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Abstract

Mechanisms that suppress recombination are known to help maintain species barriers by
preventing the breakup of co-adapted gene combinations. The sympatric butterfly species H.
melpomene and H. cydno are separated by many strong barriers, but the species still hybridise
infrequently in the wild, with around 40% of the genome influenced by introgression. We tested the
hypothesis that genetic barriers between the species are reinforced by inversions or other
mechanisms to reduce between-species recombination rate. We constructed fine-scale
recombination maps for Panamanian populations of both species and hybrids to directly measure
recombination rate between these species, and generated long sequence reads to detect
inversions. We find no evidence for a systematic reduction in recombination rates in F1 hybrids,
and also no evidence for inversions longer than 50 kb that might be involved in generating or
maintaining species barriers. This suggests that mechanisms leading to global or local reduction in
recombination do not play a significant role in the maintenance of species barriers between H.

melpomene and H. cydno.
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Author Summary

It is now possible to study the process of species formation by sequencing the genomes of multiple
closely related species. Heliconius melpomene and Heliconius cydno are two butterfly species that
have diverged over the past 2 million years and have different colour patterns, mate preferences
and host plants. However, they still hybridise infrequently in the wild and exchange large parts of
their genomes. Typically, when genomes are exchanged, chromosomes are recombined and gene
combinations are broken up, preventing species from forming. Theory predicts that gene variants
that define species might be linked together because of structural differences in their genomes,
such as inverted pieces of chromosomes that will not be broken up when the species hybridise.
However, in this paper, we use deep sequencing of large crosses of butterflies to show that there
are no long chromosome regions that are not broken up during hybridisation, and no long
chromosome inversions anywhere between the two genomes. This suggests that hybridisation is
rare enough and mate preference is strong enough that inversions are not necessary to maintain

the species barrier.
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Introduction

It is now widely appreciated that the evolution and maintenance of new species is constrained by
genetic as well as ecological factors. One major genetic constraint is that, if populations remain in
contact, recombination will break down the associations between alleles that characterise
emerging species [1]. A large body of work has invoked genetic mechanisms that couple species-
specific alleles and so reduce the homogenising effects of gene flow [2, 3]. These include
assortative mating, one-allele mechanisms, tight physical linkage, pleiotropy and multiple (or
‘magic’) traits. One mechanism that has been extensively studied is the role of genomic

rearrangements such as chromosomal inversions in suppressing recombination in hybrids.

Inversions are widespread in natural populations and are often associated with adaptive traits [4, 5,
6]. Shifts in frequencies of inversions are often associated with ecological niches and clines in
natural populations. This has been widely observed across animal taxa including insects (e.g.
Drosophila melanogaster [7, 8], D. pseudoobscura [9, 10] and Anopheles mosquitoes [11, 12]) fish
(e.g. sticklebacks [13] and cod [14, 15]), birds [16], and mammals [17, 18], as well as in plants (e.qg.
Arabidopsis thaliana [19] and maize [20]) (Table 1). Traits associated with chromosomal inversions
include plumage and behavioural traits associated with alternative mating strategies in the ruff
Philomachus pugnax [21, 22], flowering time and morphological traits in Mimulus guttatus [23, 24],
colony organisation in fire ants [25], insecticide resistance, host preference and resting behaviour
in Anopheles [26, 27, 28] and many traits in Drosophila [29]. The lack of recombination between
inversion haplotypes is thought to maintain multiple co-adapted alleles in complete association,

facilitating local adaptation and the maintenance of polymorphism.

Inversions have also frequently been implicated in speciation [39, 40, 41, 42]. Traits associated
with reproductive isolation are often linked to inversions [27, 43, 44, 45] and genetic divergence
between species can increase within inverted regions through reduction of gene flow [13, 46, 47,

48, 49, 50]. Theory predicts that inversions can spread by reducing recombination between locally
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Table 1. Examples of inversions known to be involved in speciation, adaptation or
recombination suppression

Species Inversion Inversion size Chromosome Chromosomes Genome Citation
(% of chromosome) size size

Drosophila Chromosome 2 7.6 Mb (25%) 130.8 Mb 4 171Mb  [30]

pseudoobscura x i 3 : 3 3

Drosophila

persimilis

Drosophila Chromosome 3 STPP 6.6 Mb (34%) 19.7 Mb 4 171Mb  [31]

pseudoobscura | 1 : :

Chromosome 3 HYSC | 10.7 Mb (54%)

Chromosome 3 STAR | 5.9 Mb (30%)

Chromosome 3 HYST 8.6 Mb (44%)

Chromosome 3 SCTL 6.5 Mb (33%)

Chromosome 3 SCCH 1.7 Mb (9%)

Anopheles 2La/2L+2 22 Mb (45%) ‘ i 3 278 Mb [32,33]
species s §
3La . 22 Mb (54%)
Arabidopsis Chromosome 4 1.17 Mb (6.5%) 5:135Mb [19]
thaliana 3
Zea mays Chromosome 1 50 Mb (16%)
Homo sapiens 8p23 3.8 Mb (2.6%)
Homo sapiens vs | 13 pericentric 165 kb - 78 Mb [35]
Pan troglodytes inversions 3 1 i 1 3
Mus musculus t-complex (4 tandem 35 Mb 95 Mb 20 3.4 Mb [36]
inversions on i 3 : : 3
chromosome 17)
Gasterosteus Chromosome | 442 kb (1.5%) | i 21 : 446 Mb [13]
aculeatus e :
(stickleback) Chromosome Xl 1 412 kb (2.5%)
Chromosome XXI 1.7 Mb (14.5%)
Heliconius P locus 400 kb (~4%) 21 ~300 Mb : [37]
numata :
Gadus morhua LG1 185 Mb ‘ 3 23 900 Mb  [15]
(Atlantic cod) e i 3
LG2 5 Mb 1 1
LG7 9.5 Mb
Philomachus Chromosome 11 4.4 Mb [21,22]
pugnax 3 1 : 1 3
Mimulus guttatus

Zonotrichia
albicollis

adapted alleles [51, 52, 583, 54, 55, 56, 57], which can either establish or reinforce species barriers
by capturing loci for isolating traits such as mating preferences and epistatic incompatibilities [58]

or allow adaptive cassettes to spread between species via hybridisation [59]. Reduced
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recombination within and around inversions has been confirmed in several species [35, 47, 60],
although it is unlikely that gene flow is entirely suppressed within inversions due to double

crossovers and gene conversion [61], factors addressed in some recent models [56, 62].

Several authors have predicted that inversions can enable the formation and maintenance of
species barriers in sympatry or parapatry by favouring the accumulation of barrier loci in the
presence of gene flow [43, 63, 64, 65]. Drosophila species pairs differing by one or more
inversions are typically sympatric, whereas homosequential pairs are typically allopatric [43]; in the
particular case of Drosophila pseudoobscura, sterility factors are associated with inversions in a
sympatric species pair but with collinear regions in an allopatric pair [66]. In rodents, sympatric
sister species typically have more autosomal karyotypic differences than allopatric sister species
[67]. Sympatric sister species of passerine birds are significantly more likely to differ by an
inversion than allopatric sister species, with the number of inversion differences best explained by

whether the species ranges overlap [68].

However, inversions are not the only mechanism by which recombination rate can be modified
during speciation, and more recently attention has been drawn to the potential role of genic
recombination modifiers [57]. If recombination rate were systematically or locally reduced in
hybrids, this could be favoured in a manner similar to an inversion. Nonetheless, the very strong
effect of inversions on recombination rate, and the fact that they are completely linked to the locus
at which recombination is reduced, means that they are perhaps the most likely mechanism of

recombination rate evolution during speciation.

We set out to test the role of recombination rate evolution in the maintenance of species barriers in
Heliconius butterflies. The 46 Heliconius species allow for a wide range of comparisons at different
points along a putative speciation continuum [69, 70, 71, 72]. Chromosomal inversions are known

to play an important role in the maintenance of a complex colour pattern polymorphism in
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Heliconius numata [37]. However, no other Heliconius inversions are known, due to the lack of

resolution in traditional karyotyping [73].

Here, we systematically searched for inversions between sympatric populations of two Heliconius
species, H. melpomene rosina and H. cydno chioneus, which are sympatric in the lowland tropical
forests of Panama. These species differ by many traits [74] including colour pattern [75], mate
preference [76, 77, 78], host plant choice [79], pollen load and microhabitat [80]. Hybrid colour
pattern phenotypes are attacked more frequently than parental forms, indicating disruptive
selection against hybrids [81]. Assortative mating between the species is strong, and genetic
differences in mate preference are linked to different colour pattern loci [78]. Matings between H.
cydno females and H. melpomene males produce sterile female offspring, but male offspring are
fertile, and female offspring of backcrosses show a range of sterility phenotypes [82]. Hybrids are
extremely rare in the wild, but many natural hybrids have been documented in museum collections
[83] and examination of present day genomic sequences indicate that gene flow has been
pervasive, affecting around 40% of the genome [84, 85]. Modelling suggests that the species
diverged around 1.5 million years ago, with hybridisation rare or absent for one million years,
followed by a period of more abundant gene flow in the last half a million years [86, 87], suggesting
that the species originated in parapatry, but have been broadly sympatric and hybridising during

their recent history.

Models predict that inversions, or other modifiers of recombination, can be established during both
sympatric speciation and secondary contact [43, 55, 56, 63, 88]. Furthermore, the genetic basis for
species differences between H. melpomene and H. cydno is well understood and would seem to
favour the establishment of inversions. Wing pattern differences are controlled by a few loci of
major effect [75], some of which consist of clusters of linked elements. There is also evidence for
linkage between genes controlling wing pattern and those underlying assortative mating [78]. The

existing evidence for clusters of linked loci of major effect would therefore seem to favour the
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evolution of mechanisms to reduce recombination between such loci, and hold species differences

in tighter association.

We therefore set out to investigate patterns of recombination and test for the presence of
inversions between H. melpomene rosina and H. cydno chioneus. H. melpomene melpomene has
a high quality genome assembly with 99% of the genome placed on chromosomes and 84%
ordered and oriented [89, 90]. Whole genome resequencing has shown that Fsr between H.
melpomene melpomene and H. melpomene rosina is consistently low across the genome, with
only a few small, narrow peaks of divergence, but Fst between H. melpomene rosina and H. cydno
chioneus is substantially higher and heterogeneous [84], and many gene duplications have been

identified between the two species [91].

However, H. melpomene and H. cydno have not yet been examined for evidence of large
differences in genome structure. We constructed fine scale linkage maps using multiple crosses of
H. melpomene, H. cydno and H. cydno x H. melpomene hybrids, to test for the presence of
reduced recombination in hybrids and inverted regions between the species (Figure 1). We also
generated long read sequencing data and new genome assemblies for both species, to test for
inversions on smaller scales. This is the first systematic survey of genome structure and
recombination at fine scale in a Lepidopteran species, which may be relevant to the study of
holocentric chromosomes and species with no recombination in the heterogametic sex (females in

Lepidoptera), in addition to exploring the role of structural variations during speciation.
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Results

Summary of crosses and improved ordering of Heliconius melpomene assembly
We raised crosses within H. melpomene, within H. cydno and between H. cydno and H.
melpomene, generated RAD sequencing data for a total of 963 offspring, and built linkage maps
for each sequenced cross (Table 2, Table S1, Table S2). We also generated Pacific Biosciences

long read data for pools of male and female larvae from H. melpomene cross 2 and H. cydno cross

1 (Table 3).
Table 2. Cross information for each species.
Species Cross Offspring Total map length (cM)
H. melpomene 1 111 1048
2 122 1065
sl 02 1135
TOTAL/ MEAN 335 77777777777777777777777777777777777777777777 1 083
H. cydno I o5 1076
2l o8 1076
sl 1250 1070
TOTAL / MEAN 27 1074
H. cydno x H, I 70 1090
melpomene :
hybrids
TOTAL / MEAN

To improve the accuracy of our recombination rate measurements, we first used the new linkage
map of Heliconius melpomene and Pacific Biosciences long read data to improve the scaffolding of

version 2 of the Heliconius melpomene genome assembly (Hmel2; 795 scaffolds, 275.2 Mb total
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Table 3. Summary of Pacific Biosciences sequencing and trio assemblies used to identify

inversions.
H. melpomene H. cydno
Females Males Females Males
Pacific SMRT cells 15 | 10 15 10
Biosciences @ [ P I e
sequences Reads 3,138,554 2,079,617 3,022,815 1,218,186
Reads mapped 3,006,793 | 1,985,294 2,745,477 1,089,370
Reads mapped % 95.8 | 95.5 90.8 89.4
Bases 16,172,976,632 11,157,098,567 15,277,034,979 4,457,967,153
Bases mapped 15,842,062,694 = 10,864,609,062 14,285,479,974  4,170,115,456
Bases mapped % 98 | 97.4 93.5 93.5
Depth mode for 43 27 38 10
mapped bases ‘ ‘ ‘
Bases mapped for | 10,848,364,007  7,275,050,641  9,173,633,875  2,725,704,499
PBHoney (primary : 3 3
alignments + tails)
Based mapped for 67 | 65.2 60 61.1
PBHoney % 1 1 1
Mode of base depth 37 24 33 8
for PBHoney bases : 1 1
Trio Assemblies Scaffolds 49,035 46,134 32,548 34,566
Total Length 267.8 276.8 257.9 270.3
Mean Scaffold 5.4 6.0 7.9 7.8
Length (kb) 3 3 3
Scaffold N50 (kb) 16.9 20.1 27.0 25.7
Max Scaffold Length 140 | 165 234 267
(kb) : 3 3

length, 641 scaffolds placed on chromosomes (274.0 Mb), 2.1 Mb scaffold N50 length [90]). This
resulted in an updated genome assembly with 13 complete chromosomes, the remaining eight
chromosomes having one long central scaffold with short unconnected scaffolds at either end
(272.6 Mb placed on 21 chromosomes in 38 scaffolds, including 17 minor scaffolds at chromosome
ends totalling 1.3 Mb; 294 additional scaffolds (2.6 Mb) were not placed on chromosomes and
unused in further analyses). This updated reference genome assembly was used for all further

analyses.
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Differences in recombination rate between species and hybrids

We placed our linkage maps on the new H. melpomene chromosomal assembly to look for
evidence of reduced recombination in the hybrids. Figure 2 shows Marey maps [92] for each of the
21 Heliconius melpomene chromosomes for H. melpomene, H. cydno and H. cydno x H.
melpomene hybrids, with recombinations from all crosses per species combined (see Figure S1
and Table 2 for per-cross Marey maps and map lengths). Total map lengths are highly consistent
between crosses and species across the genome and individual chromosomes (Table 2, Table 4).
We designed our crosses with the expectation of finding on the order of one recombination per
chromosome per offspring, predicting a recombination on the order of every 45 kb (predicted
recombination rate with genetic length 100 cM per chromosome = 8.2 cM/Mb; 292 Mb / 21
chromosomes / 300 offspring = 46.3 kb). However, the actual recombination rate is half of this
predicted rate, with a mean genetic length of 51 cM and mean recombination rate of 4.2 cM/Mb per
chromosome for both species and hybrids (Table 4) and with no recombinations detected on many
individual chromosomes (mean recombinations per offspring across 21 chromosomes in H.

melpomene, 10.8 (SD 2.4); H. cydno, 10.7 (SD 2.2)).

Some differences in recombination rate between the species maps are visible; for example, on
chromosome 17, the H. melpomene map is 9.1 cM longer than H. cydno; on chromosome 6, H.
cydnois 6.8 cM longer than H. melpomene (Figure 2, Table 4). However, we are primarily
interested in recombination suppression in hybrids, and only chromosome 2 has a significantly
reduced recombination rate in the hybrid crosses, and only when compared to H. melpomene, not
H. cydno (one-tailed Kolmogorov-Smirnov tests, see Methods). Regions with reduced
recombination in the hybrids can be observed (Figure S2; for example, chromosome 17, 11-13 Mb
and chromosome 19, 13.5-14 Mb) but only one region on chromosome 21 shows a significant

difference in recombination rate between the hybrids and H. cydno (12.3 - 12.8 Mb), with no
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Table 4. Physical and genetic map information for each chromosome and species.

Chromosome Physical length (bp) H. melpomene H. cydno H. cydno x
H. melpomene
Predicted Genetic Rate Genetic Rate Genetic Rate
recombination length (cM/Mb) length (cM/Mb) length (cM/Mb)
rate (cM/Mb) (cM) (cM) (cM)
1 17,206,585% 5.8% 54.6% 3.17% 54.5% 3.17% 56.2% 3.27
2| 9,045,316 11.1  50.7 5.61  47.5  5.25  44.4  4.91
3| 10,541,528 9.5 53.7 5.10  50.2  4.76  49.9  4.73
al 9,662,008 10.3 48.1  4.97  50.5  5.23  46.9  4.85
s| 9,908,586 10.1 51.0  5.15  50.2  5.06  48.7  4.91
6| 14,054,175 7.1 47.8  3.40  54.5  3.88  49.9  3.55
7l 14,308,859 - 7.0 53.7  3.76  52.2  3.65  50.2  3.51
s 9,320,409 10.7 49.3  5.28  49.8  5.35  49.6  5.32
ol 8,708,747 11.5 46.3  5.31  50.8  5.84  52.3  6.00
10 17,965,481 5.6  56.7 3.16  55.9  3.11  53.8  3.00
n| o 11,759,272 8.5  52.5  4.47  49.8  4.24  51.4  4.37
12| 16,327,208 6.1 51.0 3.13  52.9  3.24  52.9  3.24
13| 18,127,314 5.5 55.8  3.08  54.2 2.9  56.8  3.13
| 9,174,305 10.9 50.2  5.47  44.4  4.84  55.3  6.03
15| 10,235,750 9.8 49.0  4.78  50.8  4.97  49.3 4.8l
6] 10,083,215 9.9  47.5  4.71  50.8  5.04  52.0  5.16
17| 14,773,209 6.8  58.2 3.94  49.2  3.33  48.3  3.27
18| 16,803,800 | 6.0  53.1 3.16  48.8  2.91  52.9  3.15
19 16,399,344 6.1  51.0 3.1  53.9  3.29  54.1  3.30
20 14,871,695 6.7  51.3  3.45  54.9  3.69  51.7  3.48
21| 13,359,691 - 7.5 49.6  3.71  48.1  3.60  51.1  3.82
GENOME | 272,636,897 7.7 1081.2  3.97 1074.1  3.94 1077.5  3.95
CHROMOSOME | 8.2 51.5 4.2  51.1 4.2  51.3 4.2

significant difference between the hybrids and H. melpomene and with the hybrid recombination

rate increasing, rather than decreasing, in this region (permutation test, see Methods).

Recombination maps show no major inversions between species
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We also examined our recombination maps for evidence of inversions between species (Figure 1).
However, there are no regions of any map with a detectable reversed region in H. cydno or the
hybrids with respect to H. melpomene (Figure 2). This is true for the species maps and for all
individual cross maps (Figure S1). This indicates there are no large fixed inversions between H.

melpomene and H. cydno.

Known or predicted chromosome inversions involved in the maintenance of species barriers are
typically megabases long (Table 1), and models indicate that inversions may have to be very large
to become fixed in a population [56]. Our maps are sufficiently fine-scale to rule out the presence
of inversions on the megabase scale (H. melpomene mean gap between markers, 115 kb, median
87 kb, maximum 1.38 Mb; H. cydno mean 135 kb, median 101 kb, maximum 1.14 Mb; see Figure
S3, Figure S4). Simulation of random inversions indicates that our existing maps give us power to
detect ~98% of 500 kb inversions, ~90% of 250 kb inversions and ~75% of 100 kb inversions
(Figure S5). These sizes are smaller than most inversions known to be associated with adaptive
traits or species barriers; however, they are on the order of the sizes of the known inversion in
Heliconius numata and others in, for example, sticklebacks (Table 1). Therefore, we cannot rule out
the presence of an inversion in any remaining gap between markers within H. melpomene or H.

cydno from the recombination maps alone.

Detection of small inversions with long sequence reads and trio assemblies

To test for the presence of smaller fixed inversions between H. melpomene and H. cydno that were
undetectable using our recombination maps, we generated Pacific Biosciences long read
sequence data for pools of male and female larvae from one each of the H. melpomene and H.
cydno crosses used to generate recombination maps (Table 3, Figure S6, Figure S7). We called
candidate inversions from the long read data using PBHoney to identify reads with clipped
alignments, realign the clipped read ends, and detect such split reads with inverted alignments. We
also generated lllumina short read assemblies of the maternal and paternal genomes of one
offspring from the same crosses used to generate the linkage maps and PBHoney candidates.
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These assemblies were constructed using a trio assembly method that separates maternal and
paternal reads from one offspring and attempts to construct haplotypic assemblies of each parental
genome, providing longer and more accurate contigs compared to standard Illlumina assemblies of
heterogenous genomes such as those of Heliconius species ([93]; Table 3). We aligned these trio
assemblies to the H. melpomene genome and assessed whether the resulting alignments

supported or conflicted with candidate split read inversions.

In total, 1494 raw PBHoney split read candidates were identified across the four samples (two
sexes for each of two species; Table 3, Table S3), but many of these were rejected as being
incompatible with the linkage maps and trio assemblies. 438 candidates (30%) spanned
recombinations in the linkage maps (Table S3), of which 294 (20%) were longer than 1 Mb, with 36
(2.5%) longer than 10 Mb. A further 344 candidates (23%) were removed because the candidate
was spanned by a trio scaffold from the same species by 50% of the inversion length on either side
(Table S3). These rejected candidates may be false positives; when we simulated PacBio reads
directly from the ordered Hmel2 reference genome, PBHoney called 49 ‘false-positive’ inversions.
Alternatively, they may be generated by polymorphic inversions, but as we are only interested in

fixed inversions, we have not considered these candidates any further.

A further 199 of the 1494 candidates (13%) were removed because they were shorter than 1 kb
(Table S3); while these may be real, they are very unlikely to be necessary for species barriers as
there is already above-background linkage disequilibrium between SNPs separated by 1 kb or less
in H. melpomene [94]. The remaining 463 split read candidate inversions from the four samples
were merged into 185 candidate groups based on their overlaps. The four samples were
sequenced with variable coverage, with low coverage for the H. cydno males in particular (Table
3). Given this, 173 additional candidates with less robust support that overlapped with the 185
merged groups were included in the data set (Table S3). Each of the merged groups was then
classified based on their presence in either or both species and their support by split read and trio

assembly evidence (Table 5, Figure 3, Figures S8-14; see Methods for full criteria).
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Despite the high rate of likely false positives, PBHoney does appear to detect genuine inverted
sequences relative to the reference genome, some of which we infer are likely due to local
misassemblies in the reference genome. There were 59 groups where PBHoney found overlapping
inversions in both H. cydno and H. melpomene, 50 (85%) of which span multiple contigs, with most
inversion breakpoints falling at or near to the end of a contig (Table 5, Figure 3, Figures S12-14).
This indicates either that some contigs are inverted, or that the ends of contigs have inverted
regions that need to be reassembled (which perhaps explains the failure to fill the contig gaps
during assembly). In contrast, candidate inversions specific to either species were less likely to
span multiple contigs (20 of 65 H. cydno candidates (31%), and 19 of 56 H. melpomene
candidates (35%); Figures S8-11). We suggest that while some of these species-specific
inversions could be explained by misassemblies and incomplete PacBio coverage across both

species, many of them could be genuine inversions.

Candidate inversions assessed using trio assemblies and population genetics

As the false positive rate for PBHoney is high, we made further use of the trio assemblies to find
support for the remaining PBHoney candidate inversion groups (Table 5, Figures S8-14). 13 H.
cydno and 9 H. melpomene groups were also supported by trio scaffolds aligning with inverted hits
within inversion breakpoints (Figure 3, “Split reads and trio assembly”; Figures S8, S10). Of these,
8 H. cydno and 3 H. melpomene candidates did not have inversion breakpoints near contig
boundaries. If these inversions are species-specific, as indicated by the PBHoney output, we
expect support for the reference genome order in the species that does not possess the inversion
candidate. Indeed, 6 of these H. cydno and all 3 H. melpomene candidates have trio scaffolds of
the other species spanning the whole inversion or one of the breakpoints, supporting the inversion
as being species-specific (Figures S8.2, S8.4, S8.6, S8.8, S8.10, S8.11; Figures S10.6, S10.8,
S$10.9). However, the longest of these candidates is S8.2 at 20 247 bp, far shorter than any known
inversion relevant for speciation, and only slightly larger than the distance at which linkage
disequilibrium in H. melpomene reaches background levels (~10 kb [94]). We conclude that there
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Table 5. Classification of candidate inversions.

Split read Evidence Candidate Breakpoint near Supplemental

candidates inversions contig boundaries (%) Figure

H. cydno Split reads and 13 3 (23%) S8
trio assembly i 3
Split reads only 52 17 (33%) s9
TOTAL 65 20 (31%)

H. melpomene  Split reads and 9 4 (44%) S10
trio assembly ; 3
Split reads only 46 15 (33%) S11
TOTAL 55 19 (35%)

Both species Split reads and 42 39 (92%) S12
trio assembly : ;
Split reads only 17 | 11 (64%) 313
Split reads in one 6 3 (50%) S14

species, trio
assembly in both

TOTAL 65 53 (823)

GRAND TOTAL 185 92 (50%)

are a small number of likely species-specific inversions, but that these are too small to play a role
in speciation. Notably, none of these candidate inversions were located near loci known or
suspected to determine species differences in wing pattern or any other trait with known locations

[90].

We also calculated Fstand fq [95] across inverted regions (Figures S8-S14) to test for differences
in the level of admixture at the inversion relative to surrounding regions. An inversion acting as a
species boundary typically produces a signal of elevated Fsrand reduced f;[3, 33, 34, 38, 96], and
an inversion enabling the spread of an adaptive cassette might produce a signal of elevated f4[59].
However, we see very little evidence for increases in these statistics within the handful of
candidate inversions compared to the surrounding regions, with only one H. cydno inversion

(Figure S8.4, 11 719 bp long) showing a noticeable localised increase in Fsr. This region contains
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no annotated features, although of course this does not rule out some functional importance of this

region.

Some candidates with only split read evidence, many in only one sex, are hundreds of kilobases
long (outliers labelled in Figure 3, particularly those marked with circles, where breakpoints are not
near contig boundaries), which, if real, may be relevant to speciation. However, given the large
number of false positives produced by PBHoney, the lack of supporting evidence from trio
assemblies, and the lack of Fstand fy signals at these candidates, it is unlikely these candidates,

even if they are real, are substantial species barriers.

The H. melpomene and H. erato genomes are mostly collinear, but do contain
inverted regions

We have used the recently completed H. erato genome assembly to investigate the incidence of
inversions between more divergent genomes in the genus. H. melpomene and H. erato diverged
10 million years ago [71] (Figure S15), considerably more than the ~1.5 million years between H.
melpomene and H. cydno. Despite the substantial divergence time, the chromosomes of the two
species are collinear throughout at the large scale, with a small number of exceptions. There are
many regions of the H. erato genome assembly that are inverted relative to the ordered Hmel2
assembly, but they fall within single linkage map markers and so may be due to genome
misassemblies. For example H. erato scaffolds Herato0201, Herato0202 and Herato0203 on
chromosome 2, and the first 300 kb of H. melpomene chromosome 3, may be misoriented rather

than genuinely inverted.

However, three large inverted and/or translocated regions have multiple linkage map markers in
both species, and so are likely to be genuine inversions (Figure S15; chromosome 2, H. erato 7-10
Mb, H. melpomene 4-7 Mb; chromosome 6, H. erato 16-18 Mb, H. melpomene 12-13 Mb;
chromosome 20, H. erato 13-15 Mb, H. melpomene 11-12 Mb). The chromosome 2

rearrangement, on current scaffold ordering, appears to be an inversion followed by a translocation
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(for scaffold Herato0214), but given that scaffolds Herato0212, Herato0213 and Herato0214 are all
found at the same marker on the linkage map, it may be that these scaffolds need to be reoriented

and reordered, so this region could represent a single inversion.

From these comparisons, it is clear that, while some chromosome rearrangements exist,
Heliconius species do not feature inversions on the scale of, for example, Drosophila, where there
are over 300 known inversions in D. melanogaster and over 50 on the third chromosome alone for

D. pseudoobscura and D. persimilis [97].
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Discussion

We have systematically tested the hypothesis that reduced recombination rates in hybrids might be
favoured during speciation with gene flow [57]. High density linkage maps and high coverage long-
read sequence data give us considerable power to both measure recombination rate and detect
structural rearrangements, but we find no evidence for differences between H. melpomene and H.

cydno at a scale that is likely to influence the speciation process.

Our data have some limitations that might have prevented us from identifying genuine inversions
between or within H. melpomene and H. cydno. Firstly, we have only sequenced crosses from
three or four pairs of parents per species, and so may have missed polymorphic inversions due to
sampling of wild individuals. However, any inversion important for speciation is expected to be
fixed between the species, so it should have been detected even in small samples. Secondly, the
maps contain regions of the genome up to a maximum of 1.3 Mb without recombinations that might
conceivably harbour inversions (see Results, Recombination maps show no major inversions
between species); further crosses could improve resolution in these areas. Recombination rates
were half of our naive expectations of one recombination per chromosome per offspring, with
individual offspring commonly having no detectable recombinations on half of the 21
chromosomes. This suggests that lepidopteran males do not require recombination for meiosis to
proceed, which is perhaps consistent with the fact that meiosis in lepidopteran females occurs
without recombination; alternatively, recombination could occur at the ends of chromosomes and

be undetectable with our current genome assemblies.

We have found no evidence for significantly reduced recombination in hybrids. Larger crosses
would also give greater resolution to this test, and might detect smaller regions of reduced
recombination. Nevertheless, we can decisively rule out the presence of any multi-megabase

rearrangements among these samples.
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We complemented the linkage maps with PacBio sequencing and trio assemblies, in order to
detect candidate inverted regions at a smaller scale. This approach also has challenges and
generated a high rate of false positives. One potential source of difficulties is reliance on alignment
to the H. melpomene reference genome assembly. The existing assembly has 25% transposable
element content [98] and is likely missing around 6% of true genome sequence, mostly due to
collapsed repeats [90]. Inversion breakpoints are typically repeat-rich, which increases the
likelihood that reads or scaffolds will not align correctly, and that the breakpoint regions could be
misassembled or absent in the reference genome and in the trio assemblies. This problem may be
worse for H. cydno, where more divergent sequence may align incorrectly or not align at all, and
unique H. cydno sequence will not be present in the reference (an additional ~5% of H. cydno
sequence did not map to the H. melpomene genome compared to H. melpomene samples (Table

3)). These issues may explain the high observed rate of false positives in our data.

Nonetheless, many of the candidate inversions found in both species are likely to be real with
respect to the reference genome, as they are supported by multiple lines of evidence and fall near
contig boundaries. Where these are identified in both species, we hypothesise that they reflect
misassemblies relative to the reference assembly. These misassemblies could be due to whole
inverted contigs, or to misassembled inverted regions at the ends of contigs, which may be
preventing the contigs being joined by spanning reads. These examples of misassemblies
demonstrate that our methods are capable of detecting large rearrangements in the sampled reads

relative to the genome assembly.

In contrast, candidate species-specific inversions are typically smaller than the candidate
misassemblies, and are mostly not supported by multiple lines of evidence. Indeed, we can find no
compelling fixed candidate inversions supported by both the split read and trio assembly data sets
that also show evidence of an increase in Fst, except for the 11.7 kb inversion shown in Figure
S8.4, which is too small to substantially increase linkage across this locus beyond that expected by

normal decay of linkage disequilibrium [94]. It is possible that some of the candidates with less
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robust evidence are genuine, given the limitations described above, but on the existing evidence
we cannot robustly identify any inversions that are likely to be involved in maintaining species

barriers between H. melpomene and H. cydno.

Although existing models identify situations where chromosome inversions can spread to fixation
between two species and maintain a species barrier, the spread of inversions is by no means
inevitable during speciation with gene flow. For example, in the model of Feder, Nosil and Flaxman
[56], inversions only fix when the strength of selection on the loci captured by the inversion is
considerably lower than migration between the species. Similarly, Dagilis and Kirkpatrick [58],
modelling the spread of inversions that capture a mate preference locus and one or more epistatic
hybrid viability genes, show that inversions are unlikely to spread where pre- and post-zygotic
reproductive isolation is already strong. In a recent review, Ortiz-Barrientos et al. [57] also highlight
that during reinforcement, assortative mating and recombination modifiers such as inversions are
antagonistic; if strong assortative mating arises first, there is only weak selection for reduced

recombination.

We considered H. melpomene and H. cydno to be good candidates for the spread of inversions
because there are linked loci causing reproductive isolation and hybridisation has been ongoing for
much of their history. Comparisons between sympatric and allopatric populations of the two
species have shown that almost a third of the genome is admixed in sympatry [84]. Thus,
hybridisation has been ongoing for a long time, perhaps at a low rate. Nonetheless, perhaps strong
selection on species differences and assortative mating do not provide the conditions that would
have promoted the spread of inversions. Aposematic warning patterns are strongly selected [99],
with F1 hybrids twice as likely to be attacked as parental phenotypes [81], and pre-zygotic isolation
in the form of mate preference is almost complete [76]. Therefore, inversions may not be
necessary for divergent loci to accumulate between the species. Perhaps in this case, the
evolution of strong assortative mating was favoured by reinforcement selection before inversions

or other mechanisms for reducing recombination arose.
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This conclusion is also consistent with the apparently low background rate of fixation of inversions
in Heliconius genomes. H. melpomene and H. erato, which last shared a common ancestor over
10 million years ago, have largely collinear genomes, and there is substantial chromosomal
synteny across the Nymphalids (Ahola et al. 2014). This contrasts with the frequent occurrence of
inversions in Drosophila genomes, for example, even within single species. The association of
multiple inversions with the wing pattern polymorphism in H. numata is all the more remarkable
given the low background rate of inversions in these butterflies. In conclusion, we have clearly
shown that species barriers can persist during speciation with gene flow without suppression of

between-species recombination.
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Materials and Methods

Bespoke scripts, data files and further details of methods can be found in the data repository
associated with this manuscript. This repository will be submitted to Dryad on acceptance but is

currently available on Dropbox at https://www.dropbox.com/sh/aezq5a35f78003I/AAALDOOQOkvB1r-

YMXH8 1PTila?dI=0.

Crosses

Crosses were prepared in Smithsonian Tropical Research Institute insectaries in Gamboa,

Panama. Individuals used to establish stock and for crosses were collected from Gamboa (987.4°

N, 79842.2° W, elevation 60 m) and the nearby Soberania National Park, Republica de Panama.

For the within-species crosses of H. melpomene rosina and H. cydno chioneus, wild males were
mated to virgin stock females. Females were placed alone in a cage for laying with access to
Psiguria flowers, Lantana camara, and artificial feeders containing a 20% sugar-water solution with
5% added commercial pollen, changed every other day. All laying females were provided with
Passiflora plants (H. melpomene, P. menispermifolia; H. cydno, P. edulis, P. vitifolia, P. triloba, P.
quadragulata) with fresh shootings for laying. Eggs were collected every day, and separated into
individual plastic pots to prevent cannibalism. Larvae were reared individually on fresh Passiflora
leaves until late 3rd or early 4th instar, preserved in 2ml of 20% DMSO and 0.25M EDTA (pH 8.0)
and stored at -20°C. Adults were preserved and stored in the same way after dissecting wings.
Adult males were preserved after mating; adult females were preserved when egg laying ceased.
Interspecific crosses were achieved by placing pupae from a H. cydno stock in a cage of wild H.
melpomene males. Hybrid individuals used to produce linkage maps were then obtained from
backcrosses produced by mating F1 males to females from the H. cydno stock. As with the
infraspecific crosses, eggs were collected daily, and larvae were then raised individually; however,

unlike the infraspecific crosses, individuals were raised to adults.
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Dissection and DNA extraction

All dissections were performed with a new sterile scalpel, fresh Parafilm and tweezers washed in
80% ethanol. For adults, the thorax was dissected away from the head and abdomen and cut in
half along the median plane. One half of thorax was used for DNA extraction with the remaining
tissue returned to storage. Larvae were cut in half along the median plane and gut contents
removed, with one half used for extraction and the other returned to storage. Some larvae were too
small to be cut along the median plane and were cut along a transverse plane instead, whereas

some halves of large larvae were cut into smaller pieces to fit within kit tissue size limits.

DNA for all RAD sequenced samples was extracted with the QIAGEN DNeasy Blood & Tissue kit
(69504) following manufacturer’s instructions for animal tissue. DNA for Pacific Biosciences
sequenced samples was extracted with the QIAGEN MagAttract HMW DNA kit (67563) following
manufacturer’s instructions for fresh or frozen tissue, with overnight lysis of tissue. DNA quantity,
purity and size distribution and were measured using a Qubit Fluorometer (Q32857), Nanodrop

Spectrophotometer (ND-1000) and Agilent 2100 Bioanalyzer (G2939A).

RAD Sequencing library preparation

RAD libraries were prepared to contain 96 samples in 6 batches of 16, with each sample ligated to
one of 16 P1 adapters and each batch ligated to one of 8 P2 adapters (adapters provided by IDT).
500ng of DNA for each sample was diluted to 35ul and digested with NEB high fidelity Pstl
enzyme (1.0uL Pstl-HF, 5.0uL NEB Cutsmart buffer, 9.0uL dH20), incubating for 60 minutes at
37°C and denaturing for 20 minutes at 80°C. Samples were ligated to P1 adapters (add 4ul of 100
nM P1 adapter, 1uL NEB Buffer 2, 0.6uL 100mM rATP, 1.0uL T4 Quick Ligase and 3.4uL dH20 to
50ul DNA solution, incubate for 60 minutes at 22°C and denature for 10 minutes at 65°C), pooled,
sheared using a Diagnode Bioruptor (UCD 200 TM) for 8 minutes (30s on, 30s off) and cleaned up
with the Nucleospin kit following manufacturer’s instructions (Machery Nagel 740609.50). Libraries
were size selected to 250-700bp using a Sage Science BluePippin system (BLUO00O1) with 1.5%

agarose cassettes (BDF1510). 38uL of the resulting library was blunted with the NEB Quick
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Blunting kit (NEB E1201L) (adding 5uL 10x Blunting Buffer, 5uL 1mM dNTPs, 2uL Blunting
Enzyme and incubating for 30 minutes at 30°C) and purified (mix 0.8:1 Ampure XP beads
(Beckman Coulter A63880):DNA, vortex briefly, incubate at room temperature for 5 minutes and
place in magnetic rack for 3-5 minutes; remove supernatant and wash in 250uL 80% ethanol twice;
dry beads, add 42uL elution buffer and resuspend; return to magnetic rack and remove 41uL of

eluate).

Libraries were A-tailed (add 5uL 10x NEB Buffer 2, TuL 100mM dATP, 3uL exo-Klenow fragment
(NEB E6044) and incubate for 30 minutes at 37°C, then purify as before to 40.5uL eluate) and P2
adapters were ligated (add 3uL 10uM P2 adapter, 5uL 10x NEB Buffer 2, 0.5uL 100mM rATP, 2uL
T4 Quick Ligase (NEB M2200L) and leave for 60 minutes at room temperature); samples were
purified as above and quantified, to a final yield of 5-20 ng/uL. Libraries were amplified by PCR
using P1 and P2 adapter primers for 12-16 cycles depending on initial yield, and using P2 primers
with different barcodes for each batch of 16 P1-ligated samples. Each batch was amplified in 8
separate reactions, to increase diversity of initial samples and reduce sequencing of PCR

duplicates, and pooled. Amplified samples were purified as above and eluted in EB-Tween 0.1%.

RAD library sequencing and alignment

RAD libraries were sequenced by BGI using the lllumina HiSeq 2500 (hybrids and H. cydno
samples) and HiSeq 4000 (H. melpomene samples) platforms. FASTQ files were demultiplexed
using process_radtags in Stacks v1.34 [101] allowing 2 mismatches between barcodes.
Sequences were aligned to version 2 of the H. melpomene genome (Hmel2 [90]) using Stampy
[102] v1.0.23 with options --substitutionrate=0.01, --gatkcigarworkaround, --baq and --alignquals,
and then processed by Picard MarkDuplicates (v1.135, http://broadinstitute.github.io/picard/) and
GATK IndelRealigner (v3.4.0 [103]). Genotype posteriors were called with SAMtools mpileup (v1.2
[104]) requiring minimum mapping quality of 10 and minimum base quality of 10. A small number of
individuals were removed during linkage map construction due to low coverage or large numbers
of erroneous genotype calls in markers (light grey samples in Tables S1 and S2).

Page 25 of 42


https://doi.org/10.1101/083931
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/083931; this version posted October 27, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Pacific Biosciences library prep and sequencing

Larvae from H. cydno cross 1 and H. melpomene cross 2 were sexed by examining the
segregation of the Z chromosome where linkage maps were available at time of sequencing, or the
ratio of average autosomal RAD sequencing read coverage to sex chromosome read coverage.
Pools of 12 males and 12 females were constructed, using larvae with the highest DNA yields. 12
individuals were used per pool to achieve sufficient yield for Pacific Biosciences sequencing and to
approach even coverage of the four parental genomes (insufficient DNA was available to generate
long read sequences from parents directly). Each pool was size selected to fragments greater than
6 kb using the SageELF system. Libraries were prepared following the standard 10 kb protocol
(SMRTbell Template Prep Kit 1.0, 100-259-100) but with only two bead clean ups at the end rather
than three. Libraries were sequenced on a PacBio RSIl machine with P6/C4 reagents for 3-4 hour

run times. Subreads were used for analyses.

Linkage mapping: within-species crosses
Within-species linkage maps for H. melpomene and H. cydno were built with Lep-MAP2 ([105];

downloaded from https://sourceforge.net/p/lepmap2, commit d91aa7, 18 January 2016) and some

modules from Lep-MAP3 (noted below; https://sourceforge.net/projects/lep-map3/). For each

cross, sites were filtered with Lep-MAP2 pileupParser2.awk and Lep-MAP2 pileup2posterior.awk,
requiring each SNP to be sequenced at least 3 times for 90% of individuals, and requiring each
allele to be present in at least 5% of individuals. Missing parental genotypes were called with the

Lep-MAP2 ParentCall module with options ZLimit=2.0 and removeNonInformative=1.

Sites were clustered into markers by filtering for segregation distortion with the Lep-MAP3 Filtering
module with option dataTolerance=0.01 (distortion by chance 1:100) and then processing by Lep-
MAP3 Separateldenticals, setting lodLimit options to 20 for maternal markers, logio 2”(n-4) for
paternal markers and logio 3(n-4) for intercross markers (n = number of individuals in the cross;

calculation based on 2 possible genotypes for paternal markers, 3 for intercross markers, and
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allowing for 4 missing individuals), betweenSameType=1, lod3Mode=2, keepRate=1, numParts=2;
markers were then passed through Lep-MAP2 OutputData with option sizeLimit=3 (retaining only
those markers found at at least three sites). Filtered, clustered markers were then separated into
linkage groups using Lep-MAP2 SeparateChromosomes, setting lodLimit empirically for each
cross to produce 21 linkage groups. Markers for each linkage group were then ordered with Lep-
MAP2 OrderMarkers, setting maxDistance=0.1, initRecombination=0.05,0.000001, and

learnRecombinationParameters=1,0.

Initial marker orderings were manually reviewed and edited to correct misorderings, including
removal of low quality markers causing disorder, and to ensure linkage groups were consistent
with Hmel2 chromosome directions, using script clean_Lep-MAP_output.pl. Maps were then
improved in two directions by script assign_snps_to_markers.pl: i) using Lep-MAP3 module
JoinSingles2, all SNPs were reassigned to the set of cleaned markers, to extend the coverage of
the linkage map across Hmel2 scaffolds; ii) where two consecutive markers differed by multiple
recombinations, all possible paths between the two markers were generated and checked against

JoinSingles2 output, with the most likely path being included in the map.

Linkage mapping: hybrid crosses

Due to more complex cross structure involving F2 populations, smaller cross sizes and lower
sequence quality for some crosses, different methods were used to construct linkage maps for the
H. cydno x H. melpomene hybrid crosses, now incorporated into Lep-MAP3 (https:/

sourceforge.net/projects/lep-map3/). SNPs were required to be sequenced at least 3 times for 80%

of individuals, requiring 1200 total reads across all individuals and at least two alleles with
minimum read coverage of 60 each. Lep-MAP3 module ParentCallGrandparents was called on
posterior data with parameters ZLimit=2 and removeNonInformative=1 to impute missing parental
calls. Families with less than 3 offspring were removed. Markers with high segregation distortion
(p<0.001, distortion by chance 1:1000) were removed with Lep-MAP3 module Filtering2, with
parameter dataTolerance=0.001. Markers were first separated to 21 chromosomes with Lep-MAPS3
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module SeparateChromosomes2 with recombination rate 3% (parameter theta=0.03) and LOD
score limit 35 (lodLimit=35). The 21 largest linkage groups were matched to H. melpomene
chromosomes and additional markers included using Lep-MAP3 module JoinSingles2All with LOD

score limit 30.

Marker positions for each chromosome were constructed using Lep-MAP3 module OrderMarkers2,
using only paternally informative markers with recombination1 and interference1 parameters set to
0.000001. The map inflation due to the dependency of adjacent posteriors was reduced by scaling
the posteriors by 0.5 in log space (taking the square root) and limiting the minimum posterior
probability to 0.1 (scale=0.5 minError=0.1). Maps for each family were examined manually,
removing erroneous markers including some distorted markers that passed filtering due to small

family sizes.

Genome scaffolding

Hmel2 scaffolds were manually ordered according to the linkage maps for each of the three
Heliconius melpomene crosses wherever possible. A small number of misassemblies in Hmel2
were corrected, with scaffolds being split and reoriented where necessary. Not all scaffolds could
be ordered based on the linkage maps alone, so Pacific Biosciences reads were also used. PacBio
reads were aligned to Hmel2 scaffolds using BWA mem with -x pacbio option [106]. Scaffolds were
ordered by manual inspection of spanning reads between scaffolds, identified and summarised by
script find_pacbio_scaffold_overlaps.py. Chromosomal positions were assigned by inserting
dummy 100 bp gaps between each pair of remaining scaffolds. Although PacBio sequencing could
fill gaps between scaffolds, we chose not to do this for these analyses to avoid disrupting Hmel2

linkage map and annotation feature coordinates.

Recombination rate measurement and permutation testing
CentiMorgan values were calculated using the recombination fraction alone, as the maps were

sufficiently fine-scale that mapping functions were not necessary [107]. Per-cross maps (Figure
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S1) and map statistics (Table 2) were calculated for F1 parents within-species and grandparents
for hybrids. Recombination rates were calculated in windows of 1 Mb with 100 kb steps.
Chromosomes were tested for reductions in recombination rate in the hybrids compared to H.
melpomene or H. cydno using a bootstrapped Kolmogorov-Smirnov test suitable for discrete data
with ties such as recombination counts (ks.boot in the R Matching package [108]), using a one-
tailed test for reduced rates in hybrids with 10 000 bootstrap samples, declaring significance at a
0.05 false discovery rate with control for multiple testing (42 tests, with 2 comparisons for each of
21 chromosomes). 1 Mb windows were tested for differences in recombination rate by calculating
null distributions of rate differences by permutation of species labels across all offspring, again
testing at a 0.05 false discovery rate over 270 000 permutations, controlling for multiple tests with 3
comparisons for each of 2 633 windows. 95% confidence intervals in Figure S2 were calculated by
bootstrap, sampling offspring for each species by replacement 10 000 times and calculating cM

values, plotting 2.5% and 97.5% quantiles for each window.

Inversion discovery

PBHoney (in PBSuite version 15.8.24 [109]) was used to call candidate inversions between H.
melpomene and H. cydno, using alignments of PacBio data to ordered Hmel2 scaffolds made with
BWA mem with -x pacbio option [106], retaining only primary alignments, and accepting alignments
with minimum mapping quality of 30 in Honey.py tails, running on each of four samples (H. cydno
females, H. cydno males, H. melpomene females, H. melpomene males) separately. Breakpoint
candidate sets were compiled together into one file and scaffold positions converted to
chromosome positions using script compile_tails.py. PBHoney was run with default options,
requiring a minimum of 3 overlapping reads from 3 unique zero-mode waveguides to call a
breakpoint candidate. As the H. cydno male sample had low coverage, we also ran PBHoney
requiring a minimum of 2 reads from 1 zero-mode waveguide and included these tentative
candidates where they overlapped with candidates from other samples called with the default

settings.
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PBHoney was tested for false positives by simulating PacBio reads with pbsim 1.0.3 [110],
generating a sample profile using the H. melpomene female sample and simulating 15 ‘SMRT
cells’ at 5x coverage each. Simulated data was then aligned with BWA and inversions called with

PBHoney as above.

Trio assemblies were aligned to Hmel2_ordered using NUCmer from the MUMmer suite ([111];
version 3.23), followed by show-coords with -Tlcd options, to produce tab-separated output

including scaffold lengths, percentage identities and directions of hits.

Script detect_inversion_gaps.py was used to integrate the PBHoney inversion candidates with the
linkage maps, trio alignments and H. melpomene annotation (from Hmel2). As this data is being
used to rule out inversions in regions without recombinations, PBHoney inversion candidates were
rejected if at least one recombination for the same species as the candidate was contained within
the inversion. PBHoney candidates were also rejected if there was a trio scaffold alignment
spanning the candidate inversion, with spanning defined as extending more than half the length of
the candidate inversion in either direction. Finally, candidates shorter than 1 kb were rejected, as
linkage disequilibrium between SNPs separated by 1 kb or less in H. melpomene rises above
background levels [94] and so inversions are unlikely to be required to maintain linkage. The

retained inversion candidates were then combined into groups by overlap.

Each group of overlapping inversion candidates was then classified as follows (Figure 3, Table 5,
Figures S8-14): Split reads and trio assembly, group has at least one PBHoney inversion
candidate and at least one trio scaffold with forward and reverse alignments either side of an
inversion breakpoint; Split reads only, group has at least one PBHoney inversion candidate in at
least one sex, but no matching inverted trio scaffolds; Split reads in one species, trio assembly in
both, group has at least one PBHoney inversion candidate in at least one sex of only one species,
but trio assembly has inverted scaffolds in at least one sex in both species. These classifications

do not cover whether there are multiple contigs across the candidate inversion (see Table 5,
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Figures S8-14) or whether trio scaffolds with alignments that span whole PBHoney inversion

candidates or cross candidate breakpoints (see Figures S8-14).

Population genetics statistics

Fsrand fy were calculated within and around candidate inversions following Martin et al. 2013 [84]
and Martin et al. 2015 [95], using all 4 H. melpomene rosina, 4 H. cydno chioneus, 4 H.
melpomene French Guiana and 2 H. pardalinus samples from Martin et al. 2013 [84]. Samples
were aligned to Hmel2 using bwa mem v0.7.12 using default parameters and genotypes were
called GATK v3.4 HaplotypeCaller using default parameters except for setting heterozygosity to
0.02. For each candidate inversion, 11 windows equal to the size of the inversion were generated,
one for the inversion itself and five either side of the inversion, except where candidates were at
the ends of chromosomes. Statistics were calculated for each window with scripts
popgenWindows.py and ABBABABAwindows.py in GitHub repository genomics_general (https://

github.com/simonhmartin/genomics general).

H. erato analysis
The H. erato version 1 genome assembly was downloaded from LepBase (http://

ensembl.lepbase.org/Heliconius erato v1) and aligned to the ordered Hmel2 scaffolds with LAST

version 744 [112]. Scaffolds and linkage maps were compared with bespoke scripts

Hmel2_Herato_maf.py, compile_Herato_maps.py and Hmel2_Herato_dotplot.R.

Page 31 of 42


https://github.com/simonhmartin/genomics_general
https://github.com/simonhmartin/genomics_general
http://ensembl.lepbase.org/Heliconius_erato_v1
http://ensembl.lepbase.org/Heliconius_erato_v1
https://doi.org/10.1101/083931
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/083931; this version posted October 27, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Acknowledgements

Thanks to Owen McMillan, Adriana Tapia, Liz Evans, Maria-Clara Melo, Janet Scott, Bas van
Schooten, Adrea Gonzalez-Karlsson, Moises Abanto, Tim Thurman and all staff at the Smithsonian
Tropical Research Institute for support and assistance with insectary work. RAD protocol
developed by Paul Etter at the University of Oregon and further enhanced by Pablo Fuentes-Utrilla
and Cathlene Eland at Edinburgh Genomics. PacBio sequencing was carried out by Karen Oliver
at the Sanger Institute. Thanks to Jenny Barna for computing support. Analyses were performed
using the Darwin Supercomputer of the University of Cambridge High Performance Computing

Service (http://www.hpc.cam.ac.uk/), provided by Dell Inc.

Page 32 of 42


https://doi.org/10.1101/083931
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/083931; this version posted October 27, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Felsenstein J. Skepticism Towards Santa Rosalia, or Why are There so Few Kinds of Animals?
Evolution. 1981 Jan;35(1):124.

Smadja CM, Butlin RK. A framework for comparing processes of speciation in the presence of
gene flow. Molecular Ecology. 2011 Dec;20(24):5123—40.

Nachman MW, Payseur BA. Recombination rate variation and speciation: theoretical
predictions and empirical results from rabbits and mice. Philosophical Transactions of the
Royal Society B: Biological Sciences. 2012 Feb 5;367(1587):409-21.

White MJD. Animal Cytology and Evolution. 3rd ed. Cambridge University Press; 1973.
Hoffmann AA, Rieseberg LH. Revisiting the Impact of Inversions in Evolution: From Population
Genetic Markers to Drivers of Adaptive Shifts and Speciation? Annu Rev Ecol Evol Syst.
Annual Reviews; 2008;39: 21-42. doi:10.1146/annurev.ecolsys.39.110707.173532

Kirkpatrick M. The Evolution of Genome Structure by Natural and Sexual Selection. J Hered.
Oxford University Press; 2016; advanced access. doi:10.1093/jhered/esw041

Corbett-Detig RB, Hartl DL. Population genomics of inversion polymorphisms in Drosophila
melanogaster. PLoS Genetics. 2012;8: e1003056. doi:10.1371/journal.pgen.1003056

Kapun M, Fabian DK, Goudet J, Flatt T. Genomic Evidence for Adaptive Inversion Clines in
Drosophila melanogaster. Molecular Biology and Evolution. 2016;33: 1317—-1336. doi:10.1093/
molbev/msw016

Wallace AG, Detweiler D, Schaeffer SW. Molecular Population Genetics of Inversion
Breakpoint Regions in Drosophila pseudoobscura. G3 (Bethesda). 2013 Jul 12;3(7):1151-63.
Fuller ZL, Haynes GD, Richards S, Schaeffer SW. Genomics of Natural Populations: How
Differentially Expressed Genes Shape the Evolution of Chromosomal Inversions in Drosophila
pseudoobscura. Genetics. 2016 Sep;204(1):287-301.

Cheng C, White BJ, Kamdem C, Mockaitis K, Costantini C, Hahn MW, et al. Ecological
genomics of Anopheles gambiae along a latitudinal cline: a population-resequencing approach.
Genetics. 2012 Apr;190(4):1417-32.

Stegniy VN, Pishchelko AO, Sibataev AK, Abylkassymova G. Spatial and temporal variations of
the chromosomal inversion frequencies across the range of malaria mosquito Anopheles
messeae Fall. (Culicidae) during the 40-year monitoring period. Russian Journal of Genetics.
2016;52: 578-584. doi:10.1134/S51022795416060132

Jones FC, Grabherr MG, Chan YF, Russell P, Mauceli E, Johnson J, et al. The genomic basis
of adaptive evolution in threespine sticklebacks. Nature. 2012;484: 55-61. doi:10.1038/
nature10944

Sodeland M, Jorde PE, Lien S, Jentoft S, Berg PR, Grove H, et al. “Islands of Divergence” in
the Atlantic Cod Genome Represent Polymorphic Chromosomal Rearrangements. Genome
biology and evolution. 2016;8: 1012—1022. doi:10.1093/gbe/evw057

Berg PR, Star B, Pampoulie C, Sodeland M, Barth JMI, Knutsen H, et al. Three chromosomal
rearrangements promote genomic divergence between migratory and stationary ecotypes of
Atlantic cod. Sci Rep. 2016;6: 23246. doi:10.1038/srep23246

Knief U, Hemmrich-Stanisak G, Wittig M, Franke A, Griffith SC, Kempenaers B, et al. Fitness
consequences of polymorphic inversions in the zebra finch genome. Genome Biology. 4 ed.
BioMed Central; 2016;17: S30. doi:10.1186/s13059-016-1056-3

Ullastres A, Farré M, Capilla L, Ruiz-Herrera A. Unraveling the effect of genomic structural
changes in the rhesus macaque - implications for the adaptive role of inversions. BMC
Genomics. 2014;15: 530. doi:10.1186/1471-2164-15-530

Dobigny G, Britton-Davidian J, Robinson TJ. Chromosomal polymorphism in mammals: an
evolutionary perspective. Biological Reviews. 2015. doi:10.1111/brv.12213

Fransz P, Linc G, Lee CR, Aflitos SA, Lasky JR, Toomajian C, et al. Molecular, genetic and
evolutionary analysis of a paracentric inversion in Arabidopsis thaliana. Plant J. 2016. doi:
10.1111/tpj. 13262

Fang Z, Pyhajarvi T, Weber AL, Dawe RK, Glaubitz JC, Gonzalez J de JS, et al. Megabase-
scale inversion polymorphism in the wild ancestor of maize. Genetics. 2012;191: 883—-894. doi:
10.1534/genetics.112.138578

Page 33 of 42


https://doi.org/10.1101/083931
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/083931; this version posted October 27, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41

available under aCC-BY 4.0 International license.

Kipper C, Stocks M, Risse JE, Remedios Dos N, Farrell LL, McRae SB, et al. A supergene
determines highly divergent male reproductive morphs in the ruff. Nat Genet. 2016;48: 79-83.
doi:10.1038/ng.3443

Lamichhaney S, Fan G, Widemo F, Gunnarsson U, Thalmann DS, Hoeppner MP, et al.
Structural genomic changes underlie alternative reproductive strategies in the ruff
(Philomachus pugnax). Nat Genet. 2016 Jan;48(1):84-8.

Lowry DB, Willis JH. A Widespread Chromosomal Inversion Polymorphism Contributes to a
Major Life-History Transition, Local Adaptation, and Reproductive Isolation. Plos Biol. 2010;8:
€1000500. doi:10.1371/journal.pbio.1000500

Oneal E, Lowry DB, Wright KM, Zhu Z, Willis JH. Divergent population structure and climate
associations of a chromosomal inversion polymorphism across the Mimulus guttatus species
complex. Molecular Ecology. 2014;23: 2844—2860. doi:10.1111/mec.12778

Wang J, Wurm Y, Nipitwattanaphon M, Riba-Grognuz O, Huang Y-C, Shoemaker D, et al. A Y-
like social chromosome causes alternative colony organization in fire ants. Nature. 2013;493:
664—668. doi:10.1038/nature11832

Brooke BD, Hunt RH, Chandre F, Carnevale P, Coetzee M. Stable chromosomal inversion
polymorphisms and insecticide resistance in the malaria vector mosquito Anopheles gambiae
(Diptera: Culicidae). J Med Entomol. 2002;39: 568—-573.

Ayala D, Ullastres A, Gonzalez J. Adaptation through chromosomal inversions in Anopheles.
Front Genet. 2014;5: 940. doi:10.3389/fgene.2014.00129

Main BJ, Lee Y, Ferguson HM, Kreppel KS, Kihonda A, Govella NJ, et al. The Genetic Basis of
Host Preference and Resting Behavior in the Major African Malaria Vector, Anopheles
arabiensis. PLoS Genetics. 2016;12: e1006303. doi:10.1371/journal.pgen.1006303

Hoffmann AA, Sgro CM, Weeks AR. Chromosomal inversion polymorphisms and adaptation.
Trends in Ecology & Evolution. 2004;19: 482—488. doi:10.1016/j.tree.2004.06.013
Ortiz-Barrientos D, Chang AS, Noor MAF. A recombinational portrait of the Drosophila
pseudoobscura genome. Genet Res. 2006 Feb;87(1):23-31.

Fuller ZL, Haynes GD, Zhu D, Batterton M, Chao H, Dugan S, et al. Evidence for Stabilizing
Selection on Codon Usage in Chromosomal Rearrangements of Drosophila pseudoobscura.
G3 (Bethesda).2014 Oct 17;:g3.114.014860.

White BJ, Hahn MW, Pombi M, Cassone BJ, Lobo NF, Simard F, et al. Localization of
candidate regions maintaining a common polymorphic inversion (2La) in Anopheles gambiae.
PLoS Genetics. 2007 Dec;3(12):e217.

Fontaine MC, Pease JB, Steele A, Waterhouse RM, Neafsey DE, Sharakhov IV, et al. Mosquito
genomics. Extensive introgression in a malaria vector species complex revealed by
phylogenomics. Science. 2015 Jan 2;347(6217):1258524—4.

Deng L, Zhang Y, Kang J, Liu T, Zhao H, Gao Y, et al. An unusual haplotype structure on
human chromosome 8p23 derived from the inversion polymorphism. Hum Mutat. 2008; 29(10):
1209-16.

Farré M, Micheletti D, Ruiz-Herrera A. Recombination rates and genomic shuffling in human
and chimpanzee--a new twist in the chromosomal speciation theory. Molecular Biology and
Evolution. 2013;30: 853—864. doi:10.1093/molbev/mss272

Sugimoto M. Developmental genetics of the mouse t-complex. Genes Genet Syst. 2014;89(3):
109-20.

Joron M, Frezal L, Jones RT, Chamberlain NL, Lee SF, Haag CR, et al. Chromosomal
rearrangements maintain a polymorphic supergene controlling butterfly mimicry. Nature. 2011
Aug 14;477(7363):203-6.

Huynh LY, Maney DL, Thomas JW. Chromosome-wide linkage disequilibrium caused by an
inversion polymorphism in the white-throated sparrow (Zonotrichia albicollis). Heredity (Edinb).
2011 Apr;106(4):537-46.

White MJD. Modes of Speciation. Freeman; 1978.

King M. Species Evolution: The Role of Chromosome Change. Cambridge University Press;
1993.

. Ayala FJ, Coluzzi M. Chromosome speciation: humans, Drosophila, and mosquitoes. Proc Natl

Acad Sci USA. 2005 May 3;102 Suppl 1(suppl 1):6535—42.

Page 34 of 42


https://doi.org/10.1101/083931
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/083931; this version posted October 27, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

42. Kirkpatrick M. How and why chromosome inversions evolve. Plos Biol. 2010;8: e1000501. doi:
10.1371/journal.pbio.1000501

43. Noor MAF, Grams KL, Bertucci LA, Reiland J. Chromosomal inversions and the reproductive
isolation of species. Proceedings of the National Academy of Sciences. 2001;98: 12084—
12088. doi:10.1073/pnas.221274498

44. Fishman L, Stathos A, Beardsley PM, Williams CF, Hill JP. Chromosomal rearrangements and
the genetics of reproductive barriers in mimulus (monkey flowers). Evolution. 2013 Sep;67(9):
2547-60.

45. Dickson LB, Sharakhova MV, Timoshevskiy VA, Fleming KL, Caspary A, Sylla M, et al.
Reproductive Incompatibility Involving Senegalese Aedes aegypti (L) Is Associated with
Chromosome Rearrangements. PLoS Negl Trop Dis. 2016;10: e0004626. doi:10.1371/
journal.pntd.0004626

46. Navarro A, Barton NH. Chromosomal speciation and molecular divergence--accelerated
evolution in rearranged chromosomes. Science. 2003;300: 321-324. doi:10.1126/science.
1080600

47. Kulathinal RJ, Stevison LS, Noor MAF. The genomics of speciation in Drosophila: diversity,
divergence, and introgression estimated using low-coverage genome sequencing. PLoS
Genetics. 2009;5: e1000550. doi:10.1371/journal.pgen.1000550

48. McGaugh SE, Noor MAF. Genomic impacts of chromosomal inversions in parapatric
Drosophila species. Philosophical Transactions of the Royal Society B: Biological Sciences.
2012;367: 422—-429. doi:10.1098/rstb.2011.0250

49. Barb JG, Bowers JE, Renaut S, Rey JI, Knapp SJ, Rieseberg LH, et al. Chromosomal
evolution and patterns of introgression in helianthus. Genetics. 2014 Jul;197(3):969-79.

50. Lohse K, Clarke M, Ritchie MG, Etges WJ. Genome-wide tests for introgression between
cactophilic Drosophila implicate a role of inversions during speciation. Evolution. 2015;69:
1178-1190. doi:10.1111/evo.12650

51. Trickett AJ, Butlin RK. Recombination suppressors and the evolution of new species. Heredity.
1994;73: 339-345. doi:10.1038/hdy.1994.180

52. Ortiz-Barrientos D, Reiland J, Hey J, Noor MAF. Recombination and the Divergence of
Hybridizing Species. Genetica. 2002;116(2-3):167-78.

583. Butlin RK. Recombination and speciation. Molecular Ecology. 2005;14: 2621-2635. doi:
10.1111/j.1365-294X.2005.02617.x

54. Kirkpatrick M, Barton N. Chromosome inversions, local adaptation and speciation. Genetics.
2006;173: 419-434. doi:10.1534/genetics.105.047985

55. Feder JL, Nosil P. Chromosomal inversions and species differences: when are genes affecting
adaptive divergence and reproductive isolation expected to reside within inversions? Evolution.
2009;63: 3061-3075. doi:10.1111/j.1558-5646.2009.00786.x

56. Feder JL, Nosil P, Flaxman SM. Assessing when chromosomal rearrangements affect the
dynamics of speciation: implications from computer simulations. Front Genet. 2014;5: 295. doi:
10.3389/fgene.2014.00295

57. Ortiz-Barrientos D, Engelstadter J, Rieseberg LH. Recombination Rate Evolution and the
Origin of Species. Trends Ecol Evol (Amst). 2016 Mar;31(3):226-36.

58. Dagilis AJ, Kirkpatrick M. Prezygotic isolation, mating preferences, and the evolution of
chromosomal inversions. Evolution. 2016 Jul;70(7):1465-72.

59. Kirkpatrick M, Barrett B. Chromosome inversions, adaptive cassettes and the evolution of
species' ranges. Molecular Ecology. 2015;24: 2046—2055. doi:10.1111/mec.13074

60. Stevison LS, Hoehn KB, Noor MAF. Effects of inversions on within- and between-species
recombination and divergence. Genome biology and evolution. 2011;3: 830—841. doi:10.1093/
gbe/evr081

61. Korunes KL, Noor MAF. Gene Conversion and Linkage: Effects on Genome Evolution and
Speciation. Molecular Ecology. 2016. doi:10.1111/mec.13736

62. Guerrero RF, Rousset F, Kirkpatrick M. Coalescent patterns for chromosomal inversions in
divergent populations. Philosophical Transactions of the Royal Society B: Biological Sciences.
2012;367: 430—438. doi:10.1098/rstb.2011.0246

63. Rieseberg LH. Chromosomal rearrangements and speciation. Trends Ecol Evol (Amst).
2001;16: 351-358.

Page 35 of 42


https://doi.org/10.1101/083931
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/083931; this version posted October 27, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

available under aCC-BY 4.0 International license.

Navarro A, Barton NH. Accumulating postzygotic isolation genes in parapatry: a new twist on
chromosomal speciation. Evolution. 2003;57(3):447-59.

Faria R, Navarro A. Chromosomal speciation revisited: rearranging theory with pieces of
evidence. Trends Ecol Evol (Amst). 2010;25: 660—669. doi:10.1016/j.tree.2010.07.008
Brown KM, Brown KM, Burk LM, Burk LM, Henagan LM, Henagan LM, et al. A test of the
chromosomal rearrangement model of speciation in Drosophila pseudoobscura. Evolution.
2004. doi:10.1111/j.0014-3820.2004.tb00469.x

Castiglia R. Sympatric sister species in rodents are more chromosomally differentiated than
allopatric ones: implications for the role of chromosomal rearrangements in speciation.
Mammal Review. 2014;44: 1—4. doi:10.1111/mam.12009

Hooper DM. Range overlap drives chromosome inversion fixation in passerine birds; 2016.
Preprint. Available from: bioRxiv, doi:10.1101/053371. Cited 25 October 2016.

Merrill RM, Dasmahapatra KK, Davey JW, Dell'Aglio DD, Hanly JJ, Huber B, et al. The
diversification of Heliconius butterflies: what have we learned in 150 years? J Evol Biol. 2015
Aug;28(8):1417-38.

Supple M, Papa R, Counterman B, McMillan WO. The Genomics of an Adaptive Radiation:
Insights Across the Heliconius Speciation Continuum. Ecological Genomics. 2013;781: 249—
271. doi:10.1007/978-94-007-7347-9_13

. Kozak KM, Wahlberg N, Neild AFE, Dasmahapatra KK, Mallet JLB, Jiggins CD. Multilocus

species trees show the recent adaptive radiation of the mimetic heliconius butterflies.
Systematic Biology. 2015;64: 505-524. doi:10.1093/sysbio/syv007

Merrill RM, Gompert Z, Dembeck LM, Kronforst MR, McMillan WO, Jiggins CD. Mate
preference across the speciation continuum in a clade of mimetic butterflies. Evolution.
2011;65: 1489—-1500. d0i:10.1111/j.1558-5646.2010.01216.x

Brown KS, Emmel TC, Eliazar PJ, Suomalainen E. Evolutionary patterns in chromosome
numbers in neotropical Lepidoptera. Hereditas. 1992;117: 109—125. doi:10.1111/j.
1601-5223.1992.tb00165.x

Jiggins CD. Ecological Speciation in Mimetic Butterflies. BioScience. 2008;58: 541. doi:
10.1641/B580610

Naisbit RE, Jiggins CD, Mallet JLB. Mimicry: developmental genes that contribute to
speciation. Evol Dev. 2003;5: 269-280.

Jiggins CD, Naisbit RE, Coe RL, Mallet JLB. Reproductive isolation caused by colour pattern
mimicry. Nature. 2001 May 17;411(6835):302-5.

Naisbit RE, Jiggins CD, Mallet JLB. Disruptive sexual selection against hybrids contributes to
speciation between Heliconius cydno and Heliconius melpomene. Proc Biol Sci. 2001 Sep
7;268(1478):1849-54.

Merrill RM, Van Schooten B, Scott JA, Jiggins CD. Pervasive genetic associations between
traits causing reproductive isolation in Heliconius butterflies. Proceedings of the Royal Society
B: Biological Sciences. 2011 Feb 22;278(1705):511-8.

Merrill RM, Naisbit RE, Mallet JLB, Jiggins CD. Ecological and genetic factors influencing the
transition between host-use strategies in sympatric Heliconius butterflies. J Evol Biol. 2013
Sep;26(9):1959-67.

Estrada C, Jiggins CD. Patterns of pollen feeding and habitat preference among Heliconius
species. Ecol Entomol. 2002;27: 448—456.

Merrill RM, Wallbank RWR, Bull V, Salazar PCA, Mallet JLB, Stevens M, et al. Disruptive
ecological selection on a mating cue. Proceedings of the Royal Society B: Biological Sciences.
2012;279: 4907—-4913. doi:10.1098/rspb.2012.1968

Naisbit RE, Jiggins CD, Linares M, Salazar C, Mallet JLB. Hybrid sterility, Haldane's rule and
speciation in Heliconius cydno and H. melpomene. Genetics. 2002;161: 1517—-1526.

Mallet JLB, Beltran M, Neukirchen W, Linares M. Natural hybridization in heliconiine butterflies:
the species boundary as a continuum. BMC evolutionary biology. 2007;7: 28. doi:
10.1186/1471-2148-7-28

Martin SH, Dasmahapatra KK, Nadeau NJ, Salazar C, Walters JR, Simpson F, et al. Genome-
wide evidence for speciation with gene flow in Heliconius butterflies. 2013;23: 1817-1828. doi:
10.1101/gr.159426.113

Page 36 of 42


https://doi.org/10.1101/083931
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/083931; this version posted October 27, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

85. Arias CF, Salazar C, Rosales C, Kronforst MR, Linares M, Bermingham E, et al.
Phylogeography of Heliconius cydno and its closest relatives: disentangling their origin and
diversification. Molecular Ecology. 2014;23: 4137—4152. doi:10.1111/mec.12844

86. Kronforst MR, Hansen MEB, Crawford NG, Gallant JR, Zhang W, Kulathinal RJ, et al.
Hybridization Reveals the Evolving Genomic Architecture of Speciation. Cell Reports. 2013.
doi:10.1016/j.celrep.2013.09.042

87. Martin SH, Eriksson A, Kozak KM, Manica A. Speciation in Heliconius Butterflies: Minimal
Contact Followed by Millions of Generations of Hybridisation; 2015. Preprint. Available from:
bioRxiv, doi:10.1101/015800. Cited 25 October 2016.

88. Feder JL, Gejji R, Powell THQ, Nosil P. Adaptive chromosomal divergence driven by mixed
geographic mode of evolution. Evolution. 2011;65: 2157—-2170. doi:10.1111/j.
1558-5646.2011.01321.x

89. Heliconius Genome Consortium. Butterfly genome reveals promiscuous exchange of mimicry
adaptations among species. Nature. 2012 Jul 5;487(7405):94-8.

90. Davey JW, Chouteau M, Barker SL, Maroja L, Baxter SW, Simpson F, et al. Major
Improvements to the Heliconius melpomene Genome Assembly Used to Confirm 10
Chromosome Fusion Events in 6 Million Years of Butterfly Evolution. G3 (Bethesda). 2016;6:
695-708. doi:10.1534/g3.115.023655

91. Pinharanda A, Martin SH, Barker SL, Davey JW, Jiggins CD. The comparative landscape of
duplications in Heliconius melpomene and Heliconius cydno. Heredity, accepted.

92. Chakravarti A. A graphical representation of genetic and physical maps: the Marey map.
Genomics. 1991;11:219-22.

93. Malinsky M, Simpson JT, Durbin R. trio-sga: facilitating de novo assembly of highly
heterozygous genomes with parent-child trios, 2016. Preprint. Available from: bioRxiv, doi:
10.1101/051516. Cited 25 October 2016.

94. Martin SH, Mést M, Palmer WJ, Salazar C, McMillan WO, Jiggins FM, et al. Natural Selection
and Genetic Diversity in the Butterfly Heliconius melpomene. Genetics. 2016;203: 525-541.
doi:10.1534/genetics.115.183285

95. Martin SH, Davey JW, Jiggins CD. Evaluating the use of ABBA-BABA statistics to locate
introgressed loci. Molecular Biology and Evolution. 2015;32: 244—-257. doi:10.1093/molbev/
msu269

96. Aulard S, David JR, Lemeunier F. Chromosomal inversion polymorphism in Afrotropical
populations of Drosophila melanogaster. Genetical research. 2002;79(01).

97. Krimbas CB and Powell JR. Drosophila Inversion Polymorphism. CRC Press; 1992.

98. Lavoie CA, Platt RN, Novick PA, Counterman BA, Ray DA. Transposable element evolution in
Heliconius suggests genome diversity within Lepidoptera. Mobile DNA. 2013;4(1):21.

99. Mallet JLB, Barton NH. Strong Natural Selection in a Warning-Color Hybrid Zone. Evolution.
1989;43: 421-431.

100.Ahola V, Lehtonen R, Somervuo P, Salmela L, Koskinen P, Rastas P, et al. The Glanville
fritillary genome retains an ancient karyotype and reveals selective chromosomal fusions in
Lepidoptera. Nature Communications. 2014;5: 4737. doi:10.1038/ncomms5737

101.Catchen J, Hohenlohe PA, Bassham S, Amores A, Cresko WA. Stacks: an analysis tool set for
population genomics. Molecular Ecology. 2013;22: 3124—-3140. doi:10.1111/mec.12354

102.Lunter G, Goodson M. Stampy: a statistical algorithm for sensitive and fast mapping of
lllumina sequence reads. Genome Res. 2011 Jun;21(6):936-9.

103.dePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C, et al. A framework for
variation discovery and genotyping using next-generation DNA sequencing data. Nat Genet.
2011;43: 491-498. doi:10.1038/ng.806

104.Li H. A statistical framework for SNP calling, mutation discovery, association mapping and
population genetical parameter estimation from sequencing data. Bioinformatics. 2011 Nov
1;27(21):2987-93.

105.Rastas P, Calboli FCF, Guo B, Shikano T, Merila J. Construction of Ultradense Linkage Maps
with Lep-MAP2: Stickleback F2 Recombinant Crosses as an Example. Genome biology and
evolution. 2016;8: 78-93. doi:10.1093/gbe/evv250

106.Li H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM; 2013.
Preprint. Available from: arXiv:1303.3997v2. Cited 25 October 2016.

Page 37 of 42


https://doi.org/10.1101/083931
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/083931; this version posted October 27, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

107.Ziegler A, Kénig IR. Genetic Distance and Mapping Functions. In: Encyclopedia of Life
Sciences. John Wiley & Sons, Ltd; 2001. doi:10.1038/npg.els.0005399

108.Sekhon JS. Multivariate and Propensity Score Matching Software with Automated Balance
Optimization: The Matching package for R. Journal of Statistical Software. 2011;42: 1-52. doi:
10.18637/jss.v042.i07

109.English AC, Salerno WJ, Reid JG. PBHoney: identifying genomic variants via long-read
discordance and interrupted mapping. BMC Bioinformatics. 2014 Jun 10;15(1):180.

110.0n0 Y, Asai K, Hamada M. PBSIM: PacBio reads simulator--toward accurate genome
assembly. Bioinformatics. 2013;29: 119—-121. doi:10.1093/bioinformatics/bts649

111.Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M, Antonescu C, et al. Versatile and
open software for comparing large genomes. Genome Biol. 2004;5: R12. doi:10.1186/
gb-2004-5-2-r12

112 Kietbasa SM, Wan R, Sato K, Horton P, Frith MC. Adaptive seeds tame genomic sequence
comparison. Genome Res. 2011 Mar;21(3):487-93.

Page 38 of 42


https://doi.org/10.1101/083931
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/083931; this version posted October 27, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Figure Legends

Figure 1. Diagram of expected patterns for collinear, inverted, reduced hybrid
recombination, and misassembled genome regions. H. melpomene, red; H. cydno, blue; H.
cydno x H. melpomene hybrids, green. Grey strip, H. melpomene contigs (dark/light grey show

different contigs). Black lozenge, inverted region.

Figure 2. Marey maps of within- and between-species recombination. H. melpomene, red; H.
cydno, blue; H. cydno x H. melpomene hybrids, green. Chromosomes 1-21 of H. melpomene

genome assembly version 2 (Hmel2) shown against cumulative centiMorgan (cM) values.

Figure 3. Lengths of candidate inversion groups classified by species and status. See
Methods for status definitions. H. cydno, blue; H. melpomene, red; both species, grey. Dark boxes,
evidence from both split reads and trio assemblies; lighter boxes, evidence from either split reads
or trio assemblies. Boxes span first and third quartiles; midline shows mean; width represents
number of inversions in each category; whiskers extend to the highest value within 1.5 times of the
height of the boxes from the edge of the box. Outlier points shown with crosses if contig gaps fall
near inversion breakpoints, circles if not. Labels refer to pages of Figures S8-14 where full details

of each inversion are given.
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Supporting Information Legends

Figure S1. Marey maps of recombinations for each cross separately. Crosses listed in Table 2,
Table S1 and Table S2. H. melpomene, red; H. cydno, blue; H. cydno x H. melpomene hybrids,
green. Chromosomes 1-21 of H. melpomene genome assembly version 2 (Hmel2) shown against

cumulative cM values for each set of crosses.

Figure S2. Recombination rates in cM/Mb for each Hmel2 chromosome. Rates in 1 Mb
windows sliding by 100 kb. H. melpomene, red; H. cydno, blue; hybrids, green. Lines show true

values; shaded areas show 95% bootstrap confidence intervals, 10 000 iterations.

Figure S3. Gaps in linkage maps where lack of precise recombination data cannot rule out
presence of inversions. Each page shows data for one chromosome with H. cydno in blue and H.
melpomene in red. Heights and lengths of lines show gap lengths.

Figure S4. Histograms of gap lengths for H. cydno and H. melpomene.

Figure S5. Probability of detecting random inversions of sizes from 10 kb to 1.5 Mb given

existing linkage maps for H. melpomene and H. cydno.
Figure S6. Histograms of raw read lengths for Pacific Biosciences sequencing. H. cydno
females, blue; H. cydno males, light blue; H. melpomene females, red; H. melpomene males,

orange.

Figure S7. Histograms of base depths across the genome after alignment of raw PacBio

reads to H. melpomene genome assembly Hmel2. Colours as for Figure S6.
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Figures S8-14. Full evidence for each candidate inversion group, separated into the classes
shown in Figure 3 and Table 5. S8, H. cydno, Split reads and trio assembly. S9, H. cydno, Split
reads only. S10, H. melpomene, Split reads and trio assembly. S11, H. melpomene, Split reads
only. S12, Both species, Split reads and trio assembly. S13, Both species, Split reads only. S14,

Both species, Split reads in one species, trio assembly in both.

Each page shows linkage map, split read, trio assembly and population genetics evidence for each
candidate inversion group, across a region of the Hmel2 genome assembly. Black lozenge,
candidate inverted region (white text in lozenge shows length of region). Genome, contigs from
Hmel1 and Hmel2 shown in alternating dark and light grey (labels show Hmel1 scaffold names and
Hmel2 contig names). Thin black lines in Hmel2 contigs show repeat-masked regions of the
genome. Red bars show features from the Hmel2 annotation. Linkage map, SNPs from linkage
maps shown as circles connected by Marey map lines. Thick lines show regions with no
recombination; thin lines span regions between SNPs with different markers, indicating a
recombination happens somewhere along the line but the position cannot be resolved any further.
H. cydno, blue; H. melpomene, red; hybrids, green. PBHoney Candidates, rounded lines show
candidate inversions called by PBHoney; number to the right shows number of reads supporting
each candidate. Light shaded rectangles show ranges of these inversions across the plot for
comparison with trio alignments and contig boundaries. H. cydno females, blue; H. cydno males,
light blue; H. melpomene females, red; H. melpomene males, orange. Trio strips, alignments of trio
scaffolds to candidate inversion regions. Arrowed lines show individual alignments; shaded
rectangles enclosing arrowed lines show all alignments for a particular scaffold, with scaffold name
to the right of each shaded rectangle. Colours as per PBHoney candidates. Trio Inverted, trio
scaffolds with multiple alignments across the candidate inversion, with forward and reverse
alignments either side of candidate breakpoints. Trio Spanning, trio scaffolds with single
alignments spanning any one PBHoney candidate. Trio Edges, trio scaffolds with alignments
spanning one candidate breakpoint, but not the whole inversion. Population genetics, Fsr

(magenta) and fy (green) for windows across the candidate inversion. Black lozenge, inverted
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region, matching lozenge in main plot. Length and number label of grey lozenges at the bottom
show number of sites used for calculations in each window. Open circles show windows were

calculation is not possible (either no sites present, or D<0 for fg).

Figure S15. Oxford grids for ordered Hmel2 scaffolds and H. erato scaffolds. Collinear
regions in red; inverted regions in blue. Scaffold boundaries separated by grey lines. Black and
dark grey lines on right and lower axes show alternating markers from linkage maps; light grey

shaded rectangles show these markers across the plot.

Table S1. Full sample details for H. melpomene and H. cydno crosses. All samples were RAD
sequenced except for underlined samples, which were whole genome sequenced and trio
assembled. Samples shaded in grey were rejected due to low coverage or many erroneous

genotypes. ENA = European Nucleotide Archive, http://www.ebi.ac.uk/ena.

Table S2. Full sample details for H. cydno x H. melpomene hybrid crosses. Each cross
involved multiple backcrosses. Many parents were not preserved or sequenced. Samples shaded
in grey were rejected due to low coverage or many erroneous genotypes. ENA = European

Nucleotide Archive, http://www.ebi.ac.uk/ena.

Table S3. Counts of raw and filtered PBHoney candidate inversions.
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