against
immigrants from divergent habitats. Evolution 59, 705-719 (2005).

8. M. Kirkpatrick, N. H. Barton, Chromosome inversions, local adaptation and speciation.
Genetics 173, 419-434 (2006).

9. D.Charlesworth, B. Charlesworth, Selection of recombination in a multi-locus system.
Genetics 91,575-580 (1979).

10. T.Lenormand, S. P. Otto, The evolution of recombination in a heterogeneous
environment. Genetics 156, 423-438 (2000).

11. S.Yeaman, M. C. Whitlock, The genetic architecture of adaptation under migration-
selection balance. Evolution 65, 1897-1911 (2011).

12. M. Wellenreuther, L. Bernatchez, Eco-evolutionary genomics of chromosomal inversions.
Trends Ecol. Evol. 33, 427-440 (2018).

13. M. Wellenreuther, C. Merot, E. L. Berdan, L. Bernatchez, Going beyond SNPs: The role of
structural genomic variants in adaptive evolution and species diversification. Mol. Ecol.
28,1203-1209 (2019).

14. R.Faria, K. Johannesson, R. K. Butlin, A. M. Westram, Evolving inversions. Trends Ecol. Evol.
34, 239-248 (2019).

140f 17

9202 ‘2 AInC Uo B10°90UB 105" MAMM//:ST1Y WOJ | Pape0 |UMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

15.

20.
21.
22.

23.

24,

25.

26.
27.
28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

Seixas et al., Sci. Adv. 12, eadv1982 (2026)

M. Joron, L. Frezal, R. T. Jones, N. L. Chamberlain, S. F. Lee, C. R. Haag, A. Whibley,

M. Becuwe, S. W. Baxter, L. Ferguson, P. A. Wilkinson, C. Salazar, C. Davidson, R. Clark,
M. A. Quail, H. Beasley, R. Glithero, C. Lloyd, S. Sims, M. C. Jones, J. Rogers, C. D. Jiggins,
R. H. Ffrench-Constant, Chromosomal rearrangements maintain a polymorphic
supergene controlling butterfly mimicry. Nature 477, 203-206 (2011).

. E.R.Hager, O.S. Harringmeyer, T. B. Wooldridge, S. Theingi, J. T. Gable, S. McFadden,

B. Neugeboren, K. M. Turner, J. D. Jensen, H. E. Hoekstra, A chromosomal inversion
contributes to divergence in multiple traits between deer mouse ecotypes. Science 377,
399-405 (2022).

. D.Ayala, S. Zhang, M. Chateau, C. Fouet, |. Morlais, C. Costantini, M. W. Hahn,

N. J. Besansky, Association mapping desiccation resistance within chromosomal
inversions in the African malaria vector Anopheles gambiae. Mol. Ecol. 28, 13331342
(2019).

. H.E.Morales, R. Faria, K. Johannesson, T. Larsson, M. Panova, A. M. Westram, R. K. Butlin,

Genomic architecture of parallel ecological divergence: Beyond a single environmental
contrast. Sci. Adv. 5, eaav9963 (2019).

. C. Merot, Making the most of population genomic data to understand the importance of

chromosomal inversions for adaptation and speciation. Mol. Ecol. 29, 2513-2516 (2020).
C. Merot, R. A.Oomen, A.Tigano, M. Wellenreuther, A roadmap for understanding the
evolutionary significance of structural genomic variation. Trends Ecol. Evol. 35, 561-572 (2020).
G. Lamas, C. D. Jiggins, “Taxonomic list”in The Ecology and Evolution of Heliconius
Butterflies (Oxford Univ. Press, 2016), pp. 214-244.

W. P. Comstock, F. M. Brown, Geographical variation and subspeciation in Heliconius
charithonius Linnaeus (Lepidoptera, Nymphalidae). Am. Mus. Novit. 1467, 1-21 (1950).
N. Davies, E. Bermingham, The historical biogeography of two Caribbean butterflies
(Lepidoptera: Heliconiidae) as inferred from genetic variation at multiple loci. Evolution
56, 573-589 (2002).

P. D. Keightley, A. Pinharanda, R. W. Ness, F. Simpson, K. K. Dasmahapatra, J. Mallet,

J.W. Davey, C. D. Jiggins, Estimation of the spontaneous mutation rate in Heliconius
melpomene. Mol. Biol. Evol. 32, 239-243 (2015).

A.V.Z.Brower, Rapid morphological radiation and convergence among races of the
butterfly Heliconius erato inferred from patterns of mitochondrial DNA evolution. Proc.
Natl. Acad. Sci. U.S.A. 91, 6491-6495 (1994).

B. M. Peter, M. Slatkin, Detecting range expansions from genetic data. Evolution 67,
3274-3289(2013).

C.D. Jiggins, M. Linares, R. E. Naisbit, C. Salazar, Z. H. Yang, J. Mallet, Sex-linked hybrid
sterility in a butterfly. Evolution 55, 1631-1638 (2001).

R. E. Naisbit, C. D. Jiggins, M. Linares, C. Salazar, J. Mallet, Hybrid sterility, Haldane’s rule
and speciation in Heliconius cydno and H. melpomene. Genetics 161, 1517-1526 (2002).
N. Rosser, N. B. Edelman, L. M. Queste, M. Nelson, I. Seledtsov, K. K. Dasmahapatra,

J. Mallet, Complex basis of hybrid female sterility and Haldane’s rule in Heliconius
butterflies: Z-linkage and epistasis. Mol. Ecol. 31, 959-977 (2022).

L. Harewood, K. Kishore, M. D. Eldridge, S. Wingett, D. Pearson, S. Schoenfelder,

V. P. Collins, P. Fraser, Hi-C as a tool for precise detection and characterisation of
chromosomal rearrangements and copy number variation in human tumours. Genome
Biol. 18,125 (2017).

Y. Thawornwattana, F. A. Seixas, Z. Yang, J. Mallet, Full-likelihood genomic analysis
clarifies a complex history of species divergence and introgression: The example of the
erato-sara group of Heliconius butterflies. Syst. Biol. 71, 1159-1177 (2022).

E. L. Berdan, N. H. Barton, R. Butlin, B. Charlesworth, R. Faria, . Fragata, K. J. Gilbert, P. Jay,
M. Kapun, K. E. Lotterhos, C. Mérot, E. Durmaz Mitchell, M. Pascual, C. L. Peichel,

M. Rafajlovi¢, A. M. Westram, S. W. Schaeffer, K. Johannesson, T. Flatt, How chromosomal
inversions reorient the evolutionary process. J. Evol. Biol. 36, 1761-1782 (2023).

Z.Yan, S. H. Martin, D. Gotzek, S. V. Arsenault, P. Duchen, Q. Helleu, O. Riba-Grognuz,

B. G. Hunt, N. Salamin, D. W. Shoemaker, K. G. Ross, L. Keller, Evolution of a supergene
that regulates a trans-species social polymorphism. Nat. Ecol. Evol. 4, 240-249 (2020).
M. Matschiner, J. M. |. Barth, O. K. Terresen, B. Star, H. T. Baalsrud, M. S. O. Brieuc,

C. Pampoulie, I. Bradbury, K. S. Jakobsen, S. Jentoft, Supergene origin and maintenance
in Atlantic cod. Nat. Ecol. Evol. 6, 469-481 (2022).

M. Jamsandekar, M. S. Ferreira, M. E. Pettersson, E. D. Farrell, B. W. Davis, L. Andersson, The
origin and maintenance of supergenes contributing to ecological adaptation in Atlantic
herring. Nat. Commun. 15, 9136 (2024).

A.V.Z. Brower, Parallel race formation and the evolution of mimicry in Heliconius
butterflies: A phylogenetic hypothesis from mitochondrial DNA sequences. Evolution 50,
195-221 (1996).

S. H. Martin, K. K. Dasmahapatra, N. J. Nadeau, C. Salazar, J. R. Walters, F. Simpson,

M. Blaxter, A. Manica, J. Mallet, C. D. Jiggins, Genome-wide evidence for speciation with
gene flow in Heliconius butterflies. Genome Res. 23, 1817-1828 (2013).

M. Moest, S. M. Van Belleghem, J. E. James, C. Salazar, S. H. Martin, S. L. Barker,

G. R. P. Moreira, C. Mérot, M. Joron, N. J. Nadeau, F. M. Steiner, C. D. Jiggins, Selective
sweeps on novel and introgressed variation shape mimicry loci in a butterfly adaptive
radiation. PLOS Biol. 18, €3000597 (2020).

1 July 2026

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

. N.J. Nadeau, A. Whibley, R.T. Jones, J. W. Davey, K. K. Dasmahapatra, S. W. Baxter,

M. A. Quail, M. Joron, R. H. ffrench-Constant, M. L. Blaxter, J. Mallet, C. D. Jiggins, Genomic
islands of divergence in hybridizing Heliconius butterflies identified by large-scale
targeted sequencing. Philos. Trans. R. Soc. 367, 343-353 (2012).

M. R. Kronforst, T. H. Fleming, Lack of genetic differentiation among widely spaced
subpopulations of a butterfly with home range behaviour. Heredity 86, 243-250
(2001).

M. Z. Cardoso, Reconstructing seasonal range expansion of the tropical butterfly,
Heliconius charithonia, into Texas using historical records. J. Insect Sci. 10, 69 (2010).

E. Bellemain, E. Bermingham, R. E. Ricklefs, The dynamic evolutionary history of the
bananaquit (Coereba flaveola) in the Caribbean revealed by a multigene analysis. BMC
Evol. Biol. 8, 240 (2008).

J. A. Coyne, A. H. Orr, “Two rules of speciation”in Speciation and Its Consequences, D. Otte,
J. A. Endler, Eds. (Sinauer Associates, 1989), pp. 180-207.

H. Li, P. Ralph, Local PCA shows how the effect of population structure differs along the
genome. Genetics 211, 289-304 (2019).

K. Huang, R. L. Andrew, G. L. Owens, K. L. Ostevik, L. H. Rieseberg, Multiple chromosomal
inversions contribute to adaptive divergence of a dune sunflower ecotype. Mol. Ecol. 29,
2535-2549 (2020).

M.Todesco, G. L. Owens, N. Bercovich, J.-S. Légaré, S. Soudi, D. O. Burge, K. Huang,

K. L. Ostevik, E. B. M. Drummond, |. Imerovski, K. Lande, M. A. Pascual-Robles,

M. Nanavati, M. Jahani, W. Cheung, S. E. Staton, S. Muios, R. Nielsen, L. A. Donovan,

J. M. Burke, S. Yeaman, L. H. Rieseberg, Massive haplotypes underlie ecotypic
differentiation in sunflowers. Nature 584, 602-607 (2020).

0. S. Harringmeyer, H. E. Hoekstra, Chromosomal inversion polymorphisms shape the
genomic landscape of deer mice. Nat. Ecol. Evol. 6, 1965-1979 (2022).

C. Mérot, E. L. Berdan, H. Cayuela, H. Djambazian, A.-L. Ferchaud, M. Laporte,

E. Normandeau, J. Ragoussis, M. Wellenreuther, L. Bernatchez, Locally adaptive inversions
modulate genetic variation at different geographic scales in a seaweed fly. Mol. Biol. Evol.
38,3953-3971 (2021).

P. Battlay, J. Wilson, V. C. Bieker, C. Lee, D. Prapas, B. Petersen, S. Craig, L. van Boheemen,
R. Scalone, N. P. de Silva, A. Sharma, B. Konstantinovi¢, K. A. Nurkowski, L. H. Rieseberg,
T. Connallon, M. D. Martin, K. A. Hodgins, Large haploblocks underlie rapid adaptation in
the invasive weed Ambrosia artemisiifolia. Nat. Commun. 14,1717 (2023).

G. Montejo-Kovacevich, J. I. Meier, C. N. Bacquet, I. A. Warren, Y. F. Chan, M. Kucka,

C. Salazar, N. Rueda-Murioz, S. H. Montgomery, W. O. McMillan, K. M. Kozak, N. J. Nadeau,
S. H. Martin, C. D. Jiggins, Repeated genetic adaptation to altitude in two tropical
butterflies. Nat. Commun. 13, 4676 (2022).

F. A. Seixas, N. B. Edelman, J. Mallet, Synteny-based genome assembly for 16 species of
Heliconius butterflies, and an assessment of structural variation across the genus.
Genome Biol. Evol. 13, evab069 (2021).

N. B. Edelman, P. B. Frandsen, M. Miyagi, B. Clavijo, J. W. Davey, R. B. Dikow,

G. Garcia-Accinelli, S. M. Van Belleghem, N. Patterson, D. E. Neafsey, R. Challis, S. Kumar,
G. R.P. Moreira, C. Salazar, M. Chouteau, B. A. Counterman, R. Papa, M. Blaxter, R. D. Reed,
K. K. Dasmahapatra, M. R. Kronforst, M. Joron, C. D. Jiggins, W. O. McMillan, F. Di Palma,
A. J. Blumberg, J. Wakeley, D. Jaffe, J. Mallet, Genomic architecture and introgression
shape a butterfly radiation. Science 366, 594-599 (2019).

J. 1. Meier, P. A. Salazar, M. Kucka, R. W. Davies, A. Dréau, |. Aldas, O. Box Power,

N. J. Nadeau, J. R. Bridle, C. Rolian, N. H. Barton, W. O. McMillan, C. D. Jiggins, Y. F. Chan,
Haplotype tagging reveals parallel formation of hybrid races in two butterfly species.
Proc. Natl. Acad. Sci. U.S.A. 118, 2015005118 (2021).

S.S.Ho, A.E. Urban, R. E. Mills, Structural variation in the sequencing era. Nat. Rev. Genet.
21,171-189 (2020).

M. Mahmoud, N. Gobet, D. I. Cruz-Davalos, N. Mounier, C. Dessimoz, F. J. Sedlazeck,
Structural variant calling: The long and the short of it. Genome Biol. 20, 246 (2019).

D. M. Hooper, T. D. Price, Chromosomal inversion differences correlate with range overlap
in passerine birds. Nat. Ecol. Evol. 1, 1526-1534 (2017).

D. M. Hooper, S. C. Griffith, T. D. Price, Sex chromosome inversions enforce reproductive
isolation across an avian hybrid zone. Mol. Ecol. 28, 1246-1262 (2019).

U. Knief, I. A. Miiller, K. F. Stryjewski, D. Metzler, M. D. Sorenson, J. B. W. Wolf, Evolution of
chromosomal inversions across an avian radiation. Mol. Biol. Evol. 41, msae092 (2024).

E. M. Tuttle, A. O. Bergland, M. L. Korody, M. S. Brewer, D. J. Newhouse, P. Minx, M. Stager,
A. Betuel, Z. A. Cheviron, W. C. Warren, R. A. Gonser, C. N. Balakrishnan, Divergence and
functional degradation of a sex chromosome-like supergene. Curr. Biol. 26, 344-350
(2016).

P.Jay, A.Whibley, L. Frézal, M. A. Rodriguez de Cara, R. W. Nowell, J. Mallet,

K. K. Dasmahapatra, M. Joron, Supergene evolution triggered by the introgression of a
chromosomal inversion. Curr. Biol. 28, 1839-1845.e3 (2018).

M. Joron, R. Papa, M. Beltran, N. Chamberlain, J. Mavarez, S. Baxter, M. Abanto,

E. Bermingham, S. J. Humphray, J. Rogers, H. Beasley, K. Barlow, R. H. ffrench-Constant,

J. Mallet, W. O. McMillan, C. D. Jiggins, A conserved supergene locus controls colour
pattern diversity in Heliconius butterflies. PLOS Biol. 4, €303 (2006).

150f 17

9202 ‘2 AInC Uo B10°90UB 105" MAMM//:ST1Y WOJ | Pape0 |UMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

62.

63.
64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

Seixas et al., Sci. Adv. 12, eadv1982 (2026)

P. Jay, M. Chouteau, A. Whibley, H. Bastide, H. Parrinello, V. Llaurens, M. Joron, Mutation
load at a mimicry supergene sheds new light on the evolution of inversion
polymorphisms. Nat. Genet. 53, 288-293 (2021).

E. L. Berdan, A. Blanckaert, R. K. Butlin, C. Bank, Deleterious mutation accumulation and
the long-term fate of chromosomal inversions. PLOS Genet. 17, 1009411 (2021).

B. Charlesworth, N. H. Barton, The spread of an inversion with migration and selection.
Genetics 208, 377-382 (2018).

A. A. Hoffmann, C. M. Sgro, A. R. Weeks, Chromosomal inversion polymorphisms and
adaptation. Trends Ecol. Evol. 19, 482-488 (2004).

D. B. Lowry, J. H. Willis, A widespread chromosomal inversion polymorphism contributes
to a major life-history transition, local adaptation, and reproductive isolation. PLOS Biol.
8, 1000500 (2010).

R. Faria, P. Chaube, H. E. Morales, T. Larsson, A. R. Lemmon, E. M. Lemmon, M. Rafajlovi¢,
M. Panova, M. Ravinet, K. Johannesson, A. M. Westram, R. K. Butlin, Multiple
chromosomal rearrangements in a hybrid zone between Littorina saxatilis ecotypes. Mol.
Ecol. 28,1375-1393 (2019).

F.C. Jones, M. G. Grabherr, Y. F. Chan, P. Russell, E. Mauceli, J. Johnson, R. Swofford,

M. Pirun, M. C. Zody, S. White, E. Birney, S. Searle, J. Schmutz, J. Grimwood, M. C. Dickson,
R. M. Myers, C.T. Miller, B. R. Summers, A. K. Knecht, S. D. Brady, H. Zhang, A. A. Pollen,

T. Howes, C. Amemiya, Broad Institute Genome Sequencing Platform & Whole Genome
Assembly Team, E. S. Lander, F. Di Palma, K. Lindblad-Toh, D. M. Kingsley, The genomic
basis of adaptive evolution in threespine sticklebacks. Nature 484, 55-61 (2012).
J.Ning, P. Liang, X. Wu, W. Wang, Q. Wu, S. Wang, X. Yang, Y. Zhang, W. Xie, Silencing of
catalase reduces unfavorable low-temperature tolerance capacity in whiteflies. Pest
Manag. Sci. 80, 3116-3125 (2024).

G. Lopez-Martinez, M. A. Elnitsky, J. B. Benoit, R. E. Lee, D. L. Denlinger, High resistance to
oxidative damage in the Antarctic midge Belgica antarctica, and developmentally linked
expression of genes encoding superoxide dismutase, catalase and heat shock proteins.
Insect Biochem. Mol. Biol. 38, 796-804 (2008).

K. Liu, Y. Dong, Y. Huang, J. L. Rasgon, P. Agre, Impact of trehalose transporter knockdown
on Anopheles gambiae stress adaptation and susceptibility to Plasmodium falciparum
infection. Proc. Natl. Acad. Sci. U.S.A. 110, 17504-17509 (2013).

H. Zhou, G. Lei, Y. Chen, M. You, S. You, PxTret1-like affects the temperature adaptability
of a cosmopolitan pest by altering trehalose tissue distribution. Int. J. Mol. Sci. 23,9019
(2022).

T. Kikawada, A. Saito, Y. Kanamori, Y. Nakahara, K. . Iwata, D. Tanaka, M. Watanabe,

T. Okuda, Trehalose transporter 1, a facilitated and high-capacity trehalose transporter,
allows exogenous trehalose uptake into cells. Proc. Natl. Acad. Sci. U.S.A. 104,
11585-11590 (2007).

B. J. Sinclair, L. V. Ferguson, G. Salehipour-Shirazi, H. A. Macmillan, Cross-tolerance and
cross-talk in the cold: Relating low temperatures to desiccation and immune stress in
insects. Integr. Comp. Biol. 53, 545-556 (2013).

K. B. Storey, J. M. Storey, Insect cold hardiness: Metabolic, gene, and protein adaptation.
Can. J. Zool. 90, 456-475 (2012).

D. R. Joanisse, K. B. Storey, Oxidative stress and antioxidants in stress and recovery of
cold-hardy insects. Insect Biochem. Mol. Biol. 28, 23-30 (1998).

C. Sim, D. L. Denlinger, Catalase and superoxide dismutase-2 enhance survival and
protect ovaries during overwintering diapause in the mosquito Culex pipiens. J. Insect
Physiol. 57, 628-634 (2011).

J. B. Benoit, G. Lopez-Martinez, M. A. Elnitsky, R. E. Lee, D. L. Denlinger, Dehydration-induced
cross tolerance of Belgica antarctica larvae to cold and heat is facilitated by trehalose
accumulation. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 152, 518-523 (2009).

Q. Chen, G. G. Haddad, Role of trehalose phosphate synthase and trehalose during
hypoxia: From flies to mammals. J. Exp. Biol. 207, 3125-3129 (2004).

M. A. Elnitsky, S. A. L. Hayward, J. P. Rinehart, D. L. Denlinger, R. E. Lee, Cryoprotective
dehydration and the resistance to inoculative freezing in the Antarctic midge, Belgica
antarctica. J. Exp. Biol. 211, 524-530 (2008).

H.D. Andersen, C. Wang, L. Arleth, G. H. Peters, P. Westh, Reconciliation of opposing views
on membrane-sugar interactions. Proc. Natl. Acad. Sci. U.S.A. 108, 1874-1878 (2011).

B. L. Myers, P. Badia, Changes in circadian rhythms and sleep quality with aging:
Mechanisms and interventions. Neurosci. Biobehav. Rev. 19, 553-571 (1995).

C.Benna, S. Bonaccorsi, C. Wilbeck, C. Helfrich-Forster, M. Gatti, C. P. Kyriacou, R. Costa,
F. Sandrelli, Drosophila timeless2 is required for chromosome stability and circadian
photoreception. Curr. Biol. 20, 346-352 (2010).

L. Zhu, S. Feng, Q. Gao, W. Liu, W. H. Ma, X. P. Wang, Host population related variations in
circadian clock gene sequences and expression patterns in Chilo suppressalis. Chronobiol.
Int. 36, 969-978 (2019).

O. Lindestad, S. Nylin, C. W. Wheat, K. Gotthard, Local adaptation of life cycles in a
butterfly is associated with variation in several circadian clock genes. Mol. Ecol. 31,
1461-1475 (2022).

L. Cook, E. Thomason, A. Young, Population structure, dynamics and dispersal of the
tropical butterfly Heliconius charitonius. J. Anim. Ecol. 45, 851-863 (1976).

1 July 2026

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

1M1

112,

A. M. Young, J. H. Thomason, Notes on communal roosting of Heliconius charithonius
(Nymphalidae) in Costa Rica. J. Lepid. Soc. 29, 243-255 (1975).

F.Riva, A. P. Drapeau Picard, M. Larrivée, Butterfly foraging is remarkably synchronous in
an experimental tropical macrocosm. Biol. Lett. 19, 20220555 (2023).

M. W.Toure, F. J. Young, W. O. McMillan, S. H. Montgomery, Heliconiini butterflies can
learn time-dependent reward associations. Biol. Lett. 16, 20200424 (2020).

L. E. Gilbert, Butterfly-plant coevolution: Has Passiflora adenopoda won the selectional
race with heliconiine butterflies? Science 172, 585-586 (1971).

M. Z. Cardoso, Herbivore handling of a Plant’s trichome: The case of Heliconius
charithonia (L.) (Lepidoptera: Nymphalidae) and Passiflora lobata (Killip) Hutch.
(Passifloraceae). Neotrop. Entomol. 37, 247-252 (2008).

R. Chowdhury, E. C. P. de Castro, G. Julian, S. Chen, C. D. Jiggins, W. Federle, Caterpillar
counter-adaptations to hooked trichomes: Does the coevolutionary arms race continue?
bioRxiv 644295 [Preprint] (2025). https://doi.org/10.1101/2025.03.22.644295.

E. L. Koch, H. E. Morales, J. Larsson, A. M. Westram, R. Faria, A. R. Lemmon, E. M. Lemmon,
K. Johannesson, R. K. Butlin, Genetic variation for adaptive traits is associated with
polymorphic inversions in Littorina saxatilis. Evol. Lett. 5, 196-213 (2021).

A. M. Bolger, M. Lohse, B. Usadel, Timmomatic: A flexible trimmer for lllumina sequence
data. Bioinformatics 30, 2114-2120 (2014).

S. M.Van Belleghem, P. Rastas, A. Papanicolaou, S. H. Martin, C. F. Arias, M. A. Supple,

J.J. Hanly, J. Mallet, J. J. Lewis, H. M. Hines, M. Ruiz, C. Salazar, M. Linares, G. R. P. Moreira,
C.D. Jiggins, B. A. Counterman, W. O. McMillan, R. Papa, Complex modular architecture
around a simple toolkit of wing pattern genes. Nat. Ecol. Evol. 1,0052 (2017).

H. Li, R. Durbin, Fast and accurate short read alignment with Burrows-Wheeler transform.
Bioinformatics 25, 1754-1760 (2009).

C.C.Chang, C. C. Chow, L. C. Tellier, S. Vattikuti, S. M. Purcell, J. J. Lee, Second-generation
PLINK: Rising to the challenge of larger and richer datasets. Gigascience 4, 10.1186/
513742-015-0047-8 (2015).

B. Q. Minh, H. A. Schmidt, O. Chernomor, D. Schrempf, M. D. Woodhams, A. von Haeseler,
R. Lanfear, IQ-TREE 2: New models and efficient methods for phylogenetic inference in
the genomic era. Mol. Biol. Evol. 37, 1530-1534 (2020).

S. Kalyaanamoorthy, B. Q. Minh, T. K. F. Wong, A. von Haeseler, L. S. Jermiin, ModelFinder:
Fast model selection for accurate phylogenetic estimates. Nat. Methods 14, 587-589
(2017).

D.T.Hoang, O. Chernomor, A. von Haeseler, B. Q. Minh, L. S. Vinh, UFBoot2: Improving the
ultrafast bootstrap approximation. Mol. Biol. Evol. 35, 518-522 (2018).

R. Maier, P. Flegontov, O. Flegontova, U. Isildak, P. Changmai, D. Reich, On the limits
of fitting complex models of population history to f-statistics. eLife 12, €85492
(2023).

C. Hahn, L. Bachmann, B. Chevreux, Reconstructing mitochondrial genomes directly
from genomic next-generation sequencing reads—A baiting and iterative mapping
approach. Nucleic Acids Res. 41, €129 (2013).

K. Katoh, D. M. Standley, MAFFT multiple sequence alignment software version 7:
Improvements in performance and usability. Mol. Biol. Evol. 30, 772-780 (2013).

M. Kearse, R. Moir, A. Wilson, S. Stones-Havas, M. Cheung, S. Sturrock, S. Buxton,

A. Cooper, S. Markowitz, C. Duran, T. Thierer, B. Ashton, P. Meintjes, A. Drummond,
Geneious Basic: An integrated and extendable desktop software platform for the
organization and analysis of sequence data. Bioinformatics 28, 1647-1649 (2012).

D. Darriba, D. Posada, A. M. Kozlov, A. Stamatakis, B. Morel, T. Flouri, ModelTest-NG: A new
and scalable tool for the selection of DNA and protein evolutionary models. Mol. Biol.
Evol. 37,291-294 (2020).

T. Flouri, F. Izquierdo-Carrasco, D. Darriba, A. J. Aberer, L. T. Nguyen, B. Q. Minh,

A.Von Haeseler, A. Stamatakis, The phylogenetic likelihood library. Syst. Biol. 64, 356-362
(2015).

R. Bouckaert, T. G. Vaughan, J. Barido-Sottani, S. Duchéne, M. Fourment, A. Gavryushkina,
J. Heled, G. Jones, D. Kiihnert, N. De Maio, M. Matschiner, F. K. Mendes, N. F. Miller,

H. A. Ogilvie, L. Du Plessis, A. Popinga, A. Rambaut, D. Rasmussen, I. Siveroni,

M. A. Suchard, C.-H. Wu, D. Xie, C. Zhang, T. Stadler, A. J. Drummond, BEAST 2.5: An
advanced software platform for Bayesian evolutionary analysis. PLOS Comput. Biol. 15,
1006650 (2019).

J.W. Leigh, D. Bryant, POPART: Full-feature software for haplotype network construction.
Methods Ecol. Evol. 6,1110-1116 (2015).

H.-J. Bandelt, P. Forster, A. Rohl, Median-joining networks for inferring intraspecific
phylogenies. Mol. Biol. Evol. 16, 37-48 (1999).

S. H. Martin, S. M. Van Belleghem, Exploring evolutionary relationships across the
genome using topology weighting. Genetics 206, 429-438 (2017).

S.R. Browning, B. L. Browning, Rapid and accurate haplotype phasing and missing-data
inference for whole-genome association studies by use of localized haplotype clustering.
Am. J. Hum. Genet. 81, 1084-1097 (2007).

S. Guindon, J.-F. F. Dufayard, V. Lefort, M. Anisimova, W. Hordijk, O. Gascuel, New
algorithms and methods to estimate maximum-likelihood phylogenies: Assessing the
performance of PhyML 3.0. Syst. Biol. 59, 307-321 (2010).

16 of 17

9202 ‘2 AInC Uo B10°90UB 105" MAMM//:ST1Y WOJ | Pape0 |UMOQ


https://doi.org/10.1101/2025.03.22.644295

SCIENCE ADVANCES | RESEARCH ARTICLE

113. H.Li, R. Durbin, Inference of human population history from individual whole-genome
sequences. Nature 475, 493-496 (2011).

114. A.J. Drummond, Bayesian coalescent inference of past population dynamics from
molecular sequences. Mol. Biol. Evol. 22, 1185-1192 (2005).

115. B. M. Peter, M. Slatkin, The effective founder effect in a spatially expanding population.
Evolution 69, 721-734 (2015).

116. P.Danecek, A. Auton, G. Abecasis, C. A. Albers, E. Banks, M. A. DePristo, R. E. Handsaker,
G. Lunter, G.T. Marth, S.T. Sherry, G. McVean, R. Durbin, The variant call format and
VCFtools. Bioinformatics 27, 2156-2158 (2011).

117. M. Chakraborty, A. G. Lara, A. Dang, K. J. McCulloch, D. Rainbow, D. Carter, L. T. Ngo,

E. Solares, |. Said, R. B. Corbett-Detig, L. E. Gilbert, J. J. Emerson, A. D. Briscoe, Sex-linked
gene traffic underlies the acquisition of sexually dimorphic UV color vision in Heliconius
butterflies. Proc. Natl. Acad. Sci. U.S.A. 120, 2301411120 (2023).

118. A.A.Ruggieri, L. Livraghi, J. J. Lewis, E. Evans, F. Cicconardi, L. Hebberecht, Y. Ortiz-Ruiz,
S. H. Montgomery, A. Ghezzi, J. A. Rodriguez-Martinez, C. D. Jiggins, W. O. McMillan,

B. A. Counterman, R. Papa, S. M. Van Belleghem, A butterfly pan-genome reveals that a
large amount of structural variation underlies the evolution of chromatin accessibility.
Genome Res. 32, 1862-1875 (2022).

119. J.J. Lewis, K. R. L. van der Burg, A. Mazo-Vargas, R. D. Reed, ChIP-seg-annotated Heliconius
erato genome highlights patterns of cis-regulatory evolution in Lepidoptera. Cell Rep. 16,
2855-2863 (2016).

120. N.Rueda-Munoz, C. Pardo-Diaz, G. Montejo-Kovacevich, W. O. McMillan, K. M. Kozak,

C.F. Arias, J. Ready, S. McCarthy, R. Durbin, C. D. Jiggins, J. |. Meier, C. Salazar, Genomic
evidence reveals three W-autosome fusions in Heliconius butterflies. PLOS Genet. 20,
1011318 (2024).

121. J.W.Davey, S. L. Barker, P. M. Rastas, A. Pinharanda, S. H. Martin, R. Durbin, W. O. McMillan,
R. M. Merrill, C. D. Jiggins, No evidence for maintenance of a sympatric Heliconius species
barrier by chromosomal inversions. Evol. Lett. 1, 138-154 (2017).

122. M. Goel, H. Sun, W. B. Jiao, K. Schneeberger, SyRI: Finding genomic rearrangements and
local sequence differences from whole-genome assemblies. Genome Biol. 20, 277 (2019).

123. H. Li, Minimap2: Pairwise alignment for nucleotide sequences. Bioinformatics 34,

3094-3100 (2018).

N. Servant, N. Varoquaux, B. R. Lajoie, E. Viara, C. J. Chen, J. P.Vert, E. Heard, J. Dekker,

E. Barillot, HiC-Pro: An optimized and flexible pipeline for Hi-C data processing. Genome

Biol. 16, 256 (2015).

125. L.Lopez-Delisle, L. Rabbani, J. Wolff, V. Bhardwaj, R. Backofen, B. Griining, F. Ramirez,

T. Manke, pyGenomeTracks: Reproducible plots for multivariate genomic datasets.
Bioinformatics 37,422-423 (2021).

126. F.Ramirez, V. Bhardwaj, L. Arrigoni, K. C. Lam, B. A. Griining, J. Villaveces, B. Habermann,
A. Akhtar, T. Manke, High-resolution TADs reveal DNA sequences underlying genome
organization in flies. Nat. Commun. 9, 189 (2018).

127. T.Flouri, X. Jiao, B. Rannala, Z. Yang, Species tree inference with BPP using genomic
sequences and the multispecies coalescent. Mol. Biol. Evol. 35, 2585-2593 (2018).

128. N. Stoletzki, A. Eyre-Walker, Estimation of the neutrality index. Mol. Biol. Evol. 28, 63-70
(2011).

129. P.Cingolani, A. Platts, L. L. Wang, M. Coon, T. Nguyen, L. Wang, S. J. Land, X. Lu,

D. M. Ruden, A program for annotating and predicting the effects of single nucleotide
polymorphisms, SnpEff. Fly 6, 80-92 (2012).

124.

Seixas et al., Sci. Adv. 12, eadv1982 (2026) 1 July 2026

1

w

0. E. Frichot, O. Frangois, LEA: An R package for landscape and ecological association
studies. Methods Ecol. Evol. 6, 925-929 (2015).

131. E.Frichot, S. D. Schoville, G. Bouchard, O. Frangois, Testing for associations between loci
and environmental gradients using latent factor mixed models. Mol. Biol. Evol. 30,
1687-1699 (2013).

132. K.Caye, B. Jumentier, J. Lepeule, O. Francois, LFMM 2: Fast and accurate inference of
gene-environment associations in genome-wide studies. Mol. Biol. Evol. 36, 852-860 (2019).

133. R.J.Hijmans, S. E. Cameron, J. L. Parra, P. G. Jones, A. Jarvis, Very high resolution
interpolated climate surfaces for global land areas. Int. J. Climatol. 25, 1965-1978 (2005).

134. D.R.Laetsch, G. Bisschop, S. H. Martin, S. Aeschbacher, D. Setter, K. Lohse,
Demographically explicit scans for barriers to gene flow using gIMble. PLOS Genet. 19,
€1010999 (2023).

135. E.Garrison, G. Marth, Haplotype-based variant detection from short-read sequencing.
arXiv:1207.3907 [g-bio.GN] (2012).

136. N.Rosser, J. Mallet, Interactive maps for visualizing geographic distributions and

phenotypes. Trop. Lepid. Res. 34, 104-107 (2024).

Acknowledgments: We thank the following: the Harvard FAS Research Computing team for
support, H. Hoekstra (Harvard University) for laboratory space, A. Briscoe (UC Irvine) and

M. Chakraborty (UC Irvine) for unpublished chromosome level assembly of a Texas individual
of H. c. vazquezae, B. Laird-Hopkins (University of South Bohemia) for providing H. charithonia
samples from Panama, and E. Mistreanu for assistance with greenhouse work. We also thank
the Butterfly Ecology and Evolution Research group, in particular C. Arias, R. Maxion, J. Foley,
and L. Hebberecht for all support during our stay at STRI (Gamboa, Panama). Funding: This
work was supported by NSF E-RISE RII (OIA 2435987) to R.P, NSF EPSCoR Rl Track-2 FEC (OIA
1736026) to R.P.and B.A.C., and PAPIIT-IN212925 to M.T.-O. and startup funds from Harvard
University to J.M. Author contributions: Conceptualization: FA.S., B.A.C,, R.P, and J.M. Data
curation: FAS., S.D., N.G. T.C.M,, and B.A.C. Formal analysis: F.A.S. Funding acquisition: M.T.-O.,
B.A.C,, R.P, and J.M. Investigation: FA.S,, S.D., S.G., and N.G.; Methodology: F.S. Project
administration: FA.S., BA.C,, and J.M. Resources: FAS., S.G., N.R, N.G,, N.D., M.T.-O,, T.C.M.,
W.0.M., BAA.C, LE.G., and J.M. Software: FA.S. Supervision: B.A.C., W.0.M., and J.M. Validation:
F.A.S. and J.M. Visualization: F.A.S. Writing—original draft: F.A.S. and J.M. Writing—review and
editing: FAS., S.D., S.G, N.R, N.G, M.T.-O, T.CM,, BA.C, RP, LEG.,W.0.M, and J.M. Competing
interests: The authors declare that they have no competing interests. Data, code, and
materials availability: All data and code needed to evaluate and reproduce the results in the
paper are present in Materials and Methods and/or the Supplementary Materials. This study
did not generate new materials. The analyses of data have been carried out with publicly
available software, and all custom code can be found in the GitHub repository (https://github.
com/FernandoSeixas/Hcharithonia-inversions) and in Zenodo (https://zenodo.org/
records/19894919). Newly sequenced raw data generated in this study were deposited in
NCBI's Sequence Read Archive (SRA) under the project accession numbers PRINA1329269
(www.ncbi.nlm.nih.gov/sra/?term=PRINA1329269) and PRINA1065937 (www.ncbi.nIm.nih.
gov/sra/?term=PRINA1065937). Individual sample accession numbers are listed in table S1.

Submitted 10 December 2024
Accepted 8 May 2026
Published 1 July 2026
10.1126/sciadv.adv1982

17 of 17

9202 ‘2 AInC Uo B10°90UB 105" MAMM//:ST1Y WOJ | Pape0 |UMOQ


https://github.com/FernandoSeixas/Hcharithonia-inversions
https://github.com/FernandoSeixas/Hcharithonia-inversions
https://zenodo.org/records/19894919
https://zenodo.org/records/19894919
http://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1329269
http://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1065937
http://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1065937

Science Advances

Ancient inversion polymorphisms are locally adaptive in a widespread butterfly
species

Fernando A. Seixas, Sarah Dendy, Shuzhe Guan, Neil Rosser, Nick Grishin, Neil Davies, Marysol Trujano-Ortega, Tanner
C. Myers, Brian A. Counterman, Riccardo Papa, Lawrence E. Gilbert, Jr., W. Owen McMillan, and James Mallet

Sci. Adv. 12 (27), eadv1982. DOI: 10.1126/sciadv.adv1982

View the article online

https://lwww.science.org/doi/10.1126/sciadv.adv1982
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science. 1200 New York Avenue
NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2026 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

9202 ‘2 AInC Uo B10°90UB 105" MAMM//:ST1Y WOJ | Pape0 |UMOQ


https://www.science.org/content/page/terms-service

	Ancient inversion polymorphisms are locally adaptive in a widespread butterfly species
	INTRODUCTION
	RESULTS
	Population structure and biogeographic history of H. charithonia
	Deeply divergent haplotypes correspond to polymorphic inversions
	Evolutionary history of the inversions
	Little evidence for deleterious effects of inversions
	Inversions maintained by spatially heterogeneous selection

	DISCUSSION
	Genetic homogeneity and colonization of Caribbean islands
	Evidence for chromosomal inversions
	Ancient polymorphic inversions involved in adaptation to heterogeneous environments

	MATERIALS AND METHODS
	Sample collection and genome resequencing
	Read mapping and genotype calling
	Population structure and phylogenetic analysis
	Summary statistics and genomic differentiation
	Genetic crosses
	Historical demography and range expansion
	Detection of divergent haplotypes
	Timing the origins of inversions
	Functional impact of inversions
	Gene flux within inversions

	Supplementary Materials
	The PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES
	Acknowledgments


