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We here pioneer a low-cost assembly strategy for 20 Heliconiini genomes to characterize 
the evolutionary history of the rapidly radiating genus Heliconius. A bifurcating tree 
provides a poor fit to the data, and we therefore explore a reticulate phylogeny for 
Heliconius. We probe the genomic architecture of gene flow, and develop a new method 
to distinguish incomplete lineage sorting from introgression. We find that most loci with 
non-canonical histories arose through introgression, and are strongly underrepresented in 
regions of low recombination and low gene density. This is expected if introgressed 
alleles are more likely to be purged in such regions due to tighter linkage with 
incompatibility loci. Finally, we identify a hitherto unrecognized inversion, and show it is 
a convergent structural rearrangement that captures a known color pattern switch locus 
within the genus. Our multi-genome assembly approach enables an improved 
understanding of adaptive radiation. 
 

Adaptive radiations are responsible for most of today's biodiversity. Initiated by key innovations 
and ecological opportunity, radiation is fueled by niche competition that promotes rapid 
diversification of species1-3. Reticulate evolution may aid radiation by introducing variation that 
enables rapidly emerging populations to take advantage of ecological opportunities4,5. Diverging 
from its sister genus ~12 million years ago, Heliconius butterflies radiated in a burst of 
speciation over the past five million years6. Their rapid diversification is likely due to their ability 
to feed on pollen, improved behavioral flexibility, tight coevolution with host plants, and 
Müllerian mimicry7,8, but we still know little about the genetic basis of these key innovations8,9. 
Introgression is well known in Heliconius, and particularly close attention has been paid to color 
pattern loci which have been passed between recently diverged species on several occasions10-13. 
Widespread reticulate evolution occurs across the genus10, but, aside from two pairs of closely 
related species13,14, we do not understand how introgression impacts the whole genome. Here, we 
use multiple de novo whole genome assemblies to study adaptive innovation, genome 
architecture, and introgression in Heliconius. We develop a new method to distinguish 
incomplete lineage sorting from introgression, and show that a majority of genomic loci that 
have evolutionary histories discordant with the canonical species tree arose due to introgression. 
We demonstrate that the distribution of introgressed loci is strongly influenced by local 
recombination rate, chromosome size, and coding sequence density. High-recombination and 
gene sparse regions of the genome are much more likely to harbor loci of hybrid origin, which 
implies an important role for linked selection in the fate of introgressing alleles. Genomic 
rearrangements are rare in Heliconius14, but we nonetheless found a convergent inversion around 
a known color pattern supergene. 
 
We used an innovative short-read assembly method (w2rap15, an extension of DISCOVAR de 
novo16,17) to generate 20 new reference genome assemblies for species sampled from both major 
Heliconius sub-clades and three additional genera of Heliconiini (Supplementary Information 
Section 1). This strategy relies on high fidelity PCR-free Illumina sequencing, and is particularly 
powerful for low-complexity regions18. Our contigs were able to patch 30% of gaps between 
contigs of the more traditionally assembled H. melpomene Hmel2.5 genome14 (Supplementary 
Information Section 2). Our assemblies averaged an N50 of 47,976 bp, each composed of an 
average of 35,404 contigs (Supplementary Information Section 1). The assemblies had high 
ortholog scores, with an average of 98.9 percent of the BUSCO arthropod dataset recovered 
(93.3% complete and single copy, 3.5% complete and duplicated, 2.0% fragmented)19.   
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To investigate the Heliconius radiation, we aligned our highest quality de novo assemblies with 
representative Lepidoptera reference genomes14,20-27 (Supplementary Information Section 3). 
Previous work in Heliconius inferred a high level of phylogenetic discordance among genes, 
arguably a result of rampant introgression6, though this has been disputed28. We attempted to 
reconstruct a bifurcating species tree by estimating relationships using three different subsets of 
our alignment: protein-coding genes, conserved coding regions, and conserved non-coding 
regions. We generated species trees using coalescent-based and concatenation approaches, and 
using both the full Lepidoptera alignment and a restricted, Heliconiini-only sub-alignment. These 
results were largely congruent, but topologies differed in poorly supported parts of the tree 
(Figure 1A; all trees are given in Supplementary Information Section 4). For example, relative 
placements of the silvaniform species - H. besckei, H. pardalinus, and H. numata – were 
extremely unstable. In some datasets, H. pardalinus was recovered as sister to the H. 
melpomene-cydno-timareta subclade, while in other cases it formed a clade with other 
silvaniforms. Meanwhile, H. besckei was sometimes recovered branching from the root of the 
entire melpomene-silvaniform clade, and sometimes as sister to H. numata. Furthermore, 
Heliconius telesiphe showed higher affinity with the H. sara-demeter subclade in some datasets, 
while in others it was recovered as sister to H. hecalesia or branching from the root of a clade 
containing H. hecalesia, H. erato, and H. himera. Therefore, even with whole genome 
assemblies, we were unable to resolve the phylogeny of Heliconius as a simple bifurcating tree 
(Figure 1A, Supplementary Information Section 4). 
 
To test whether this species tree uncertainty is due to incomplete lineage sorting (ILS) or 
introgression, we calculated Patterson's D-statistics for every triplet of Heliconius species, 
holding Eueides tales as a constant outgroup29,30. In 201 of 364 triplets, we observed values 
significantly different from zero, implying significant evidence for introgression (Bonferroni-
corrected p<.05, Supplementary Information Section 5). Although these significant D values 
suggest a history of admixture in the genus, this test alone provides little information on the 
number of admixture events or the fraction of genetic information transferred. We therefore used 
a different method, phyloNet31,32, to infer reticulate phylogenetic networks of the evolutionary 
history of these species (Figure 1B-C). Specifically, we randomly sampled sets of one hundred 
10 KB windows across our alignment. For each such subset of the data, we co-estimated each 
regional gene tree and the overall species network in parallel32. We included chromosome-level 
reference genomes of H. melpomene and H. erato in our multi-species alignment; thus we 
analyzed the melpomene-silvaniform group with respect to the H. melpomene Hmel2.5 
assembly14 and the erato-sara group with respect to the H. erato demophoon v1 assembly20. We 
repeated this analysis with 100 subsets of our data for the melpomene-silvaniform clade and 150 
subsets for the erato-sara clade to evaluate support for each network (Supplementary 
Information Section 6). These networks show that introgression is pervasive across Heliconius. 
Nearly every species participated in an admixture event at some point in its history, and we were 
able to confirm extensive reticulation among silvaniform species in the melpomene-silvaniform 
clade, as well as discover major new gene flow events in the erato-sara clade. Based on these 
results, we propose the reticulate phylogenies in Figure 1B-C, in which most events occurred not 
among extant populations but among common ancestors of species we studied, and likely 
involved species not included here.  
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Figure 1: Phylogeny and phylogenetic networks of Heliconius show lack of support for bifurcating tree. 
A. Consensus cladogram of Heliconiini. Species trees were constructed with genes, fully-aligned coding blocks, 
and fully-aligned non-coding blocks. All nodes resolved in a majority of these species trees are shown in this 
cladogram (heavy black lines), while less well-resolved nodes are collapsed as a polytomy (see silvaniform species). 
The 500 colored trees were sampled from 32,000 10KB non-overlapping windows. Their discordance demonstrates 
the heterogeneity of evolutionary history across the genome. B, C. Phylogenetic networks inferred with 
PhyloNet. High-confidence tree structure (black) and introgression events (red) are shown as solid lines. Dashed red 
lines indicate weakly supported introgression events. The erato-sara clade is shown in B, the melpomene-
silvaniform clade in C.  Lengths of solid black lines are proportional to genetic distance along the branches. Breaks 
at the base in B indicate that the branch leading to H. doris has been shortened for display. See Supplementary 
Information Section 6 for full details. 
 
To identify genetic changes that may have triggered the Heliconius radiation, we focused on 
genomic regions with significant shifts in evolutionary rate at the base of the genus. A total of 
38,490 candidate loci, averaging 172 bp in length, were found specifically along the branch 
leading from the common ancestor of Heliconius + Eueides to Heliconius (Supplementary 
Information Section 7). Of these, 18,186 overlapped with 7,522 annotated genes (exonic or 
intronic). Gene Ontology (GO) term searches of these loci revealed an overrepresentation of 
accelerated genes involved in neuronal processes, specifically axon guidance and several terms 
related to ion channel structure and function (Table 1, Supplementary Information Section 7). 
Heliconius have pronounced behavioral complexity compared with other Lepidoptera, with 
learned home ranges and gregarious roosting behaviors as adults33. Concomitantly, mid-brain and 
mushroom bodies are unusually well developed in the genus, and the accelerated genes identified 
here provide candidates for these important phenotypes34. 
 
We next analyzed the distribution of ancestry across the genome by constructing trees in 50 KB 
sliding windows (25 KB overlap), again analyzing each major clade separately and using its 
respective reference genome. This larger window size allows us to generate a more contiguous 
map (i.e. each window is more likely to have sufficient data to generate a well-supported tree), 
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and the relative abundance of each tree is qualitatively consistent regardless of block size 
(Supplementary Information Section 8). The melpomene-silvaniform group displayed a striking 
lack of consensus, unsurprisingly since introgression, especially of key mimicry loci, is well 
known from this clade10,12,13,35. The most common topology was found in only 4.3% of windows, 
with an additional 14 topologies appearing in 1-3.4% of windows (see Supplementary Data on 
Dryad). By contrast, in the erato-sara group, two topologies dominated the distribution, one of 
which (Tree 2, Figure 2B) matched our bifurcating consensus tree (Figure 1A) and the most 
recently published tree6. All eight of the most common trees in the erato-sara group, together 
comprising over 98% of all topologies, recovered monophyly of H. demeter + H. sara and H. 
erato + H. himera; only the placements of H. telesiphe and H. hecalesia were variable (Figure 
2A-B, Supplementary Information Section 8). These results confirm the prevailing notion that 
introgression may be more widespread in the melpomene-silvaniform clade, but also provide 
strong evidence of hybridization in the less studied erato-sara clade. 
 
Table 1 

 
 
Regions that show a local topology discordant with the species tree could have arisen through 
introgression or ILS, and we were interested in distinguishing between these processes. We here 
develop a triplet gene tree test that compares the likelihoods that a given gene tree results from 
ILS or introgression. Our test is based on the distribution of internal branch lengths among 
windows for a given three-taxon subtree, conditional on its topology.  For example, in the 
absence of introgression, the internal branches of triplet topologies that are discordant with the 
species tree (due to ILS) should be exponentially distributed.  However, if introgression has 
occurred, their distribution should have a non-zero mode which corresponds to the time from the 
introgression event back to the most recent common ancestor of all three species (Supplementary 
Information Section 9). Using this model, we can discriminate between discordant gene tree 
topologies that are consistent with ILS and its expected exponential distribution (e.g. Tree 7, 
Figure 2D), and those that are not (e.g. Tree 4, Figure 2D). Once we have identified nodes that 
have likely experienced introgression, we can then examine each window and calculate the 
probability that it was generated through ILS (See Supplementary Information Section 9). With 
this method, we found that 87 percent of windows that recovered full trees discordant with our 
inferred species tree (Tree 2, Figure 2B) contain at least one triplet relationship that most likely 
(probability >= 0.9) arose due to non-ILS processes such as introgression. 
 
 

GO ID GO Name GO Category Size ES NES Nominal p-valFDR q-val FWER p-val Rank at Max Leading Edge
GO:0007411 axon guidance BIOLOGICAL_PROCESS 22 0.71448416 2.2696512 0 0.00197327 0.007 1317 tags=50%, list=15%, signal=59%

GO:0015299 solute:proton antiporter activity MOLECULAR_FUNCTION 10 0.81757474 2.076241 0 0.00824198 0.165 1311 tags=40%, list=15%, signal=47%

GO:0005219 ryanodine-sensitive calcium-release channel activity MOLECULAR_FUNCTION 6 0.90566915 1.9730856 0 0.01828617 0.508 812 tags=100%, list=9%, signal=110%

GO:0051209 release of sequestered calcium ion into cytosol BIOLOGICAL_PROCESS 6 0.90566915 1.9723397 0 0.01812592 0.514 812 tags=100%, list=9%, signal=110%

GO:0009152 purine ribonucleotide biosynthetic process BIOLOGICAL_PROCESS 36 0.5674986 1.9656404 0 0.01924711 0.549 434 tags=22%, list=5%, signal=23%

GO:0005891 voltage-gated calcium channel complex CELLULAR_COMPONENT 9 0.80593866 1.9653816 0.00132802 0.01888521 0.551 1285 tags=89%, list=15%, signal=104%

GO:0009168 purine ribonucleoside monophosphate biosynthetic process BIOLOGICAL_PROCESS 25 0.6139621 1.959235 0 0.01879137 0.574 365 tags=20%, list=4%, signal=21%

GO:0005245 voltage-gated calcium channel activity MOLECULAR_FUNCTION 10 0.76535124 1.9450445 0 0.01843062 0.646 1285 tags=80%, list=15%, signal=94%

GO:0031984 organelle subcompartment CELLULAR_COMPONENT 53 0.510213 1.9105113 0 0.02531921 0.804 2296 tags=55%, list=27%, signal=74%

GO:0044433 cytoplasmic vesicle part CELLULAR_COMPONENT 21 0.6063042 1.9100221 0.00119617 0.02513916 0.808 2569 tags=71%, list=30%, signal=102%

GO:0035725 sodium ion transmembrane transport BIOLOGICAL_PROCESS 12 0.70204234 1.8933499 0.0025413 0.02913918 0.86 2553 tags=92%, list=30%, signal=130%

GO:0042455 ribonucleoside biosynthetic process BIOLOGICAL_PROCESS 7 0.8435898 1.8900206 0.00135685 0.02996308 0.867 340 tags=43%, list=4%, signal=45%

GO:0005887 integral component of plasma membrane CELLULAR_COMPONENT 54 0.49249074 1.8530432 0.00110254 0.04020768 0.952 2553 tags=63%, list=30%, signal=89%

GO:0009206 purine ribonucleoside triphosphate biosynthetic process BIOLOGICAL_PROCESS 18 0.6313657 1.8367563 0.00370828 0.04228776 0.974 170 tags=11%, list=2%, signal=11%

GO:0019318 hexose metabolic process BIOLOGICAL_PROCESS 15 0.63988847 1.832312 0.00251572 0.04348195 0.977 509 tags=33%, list=6%, signal=35%

Abbreviations:

ES: Enrichment Score, NES: Normalized Enrichment Score, FDR: False Discovery Rate, FWER: Family-Wise Error Rate 
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Figure 2: Local evolutionary history in the erato-sara clade is heterogeneous across the genome. 
A. Tree topologies across the genome. For each 50KB window, the colored bar represents the topology recovered 
from that region. Colors correspond to topologies in B. Note that while trees 1 and 2 (blue and red) dominate the 
genome, there is a large block of tree 3 on Chromosome 2, and a large block of tree 4 on Chromosome 15. Also note 
the relative homogeneity of Chromosome 21, the Z chromosome. Coordinates are in terms of H. erato demophoon 
v120. Black regions show missing data. B. Common topologies. The eight most common trees are shown. The value 
in the top left corner is the percentage of all 50KB windows that recovers that topology. C. Tree block length 
distribution. Each histogram corresponds to the topology of the same color in B, and shows the distribution of the 
number of consecutive 50KB windows with that topology. Arrows indicate blocks in inversions. D. Discriminating 
introgression from incomplete lineage sorting (ILS). Plots show the distribution of internal branch lengths in the 
triplet H. demeter, H. telesiphe, H. erato for 10KB windows of each full gene tree type. Dashed lines show the 
exponential distribution of branch lengths generated by ILS, while dotted lines show the peaked distribution of 
branch lengths generated by speciation or introgression. Both distributions are conditioned on the triplet topology of 
the corresponding full gene tree, and therefore vary depending on whether H. demeter, H. telesiphe, or H. erato is 
recovered as the outgroup. 
 
Given that introgression appears variable across the genome, we next investigated correlates of 
this variation. In hybrid populations, individuals may have genomic regions that originate from 
other species and are incompatible with the recipient genome or with their environment36,37. As 
hybrid individuals backcross into a parental species, incompatible loci experience negative 
selection in accordance with their fitness costs, and are expected to be purged. Linked selection 
causes harmless or even beneficial introgressed loci to be removed along with these deleterious 
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loci if they are tightly linked; this effect will depend on the strength of selection against 
deleterious loci and the local recombination rate38,39 . We expect introgressed loci to be enriched in 
regions where selection is likely to be weak, such as gene deserts, or in regions of high 
recombination, where harmless introgressed loci more readily recombine away from linked 
incompatibility loci.  
 
In Heliconius even distant species like H. erato and H. melpomene have the same number of 
chromosomes (21), and they are almost entirely collinear14, facilitating comparisons among 
species. Furthermore, the map lengths of each of the chromosomes is close to 50 centiMorgans 
(cM), corresponding to one crossover per chromosome per meiosis in males (there is no crossing 
over in female Heliconius)20,40. Chromosomes vary in length, and larger chromosomes therefore 
experience a lower per-base recombination rate than shorter chromosomes14,41 (Figure 2). For this 
analysis, we generated trees in 10 KB windows, and found a striking correlation between the 
fraction of windows in each chromosome that show a given topology and physical chromosome 
length (Figure 3A). Such relationships exist for all 8 trees in Figure 2B (Supplementary 
Information Section 8), but here we focus on the two most common trees: while trees 1 and 2 are 
found in an almost identical fraction of the genome, Tree 1 has a strongly negative correlation 
with chromosome size while Tree 2 (concordant with our inferred species tree) has a positive 
correlation.  
 
The most drastic exception is the Z, chromosome 21, which is the most strongly enriched for 
Tree 2. Because Tree 2 is the inferred species tree in the erato-sara clade, this result is consistent 
with the Z chromosome harboring or expressing a higher proportion of incompatibility loci than 
autosomes. Interspecific hybrid females in Heliconius are often sterile, thereby conforming to 
Haldane's Rule, and sex chromosomes have been implicated as particularly important in 
generating this incompatibility37,42-45.  
 
To confirm that the pattern we see among chromosomes is truly due to differences in 
recombination, we next investigated the relationship between recombination rate and tree 
topology within chromosomes. Recombination rate declines at the ends of chromosomes 
(Supplementary Information Section 8), and we find enrichment for the proposed species tree 
(Tree 2) in those regions (Figure 3B). In addition, even with the low-density recombination map 
of H. erato, when windows are grouped by local recombination rate calculated from population 
genetic data, we see a strong relationship with the recovered topology (Figure 3C). Finally, we 
observe a minor enrichment of Tree 1 in regions of very low gene density, but this effect is weak 
compared to that of recombination rate (Figure 3D, Supplementary Information Section 8). 
Taken together, these results imply an important role for linked selection in determining the 
hybrid makeup of erato-sara clade genomes. 
 
While local recombination has a strong effect on the location of different topologies, the 
topology block size distribution in the erato clade (the number of consecutive sliding windows 
that correspond to a single topology) generally decayed exponentially (figure 2C). However, two 
unusually long blocks contained minor topologies, one on chromosome 2 (Tree 3, composed of 
three sub-blocks) and the other on chromosome 15 (Tree 4). Our study of the ~3 Mb topology 
block on chromosome 2 confirms the earlier suggestion of an inversion in H. erato14, and we 
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show here that its rare topology can be explained by ILS including a long period of ancestral 
polymorphism (Supplementary Information Section 10).  
 

 
 
Figure 3: Chromosomal architecture is strongly correlated with local topologies.  
In all panels, Tree 1 is shown in red, and Tree 2 is shown in blue, as in Figure 2. A. Topology correlates with 
chromosome size. Tree 1 shows a negative relationship with chromosome size, while Tree2 shows a positive 
relationship. Lines are linear regressions with chromosome 21 excluded (Tree 1 p<.0001, r2=.883, Tree 2 p<.0001, 
r2=.726). B. Topology is altered at the ends of chromosomes. Each chromosome was divided into 10 equally sized 
bins, and the occupancy of each topology in each bin was calculated as the number of windows that recovered the 
topology in the bin divided by the number of windows that recovered the topology in the chromosome. C. Topology 
correlates with local recombination rate. We used the LD-based map of H. erato demophoon20 to assign a local 
recombination rate to each window. We then binned windows by their recombination rate, and calculated the 
fraction of each tree in each bin for each chromosome separately. Numbers above bars are the number of windows 
in each bin. D. Density of coding sequence correlates slightly with topology. Numbers of coding bases per 
window are distributed exponentially, so the data for this analysis are log-transformed (Supplementary Information 
Section 8). Asterisk denotes significance at 5% level (paired t-test, p=.025). In all boxplots, central line is median, 
box edges are first and third quartile, and whiskers extend to the largest value no further than 1.5*(inter-quartile 
range) 46  
 
The topology block on chromosome 15 is of particular interest, as it spans a mimicry switch 
locus containing the gene cortex (known as Cr in H. erato, Yb in H. melpomene, and P1 in H. 
numata) 47,48. The cortex topology block in the erato group is ~500 KB in length and recovers H. 
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telesiphe and H. hecalesia as a monophyletic subclade, which together are sister to the sara clade 
(Figure 2B, Tree 4). We hypothesized that this block could be an inversion, as in H. numata, 
where introgression of the P1 inversion triggered the evolution of a 'supergene' polymorphism 
that enabled switching among mimicry morphs12. Our de novo assemblies enabled an effective 
search for contigs that mapped across topology transitions. Taking H. melpomene as the standard 
arrangement, we find clear inversion breakpoints in H. telesiphe, H. hecalesia, H. sara, and H. 
demeter. Conversely, H. erato, H. himera, and E. tales all contain contigs that map in their 
entirety across the breakpoints (Figure 4A), implying the standard H. melpomene arrangement is 
ancestral.  
 
Thus, the chromosome 15 topology block appears to have been generated by an inversion at 
almost exactly the same position as the 400 KB P1 inversion in H. numata12,48,49, but it must have 
evolved in parallel: our de novo contigs from the P1 inversion in H. numata show that the 
breakpoints of P1 are close but not identical to those of the inversion in the erato clade (Figure 
4A).  Furthermore, in topologies of H. numata, H. telesiphe, H. erato, and E. tales in 50 KB 
sliding windows across chromosome 15, not a single window recovered H. numata and H. 
telesiphe as a monophyletic subclade, as would be expected if the erato group inversion was 
homologous to P1 in H. numata. 
 
Using our triplet gene tree test, we examined the triplet (H. erato +H. telesiphe + H. sara) to 
elucidate the evolutionary history of the inversion. With these species, the topology of interest is 
(H. erato,(H. telesiphe, H. sara)), where a small internal branch would suggest ILS while a large 
internal branch would be more consistent with introgression (Figure 4B,D). We find that the 
average internal branch length in the inversion has only a 6.1% percent chance of being 
generated due to simple ILS (Figure 4E). However, if the inversion was polymorphic in the 
ancestral population for some time, we should also recover a long internal branch (Figure 4C). 
We distinguish between this longer-term polymorphic scenario and introgression by comparing 
the genetic distance (DXY) between H. telesiphe and H. sara. Normalized DXY within the inversion 
is considerably lower than in the rest of the genome, a result that is only predicted in the case of 
introgression (Figure 4F). 
 
Discussion 
In the Heliconius radiation, the long-term fate of introgressed loci is tightly dependent on local 
genomic context. Whether measured at the local or chromosomal scale, genomic regions with 
high recombination are much more likely to have evolutionary histories consistent with 
introgression. This pattern is expected if incompatibility loci are common and distributed across 
the genome, as found in recent studies50-52, and if they generate linked selection against such loci 
over a longer range in low recombination regions. In extant hybrid populations, linked selection 
has been proposed as the mechanism by which hybrid ancestry is positively associated with local 
recombination rate37,45. If robust, this relationship may be useful in resolving complex 
phylogenetic relationships in groups that have undergone introgression. In our case, two tree 
topologies were recovered in approximately equal proportions across the genome, but only the 
tree consistent with the published species tree shows a negative relationship with recombination 
rate (Fig. 3). Without prior knowledge, this relationship could arguably be used as evidence for 
the true species tree. 
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Figure 4: Parallel evolution of a major inversion at the cortex supergene locus. 
A. Mapping the inversion breakpoints. Map of 1.7Mb region on Chromosome 15. Coordinates are in terms of the 
Hmel 2.5 reference order, and ticks are in MB. Tree topology colors correspond to those in figure 2. Genes are 
shown as black rectangles; cortex is highlighted in yellow. Each line shows the mapping of a single contig. Aligned 
sections of each contig are shown as thick bars, while unaligned sections are shown as dotted lines. Arrows indicate 
the strand of the alignment. The H. erato group breakpoints are shown with red vertical lines, while the independent 
H. numata breakpoints are shown with green vertical lines. 
B-D. Hypothetical evolutionary histories. The histories of the three species used in the triplet gene tree method – 
H. erato, H. telesiphe, and H. sara – are shown as black lines, while lineages not included are shown as grey lines. B 
shows the scenario expected in the case of simple ILS. C shows another scenario of ILS, but in this case the 
inversion is polymorphic for some time in the common ancestor. D shows the case of introgression from the H. 
sara+H. demeter ancestor into the H. telesiphe+H. hecalesia ancestor. E. Distribution of internal branch lengths. 
Histogram is of internal branch lengths (T2) in the H. erato,(H. telesiphe, H. sara) topology. The inferred ILS 
distribution is shown as a dashed line, and the inferred introgression distribution is shown as a dotted line. The 
average internal branch length in the inversion is shown as a green vertical line. F. Normalized H. telesiphe-H. sara 
DXY. Normalized DXY (T3) is calculated as H. telesiphe-H. sara DXY divided by the mean pairwise DXY among all species 
in each region. Mean normalized DXY in the inversion is shown as a green vertical line. 
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Heliconius experienced ten chromosomal fusions along its basal branch10,21,40. Therefore, 
Heliconius has fewer, and on average longer, chromosomes compared most other Heliconiini or 
Nymphalidae. Genome architecture plays a critical role in adaptation and divergence.  Between 
species, chromosomal rearrangements have been argued to prevent recombination and to allow 
genomic regions to diverge in the face of gene flow53, though it is unclear if they are causal in 
speciation54. Heliconius chromosomal fusions may have aided speciation for similar reasons. 
Compared with Melitaea (with the ancestral Lepidopteran count of n=31 chromosomes), H. 
melpomene and H. erato have 34% and 42% less recombination in the genome, respectively, 
based on total cM of each map10,15,16. The overall reduction in recombination caused by these 
fusions likely led to conditions more favorable to speciation with gene flow, whereby 
introgressed alleles are more easily purged from longer chromosomes due to their reduced 
recombination rate, and co-evolved sets of genes are more likely to remain linked40.  
 
Inversion polymorphisms can reduce local recombination and preserve linkage of co-evolved 
genes, allowing populations to occupy multiple peaks on adaptive landscapes48,55. Heliconius 
boasts one of the clearest examples of a “supergene” locus: a system of tandem inversions in H. 
numata that completely determines an individual’s color pattern in that polymorphic species48,49. 
This locus is all the more striking because Heliconius generally lack major structural 
rearrangements, either between sister species or between species that diverged at the earliest 
branch point in the genus14. A key inversion, the P1 inversion, was inherited via introgression from 
a related species, H. pardalinus12. We were therefore surprised to find in the current study that 
several erato-sara clade species have an inversion that evolved in parallel in almost precisely the 
same location, and which likewise shows a strong signal of introgression. Our assemblies are 
based on only a single individual per species, so we cannot determine whether this inversion is 
polymorphic in erato-sara clade species. The cortex gene is trapped within the inversion and has 
been implicated in color patterning across Heliconius and other Lepidoptera, but there is no clear 
phenotype that unites erato-sara clade species having this inversion. Nonetheless, due to the 
known effects of cortex and the fact that convergent structural rearrangements have been found 
rarely and in important contexts such as mating loci and meiotic drive loci in fungi56,57, and as a 
basis for social organization in ants58, this locus should be the object of further study. 
 
Technical advances in long-read, single-molecule sequencing strategies are revolutionizing de 
novo genome assembly of non-model organisms59-61. However long-read technologies remain 
error-prone, expensive, and require high coverage for successful assembly. In contrast, here we 
pioneer a low-cost approach that employs the extremely low error rate inherent in PCR-free 
Illumina short-read technology to create high fidelity genome assemblies. We predict that ours 
will be the first of many studies to employ fully-aligned de novo genome assemblies for 
comparative analysis of adaptive radiation in non-model species. These new genomes with the 
help of two previous chromosome-level reference assemblies allow us to probe the history of the 
Heliconius radiation in unprecedented detail. We have discovered parallel evolution of an 
inversion around a supergene switch locus, a pattern of sustained hybridization and introgression 
throughout the genome, and candidate genes and genome architectures that help to understand 
the causes for the greater diversification rate in Heliconius compared with the rest of the 
Heliconiini.   
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Methods 
Samples  
Individuals for sequencing were collected mainly in the wild, while others were from partially 
inbred stocks (Table S1.1). For Heliconius melpomene, we used a sibling of the strain of the 
original reference individual for the Hmel1 and Hmel2.5 assemblies10. We also sequenced parents 
of a cross between H. erato and H. himera, and one of their F1 hybrid offspring – the H. erato 
mother was a sibling from the inbred strain used in the H. erato demophoon v1 genome20.  
 
Genome assembly with DISCOVAR de novo and w2rap 
DNA was extracted from each specimen (Table S1.1). DNA samples were fragmented to ~450 
bp and sequenced to at least 60X coverage using paired-end, 250 bp reads on the Illumina Hi-
Seq 2500 according to DISCOVAR de novo protocol17. The w2rap-contigger15 was then used to 
assemble contigs (Table S1.2). Heterozygous genomes such as these yield complex assembly 
graphs where loci fail to collapse into a single representation but are expanded into two 
alternative alleles (Figure S1.1, left side). To overcome this problem, we filtered initial contigs to 
create a collapsed mosaic of haplotypes where each locus is represented by only one of the 
alternative alleles, ignoring phase, using the following procedure: 
 
1) Homozygous content was selected using frequency of kmer spectra62; this is content shared by 
both haplotypes and in a mosaic collapsed scenario should be included only once in the solution. 

2) Initial contigs were sorted by size and filtered one at a time starting from the longest.  

3) A tally was kept for all included content and resulting contigs were filtered by comparing the 
content that they had from the selected unique set and not already included in the final set. If a 
contig contained mostly kmers already included in the final set this contig was marked as 
complementary and saved in a separate file.  
 
This method will for the most part result in inclusion of only one alternative allele at each locus 
in the final set of contigs. This filtered set of contigs with a putative single representation for 
each locus was then further scaffolded, using the same paired-end sequence data, with 
SOAPdenovo2 scaffolder63 (Figure S1.1, right side) 
 
Assembly quality assessment 
We used a custom python script employing standard formulae to extract the number of contigs, 
their lengths, and N50 scores. In order to estimate heterozygosity, we used the k-mer based 
method GenomeScope64. This online tool uses the output of jellyfish65, which we ran with the 
commands  
 
jellyfish count -m 15 -o <count output> -s 2000M -t 16 -F 2 -C <(zcat <reads1.fastq>) <(zcat 
<reads2.fastq>) 
jellyfish histo -t 16 <count output> > <hist output>  
 
We characterized the repeat content with RepeatMasker v4.0566. For each genome, we used the 
command  
 
RepeatMasker -pa 4 -species hexapoda -xsmall -nocut <genome.fa> .  
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We include full results on Dryad. 
 
We used BUSCO_v219 with the arthropoda_odb9 database to compute the percentage of 
complete, partial, duplicated, and missing genes in our genome assemblies.  Specifically, we 
used the command: 
 
BUSCO.py -i <genome fasta> -c 32 -m geno -l arthropoda_odb9 -sp heliconius_melpomene1 -o <output 
file> -r   
 
We summarized the data with BUSCO_plot.py, using R to display the results. 
 
Alignment 
w2rap Genomes with fewer than 50,000 scaffolds were aligned with previously published, 
representative genomes from across the lepidopteran phylogeny using progressiveCactus67. This 
tool generates pairwise alignments in cactus graph format between each pair of sister species, 
generating inferred ancestral sequences. It iteratively continues this process for each node of an 
input phylogeny, generating blocks of aligned homologous sequence among all input genomes. 
This process allows alignment blocks to be projected onto the coordinates of any genome 
assembly and produces little bias towards segments highly similar to any one reference genome. 
All configuration files are available on Dryad, and additional information can be found in 
Supplementary Information Section 3.  
 
Phylogeny 
We extracted nine different datasets to compute phylogenies. These can be categorized into three 
main groups: conserved coding regions, conserved non-coding regions, and genes. All three 
types were generated for the full lepidoptera dataset and for the subset of species in Heliconiini. 
In addition, minimum alignment length filters of both 100 and 150 were used when extracting 
conserved coding and non-coding regions. Datasets consisting of conserved coding or non-
coding regions were extracted by first converting the progressiveCactus hal-format multi-
genome alignment into Multiple Alignment Format (MAF), with H. melpomene Hmel2.5 as the 
reference. Each block in the MAF alignment was processed and retained if it contained exactly 
one sequence from each species. Genomic coordinates in BED format were extracted from the 
single-copy, fully-aligned MAF blocks and intersected with CDS entries in the Hmel2 annotation 
file to separate coding from non-coding blocks. Finally, each MAF block was converted to fasta 
using msa_view.  
 
The genes were extracted by first extracting gene models from the Hmel2.5 annotation file with 
UCSC Kent binaries68, then using the resulting gene model bed file to extract hal alignments to 
MAF, and finally converting MAF to fasta with a custom python script. 
  
For each of the nine datasets, we first estimated individual locus maximum likelihood trees (for 
gene-based trees, each locus consisted of all coding sequence within each gene, while the block 
trees were single contiguous stretches of fully-aligned sequence). We selected the best model for 
each locus using ModelFinder as implemented into IQtree69,70. Following model selection, we 
estimated the best ML tree and 1000 ultra-fast bootstraps using IQtree71. Using the resulting best 
ML trees from each locus as input, we generated species trees in ASTRAL72. For each dataset, we 
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also generated concatenated supermatrices using FASconCAT v.1.173. We selected models for 
each supermatrix, first by searching for the best partitioning scheme using the relaxed clustering 
algorithm implemented in IQtree, using the individual loci as the starting data blocks, and 
second, by estimating substitution models for each partitioning scheme subset using 
ModelFinder. We then used the best fit model partitioning scheme to estimate maximum 
likelihood trees on the supermatrix. For each data set we performed 10 ML searches, five with 
parsimony starting trees and five with random starting trees in IQtree and chose the topology 
with the best maximum likelihood score. 
 
Evolutionary rate 
We extracted MAF alignments of each scaffold from the HAL-formatted whole genome 
alignment using the hal2maf command from the haltools suite74, with the H. melpomene genome 
as reference. We then converted MAF to SS with msa_view from the phast suite75. We created a 
null model of evolutionary rate with 4-fold degenerate sites for each scaffold separately with 
PhyloFit, and then averaged them together according to the PhastCons best practices75. Finally, 
we ran dless on each scaffold separately using the averages neutral model file and default 
parameters. We defined genic regions using bedtools based on ‘gene’ designations in the 
Heliconius melpomene Hmel2.5 gff3 file14.  
 
GO-term enrichment analysis was carried out using Blast2GO76. The annotation file was 
generated by running blastp with all Hmel2.5 proteins against the NCBI refseq_protein database. 
GO mapping and annotation of the resulting output files was performed with the Blast2GO GUI 
using default parameters. A ranked list of dless hits was generated for coding and non-coding 
regions separately. LOD scores of accelerated regions remained positive values, while LOD 
scores of conserved regions were assigned negative values. We then performed a gene set 
enrichment analysis in the Blast2GO GUI, using the weighted method which searches for over-
representation at both the top and bottom of the ranked list. 
 
Introgression analysis  
ADMIXTOOLS 
We first extracted MAF alignments of each scaffold from the HAL-formatted whole genome 
alignment using the hal2maf command from the haltools suite74, with the H. melpomene genome 
as reference.  We then converted from MAF to FASTA using the msa_view tool from the 
PHAST toolkit75 FASTA to VCF using snp-sites77, and finally VCF to EIGENSTRAT using the 
vcf2eigenstrat tool from the gdc suite. Scaffold positions were converted to chromosomal 
positions using a custom python script. Sites were included if they were present in all species 
(i.e. no missing data or gaps) as a single copy, bi-allelic SNPs. This resulted in a set of 6,671,421 
SNPs. 
  
We computed all possible D statistics using the qpDstat command with default parameters, and 
considered all triplets of Heliconius species, holding E. tales constant as the outgroup. We 
assessed significance through a block-jackknifing approach as implemented in Admixtools30, and 
applied a Bonferroni correction to assign significance at the 95% confidence level to a p-value of 
1.37 x 10-4, which corresponds to a Z-score of 3.81.  
 
Sliding window tree building 
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We defined 50KB windows with start sites 25KB apart on the H. erato demophoon20 
chromosomal scale using the makewindows tool in bedtools v2.178. We then translated the 
chromosomal coordinates to scaffold coordinates using bedtools intersect, and extracted 
alignments from each window using hal2maf from the haltools suite74. We filtered the maf 
alignments for alignment blocks that were present as a single copy in every species of interest 
with a custom python script. We further filtered for windows that contained at least 5KB of 
aligned sites, converted the maf files to fasta with msa_view, converted fasta to phylip with PGD 
Spider v2.1.1.379 and constructed maximum likelihood trees with PhyML, using default 
parameters 80. After obtaining a single best tree for each qualifying window, we categorized them 
by topology with a custom python script and visualized the results in R using the package 
karyoploteR81. 
 
PhyloNet 
Due to computational limits, we were unable to analyze the whole Heliconius data set at once. 
We therefore divided our analysis into the erato and melpomene clades. When analyzing the 
erato clade, we used the H. erato demophoon genome20 as our reference, and when analyzing the 
H. melpomene clade, we used Hmel2 as our reference40. We defined 10KB windows, spaced 
50KB apart using the makewindows tool in bedtools v2.1. We then extracted MAF alignments of 
each region from the whole-genome alignment using the tool hal2maf. We considered only 
single-copy regions, and filtered for windows with at least 1000 bp aligned among all species. 
This resulted in 5445 usable erato clade windows and 3208 melpomene clade windows. Because 
of computational constraints, we were only able to include a subset of the alignments in a single 
run of the PhyloNet v3.6.7 program MCMC_Seq. We therefore ran 100 iterations of the 
program, each time sampling 100 random loci without replacement. We used the default 
parameters, running a 10,000,000-iteration chain with a 2,000,000-iteration burn-in, sampling 
every 5,000 iterations. We also included two hot-chains of scale 2.0 and 3.0. We generated 
consensus networks from these results in a method fully outlined in Supplementary Information 
Section 6. 
 
Topology distribution 
Trees were inferred as described in “Sliding window tree building”, except that window size was 
reduced to 10KB, and windows were non-overlapping. To determine the fraction of each tree 
topology on each chromosome, we divided the number of windows that recovered the given 
topology by the total number of windows that successfully resolved any topology on that 
chromosome. For the distance to end of chromosome, we used the center of each window as the 
reference point and calculated the number of base pairs between that reference and the nearest 
edge. We then divided each chromosome into 10 equally-sized bins and calculated the fraction of 
each bin that recovered each topology in each chromosome independently. We assigned each of 
our 10KB windows a local recombination rate20 by intersecting the window positions with the 
recombination map using bedtools 78. We then split the windows into bins based on their local 
recombination rate, and calculated the fraction of each bin that recovered each topology, again 
evaluating each chromosome separately. Finally, we used the gene annotations from H. erato 
demophoon v120 to determine the number of coding bases in each 10KB window. We found that 
the number of coding bases per window was distributed exponentially, so we log-transformed the 
data before dividing it into bins. We then determined the topology distributions per bin per 
chromosome as above. 
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Recombination rate estimates 
We estimated fine-scale variation in recombination rate along the H. erato demophoon 
chromosomes from linkage-disequilibrium in population genetic data using LDhelmet v1.782. 
Genotypes were called from whole genome resequencing data of ten H. erato demophoon 
individuals from Panama obtained from Van Belleghem et al. 201720 using the Genome Analysis 
Tool Kit Haplotypecaller83 with default parameters. Individuals’ genotypes were subsequently 
phased along each H. erato demophoon reference genome scaffold using Beagle v4.1 84 with 
default parameters. For further analysis, phased genotypes were retained only if they had a 
minimum depth (DP) ≥ 10, maximum depth (DP) ≤ 100 (to avoid false SNPs due to mapping in 
repetitive regions), and for variant calls, a minimum genotype quality (GQ) ≥ 30. Next, from the 
phased genotypes, fasta sequences were generated for 50KB windows. These 50KB windows 
were transformed to haplotype configuration files with the recommended window size of 50 
SNPs used by LDhelmet to estimate composite likelihoods of the recombination rate. From the 
haplotype configuration files, lookup tables for two-locus pairwise recombination likelihoods 
and Padé coefficients were generated within the recommended value range. Transition matrices 
were calculated for each chromosome separately by comparing genotypes obtained from H. 
erato demophoon to the outgroup species H. ricini, H. sara, H. telesiphe, H. clysonymous, H. 
hortense, H. hermathena and H. charithonia. The likelihood lookup tables, Padé coefficients and 
transition matrices were used in the rjMCMC procedure of LDhelmet to estimate the 
recombination map. In this latter step, 1,000,000 Markov chain iterations were run with a burn-in 
of 100,000 iterations, a window size of 50 SNPs and block penalty of 50. For convenience, 
recombination rate estimates (ρ) were converted to cM/Mb by scaling values for each 
chromosome according to the map length of each chromosome as obtained from pedigree data. 
 
Triplet Gene Tree Test 
We first calculated gene trees in 10KB windows as described above. To ensure each tree was 
independent, we only considered one window every 50KB. We then split each full gene tree into 
its component triplet topologies, determined the outgroup for each triplet, and calculated the 
internal branch length. We next grouped each set of branch lengths by triplet and by outgroup, 
and for each subset determined the likelihood that the branch lengths were best described by a 
simple exponential distribution as expected under ILS or a mixture of ILS and either 
introgression or speciation processes. The full method is detailed in Supplementary Information 
Section 9. 
 
Mapping inversions 
We first identified regions of interest (ROI) based on the coordinates of the first and last 
windows that displayed the altered tree topology. We then used the command halLiftover from 
the haltools suite to identify the contigs of each species that mapped to the ROI. We used a 
custom python script to extract the relative positions of each alignment block on each contig and 
filtered for those that had segments aligned in both directions in the region of interest. We 
inspected these candidate contigs manually with IGV85 and identified those in which the 
beginning of the contig mapped in one direction to one side of the ROI, and the end mapped in 
the opposite direction to the other side of the ROI. We used the coordinates where the contig 
alignments terminated as candidate breakpoints, and manually inspected all contig alignments for 
those that mapped across the breakpoints in a single direction. 
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Data Availability 
On publication, reads generated in this study will have been deposited in the SRA. IDs TBD. 
Genome assemblies generated in this study are available on LepBase (http://lepbase.org). 
Upon publication, all other data will be available on Dryad. 
 
Code Availability 
Upon publication, all code used to analyze data will be available on the github repositories 
github.com/nbedelman/HeliconiusComparativeGenomics (general analyses), 
github.com/nbedelman/ScaffoldingWithDiscovar (SWD pipeline) github.com/michaelmiyagi 
(triplet gene tree test). 
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