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Abstract

The Heliconius butterflies are a diverse recent radiation comprising multiple levels of

divergence with ongoing gene flow between species. The recently sequenced genome

of Heliconius melpomene allowed us to investigate the genomic evolution of this group

using dense RAD marker sequencing. Phylogenetic analysis of 54 individuals robustly

supported reciprocal monophyly of H. melpomene and Heliconius cydno and refuted

previous phylogenetic hypotheses that H. melpomene may be paraphylectic with

respect to H. cydno. Heliconius timareta also formed a monophyletic clade closely

related but distinct from H. cydno with Heliconius heurippa falling within this clade.

We find evidence for genetic admixture between sympatric populations of the sister

clades H. melpomene and H. cydno/timareta, particularly between H. cydno and H. mel-
pomene from Central America and between H. timareta and H. melpomene from the

eastern slopes of the Andes. Between races, divergence is primarily explained by isola-

tion by distance and there is no detectable genetic population structure between parap-

atric races, suggesting that hybrid zones between races are not zones of secondary

contact. Our results also support previous findings that colour pattern loci are shared

between populations and species with similar colour pattern elements. Furthermore,

this pattern is almost unique to these genomic regions, with only a very small number

of other loci showing significant similarity between populations and species with simi-

lar colour patterns.
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Introduction

The Heliconius butterflies are a neotropical genus that

has recently radiated into many species, subspecies and

races. Contained within this phenotypic diversity are

many examples of phenotypic convergence between

both closely and distantly related species. These fea-

tures combined with the recently completed genome

sequence of Heliconius melpomene make the genus an

excellent biological system in which to address ques-

tions about the genetics of speciation, adaptive diver-

gence and phenotypic convergence. In particular, the

sister species H. melpomene and H. cydno are sympatric

for much of their range and are generally highly diver-

gent in colour pattern, which is important for mate rec-

ognition (Jiggins 2008; Merrill et al. 2011a). Although

both pre- and postzygotic barriers are present, hybrids

are still occasionally found in the wild (Bull et al. 2006;

Mallet et al. 2007; Merrill et al. 2011b).
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Despite evidence that hybrids between H. melpomene

and H. cydno have reduced fitness (Jiggins 2008; Merrill

et al. 2011b), there have been instances when selection

has favoured the introgression of adaptive alleles

between these species. For example, H. heurippa is a dis-

tinct species closely related to H. cydno, whose wing

pattern has arisen from a hybridization event between a

member of the H. cydno clade and H. melpomene, pro-

ducing butterflies with colour patterns intermediate

between the two parental species (Mavárez et al. 2006;

Salazar et al. 2008). This hybridization event led to

reproductive barriers with both parental species, in part

due to a role for colour pattern in mate recognition

(Melo et al. 2009). H. timareta is another species in the

H. cydno species complex, previously thought to be lim-

ited to an isolated population in Ecuador, but shown to

be present in multiple populations across the eastern

slopes of the Andes from Peru to Colombia (Brower

1996a; Giraldo et al. 2008; Jiggins 2008; Mallet 2009).

These populations have only recently been identified

because many of them have the same colour pattern as

local H. melpomene populations. Indeed, their patterns

have been acquired through introgression of alleles

from H. melpomene (Pardo-Diaz et al. 2012; The Helico-

nius Genome Consortium 2012).

There are 29 geographic races of H. melpomene, many

of which have strikingly different aposematic colour

patterns. There is evidence that these races are main-

tained by local frequency-dependent selection driven by

predator avoidance of familiar warning colour patterns

(Mallet & Barton 1989; Kapan 2001). The genetic control

of colour pattern variation in Heliconius is well studied

and the majority of the diversity is controlled by a

small number of genetic loci (Sheppard et al. 1985; Jig-

gins et al. 2005). In particular, two clusters of loci con-

trol most colour pattern variation in H. melpomene,

HmB/D on chromosome 18 (Baxter et al. 2008) and

HmYb/Sb/N on chromosome 15 (Ferguson et al. 2010).

These largely control red/orange and yellow/white

colour pattern elements, respectively. These colour pat-

tern loci appear to act as divergence islands, with very

little genetic differentiation between races except at

these genomic regions (Baxter et al. 2010; Nadeau et al.

2012). However, this has not been investigated at a

genome-wide scale.

Several H. melpomene races with similar colour pat-

terns show disjunct geographical distributions (e.g.

Heliconius melpomene rosina and Heliconius melpomene

amaryllis, Fig. 1). Phylogenetic analyses of several

genetic markers unlinked to colour pattern loci have

shown that races with similar patterns are not geneti-

cally similar. Genetic clustering is generally by geogra-

phy, leading many to speculate that similar colour

patterns have evolved independently (Brower 1996b;

Flanagan et al. 2004; Quek et al. 2010). However, more

recent analysis of the red colour pattern locus has

shown that alleles at this locus cluster by colour pattern

rather than geography (Hines et al. 2011). This supports

the alternative hypothesis that races with similar colour

patterns once had a continuous distribution that has

been interrupted by the spread of more derived forms

(Mallet 2010). Therefore, within the H. melpomene/cydno

clade, there have been very few independent origins of

novel colour patterns, and instead existing colour pat-

tern alleles have been shared both within and between

species. It remains to be seen if other regions of the

genome show a signal of having been shared or

retained between similar colour pattern forms.

Here, we address the evolutionary history of the

H. cydno/melpomene radiation using dense RAD marker

sequencing (Davey et al. 2011). In particular, we investi-

gate the phylogenetic relationships of these species,

which have previously been poorly resolved (Flanagan

et al. 2004; Beltran et al. 2007; Quek et al. 2010). This

data set has previously been used to create a prelimin-

ary phylogeny using neighbour-joining methods (The

Heliconius Genome Consortium 2012) but here we seek

to test this with more robust methodology. We also

investigate the prevalence of gene flow between H. mel-

pomene and members of the H. cydno species complex,

the influences of geographic and taxonomic separation

on genetic divergence, and address the question of how

much of the genome is shared between butterflies that

have similar colour patterns.

Methods

RAD genotyping and SNP calling

RAD genotyping of the samples shown in Fig. 1 (details

in Table S1, Supporting information) has been described

previously (The Heliconius Genome Consortium 2012).

Briefly, DNA was digested with the PstI restriction

enzyme to achieve a high density of markers before

ligation of P1 sequencing adaptors with five-base

molecular identifiers to allow multiplexing of three to

six individuals per sequencing lane (Baird et al. 2008;

Baxter et al. 2011). Paired-end 100 base sequencing was

performed on the libraries using Illumina Genome Ana-

lyzer IIx and HiSeq2000 sequencers. The 270-Mb Helico-

nius melpomene genome sequence contains 27K PstI cut

sites; therefore, on average, RAD markers are expected

every 10 kb.

Reads from each individual were aligned to the

H. melpomene genome scaffolds (The Heliconius Gen-

ome Consortium 2012) using Stampy v1.0.13 (Lunter &

Goodson 2011) with default parameters, except

expected substitution rate, which was set to 0.01. Geno-
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types were called using the Genome Analysis Tool Kit

(GATK) v1.1 UnifiedGenotyper (DePristo et al. 2011).

Genotype calls were only accepted if supported by a

genotype quality (GQ) score of at least 30, which corre-

sponds to an error rate of � 1/1000.

Phylogeny

We used the 480 123 nucleotide sites with confident

calls (GQ � 30) for all 54 RAD sequenced individuals

to generate a phylogeny. Due to the difficulties of align-

ing sequence reads to divergent genomic regions, taxa

that are more divergent from the reference tend to have

more missing data (The Heliconius Genome Consor-

tium 2012). Therefore, we chose not to use sites with

missing data for some individuals as this might intro-

duce biases and lead to problems with branch length

estimation. A maximum likelihood approach was

implemented in the program RAxML v. 7.2.8 (Stamata-

kis 2006). To ensure optimal search through the tree

space, we empirically determined that 10 is sufficient as

both the initial rearrangement setting and the number

of gamma rate categories. We generated constraint trees

(shown in Fig. S1, Supporting information) to represent

phylogenetic hypotheses presented in previous publica-

tions and based on AFLP data (Quek et al. 2010), one

mitochondrial and two nuclear loci (Beltran et al. 2007),

separate analyses of the nuclear tpi and mpi loci (Flana-

gan et al. 2004) and an analysis of Cytochrome oxidase I/II

data (K. Kozak, unpublished). The ML tree was esti-

mated with and without each of the constraints, using

random starting trees and the GTRGAMMA optimiza-
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Fig. 1 Population sampling localities in South America. Pale shading shows distributions of the races/subspecies that we sampled

(from Rosser et al. 2012). Note that distributions shown are for the subspecies sampled in this study only and complete species

ranges are not shown. Boxes surround the most important population comparisons, red boxes indicate parapatric races and blue

boxes indicate sympatric sister species. Samples sizes are given in parentheses after the species names. Colour pattern classifications

used in the analyses are given below species names, those in brackets have only some elements of the given pattern type.
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tion. Likelihoods of the results were compared statisti-

cally using the Shimodaira–Hasegawa test (Shimodaira

& Hasegawa 1999) in RAxML. The result of the

unconstrained analysis was determined to be signifi-

cantly better than the alternative hypotheses at P = 0.05.

Therefore, we repeated the unconstrained ML tree

estimation with 1000 bootstrap replicates using the

GTRCAT approximation (Stamatakis 2006) and multith-

reading onto 10 processors.

Structure analysis

We performed Structure analysis (Pritchard et al. 2000)

using 53 837 nucleotide sites, consisting of the variable

sites with minor allele frequency above 1% that have

confident calls for all H. melpomene, H. cydno,

H. timareta and H. heurippa individuals. An initial run

with K = 1 was used to estimate the allele frequency

distribution parameter, k. We then ran short clustering

runs (103 burn-in, 103 data collection) with the

obtained value of k (0.43), for K = 2–15, using an

admixture model with no prior population information

provided. This produced an optimum at K = 4. We

then ran longer clustering runs (104 burn-in, 104 data

collection) for K = 2–7. We also ran separate analyses

of H. melpomene, H. cydno and H. timareta (including

H. heurippa) with independent initial estimates of k
(0.58, 0.95 and 1.14, respectively) for K = 2–7 for

H. melpomene and K = 1–4 for H. timareta and H. cydno.

Identification of RAD loci

Individual RAD loci were identified as regions contain-

ing 100 or more high-quality base calls across all indi-

viduals and that were separated from other RAD loci by

at least 1 kb. When considering only H. melpomene, there

were 6721 RAD loci with a mean span of 475 bases con-

taining on average 212 called bases. The spacing

between loci was 27 kb on average but this was highly

variable (standard deviation = 30 kb). When incorporat-

ing individuals from the H. cydno/timarata clade, this

dropped to 4078 RAD loci with a mean span of 420

bases containing on average 182 called bases with a

spacing of 39 ± 54 kb. The number of RAD loci

decreases as more individuals are added, as loci with

fewer than 100 high-quality called bases across all indi-

viduals are ignored. However, some of the loci must

also drop out due to differences in restriction enzyme

cut sites. This variation was not included in the analysis.

FST analysis

FST was calculated for individual RAD loci using custom

scripts in R (R Development Core Team 2011) with equa-

tions as described by Nadeau et al. (2012). To investigate

genomic patterns of divergence at different levels and in

different populations, we initially calculated FST between

a subset of populations from which we had sequenced

larger numbers of individuals. These included 5 sympat-

ric species comparisons, H. m. melpomene (n = 6 individ-

uals)/H. cydno cordula (n = 6) in Colombia/Venezuela,

H. m. melpomene (n = 6)/H. heurippa (n = 6) in Colombia,

H. melpomene (n = 4)/H. cydno chioneus (n = 2) in Pan-

ama, Heliconius melpomene amaryllis (n = 5)/H. timareta

spp nov. (n = 5) and the more distantly related

H. m. amaryllis/H. hecale felix (n = 5) in Peru; two parap-

atric race comparisons H. m. amaryllis/aglaope (n = 5) and

H. m. rosina (n = 2)/H. m. melpomene (n = 8); and one

allopatric race comparison between H. m. amaryllis and

H. m. melpomene from Colombia. Pearson’s product-

moment correlations were calculated between arcsine-

transformed RAD locus FST values in different popula-

tion comparisons.

We also used these FST values to calculate the size of

divergence hitch-hiking regions by measuring the corre-

lation between these values for RAD loci at increasing

genomic distances (following Smadja et al. 2012). Pear-

son’s product-moment correlations were calculated for

arcsine-transformed FST values for the pairs of RAD loci

at increasing genomic distances. Distance categories

were increased in 1-kb intervals up to 100 kb, then at

2-kb intervals up to 300 kb and then at 5-kb intervals

up to 500 kb. A model of exponential decline in correla-

tion coefficient with increasing genomic distance was fit

to the data (with weightings by the number of data

points in each category), summarized by the equation:

y ¼ e�ax

where y is the correlation coefficient, x is the genomic

distance and a is a parameter estimated from the data,

with larger values of a indicating smaller hitch-hiking

regions.

To further investigate patterns of gene flow and

divergence within and between species, two individuals

were sampled from five further populations across the

H. melpomene, cydno and timareta ranges: H. cydno wey-

meri and cydnides from the Cauca Valley in Colombia,

H. melpomene ecuadorensis and H. timareta timareta from

Ecuador and H. melpomene melpomene from French

Guiana. As FST is strongly influenced by sample size

(Waples 1998), we recalculated FST for all RAD loci

between all possible pairs of populations using the two

individuals with the best sequence coverage from each

population. Thus, absolute values of FST may be overes-

timates, but previous work indicates that relative values

calculated from small sample sizes across large num-

bers of sites are robust for comparisons between popu-

lations and gene regions (Nadeau et al. 2012). Mean
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values of FST across all loci were used in Mantel tests,

using the ecodist R package (Mantel 1967; Goslee &

Urban 2007), to calculate the effect of taxonomic and

geographic distance on divergence (values in Table S2,

Supporting information). Taxonomic distances were

scored as 1 between H. melpomene and H. cydno/timareta/

heurippa and between H. cydno and H. timareta/heurippa

and as 2 between H. hecale and H. melpomene/cydno/tima-

reta/heurippa. Geographic distances were calculated as

the straight-line distance between the GPS coordinates

of the sampled populations using the Geographic Dis-

tance Matrix Generator (Ersts 2007).

AMOVA analysis

RAD loci were processed using custom scripts in R

(R Development Core Team 2011) to generate genotype

distance matrices, with the distance from a homozygous

to heterozygous base call equal to half the distance

between two different homozygous bases. These were

used to perform AMOVA tests in the R package ade4

(Excoffier et al. 1992; Chessel et al. 2004), with signifi-

cance estimates obtained by randomization tests with

99 permutations. AMOVAs were run on the combined

H. cydno/melpomene data set with groupings by taxon

(H. melpomene or H. cydno/timareta/heurippa), geographic

location and colour pattern (both as listed in Fig. 1).

They were also run on the data set containing only

H. melpomene, with groupings by colour pattern and

geography. In this instance, the geographic groupings

were broadened to encompass more populations given

the reduced number of populations being compared

(Ecuador/Peru, Panama/Colombia and French Guiana,

which correspond to the populations identified in the

cluster analysis). A locus was said to have a better fit to

one model than another if the difference between the fit

of the models at that locus was greater than a threshold

of two standard deviations above the mean fit of the

model across all RAD loci.

Results

Genome-wide phylogeny and population structure
of the Heliconius melpomene/cydno/timareta group

We generated a maximum likelihood phylogeny using

the aligned RAD sequence data with five individuals of

H. hecale as outgroups (Fig. 2). This phylogeny is consis-

tent with the previously published neighbour-joining

phylogeny created using the same data (The Heliconius

Genome Consortium 2012). There are strongly sup-

ported monophyletic clades for each of the species,

Heliconius melpomene, Heliconius cydno, Heliconius timare-

ta and Heliconius heurippa (Fig. 2A). H. heurippa is most

closely related to H. timareta. It should be noted that

although we refer to the clade containing H. timarata

and H. heurippa as H. timareta, reflecting our wider

sampling of this species, in fact H. heurippa is the older

name and if these species were to be synonymized

H. timareta would become a subspecies of H. heurippa.

There is strong support for a H. cydno/timareta/heurippa

clade, distinct from H. melpomene. Relatively low boot-

strap support values for most nodes within species sug-

gest a high degree of genetic exchange within species.

Conversely, the high support for interspecific splits indi-

cates that levels of gene flow between species are insuffi-

cient to obscure the phylogenetic signal of speciation.

Consistent with most previously published phylogenies,

we find that H. melpomene falls into two major, ‘eastern’

and ‘western’ clades with respect to the Andes. Butter-

flies from Panama and Colombia fall in the western

clade and butterflies from Amazonian Peru, Ecuador

and French Guiana fall in the eastern clade (Flanagan

et al. 2004; Beltran et al. 2007; Quek et al. 2010). The Shi-

modaira–Hasegawa test showed all the previously pub-

lished phylogenetic hypotheses to be a worse fit to our

extensive data set than the results of our unconstrained

analysis (P < 0.05). In particular, our analysis contradicts

the findings of Quek et al. (2010), showing no evidence

of nesting of H. cydno within H. melpomene. In general,

the quantity of sequence data accumulated in our data

set allows for significantly more robust phylogenetic

analysis than any of the previous studies based on much

shorter sequences or AFLPs.

We also performed an analysis of population struc-

ture (Pritchard et al. 2000) on the whole group as well

as each of H. melpomene, H. cydno and H. timareta

(including H. heurippa) separately. For the whole group,

the inferred optimum number of clusters was 5

(Fig. 2B), which largely corresponded to H. cydno,

H. timareta/heurippa, eastern and western H. melpomene

and a third H. melpomene cluster that contributed about

70% to the French Guiana population. The eastern

H. melpomene cluster contributed the remaining 30% of

the French Guiana population. Apart from this, the

populations identified in the analysis were generally

distinct with apparently only small amounts of admix-

ture. The H. melpomene population from eastern Colom-

bia, although primarily clustering with the western

clade, also has genetic contributions from eastern and

French Guiana clades. These results are largely consis-

tent with those found previously using AFLPs (Quek

et al. 2010). There is also evidence for admixture

between species of up to 13% in some individuals. This

is particularly strong between eastern clade H. melpom-

ene and H. timareta but is also evident between western

clade H. melpomene and H. cydno. Notably, when K = 2,

the clusters correspond to H. melpomene, and cydno/ti-
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mareta and there is a contribution of almost 16% from

the H. cydno cluster to Panamanian H. melpomene. This

dropped to just 0.8% at K = 3 when the eastern and

western melpomene clades are resolved (Fig. S2, Sup-

porting information). This raises the intriguing possibil-

ity that differentiation of the H. melpomene eastern and

western clades may in part be due to introgression from

the sympatric species H. cydno (for the western clade)

and H. timareta (for the eastern clade).

We also analysed each of the species separately. For

H. timareta/heurippa, the optimum number of clusters

increased to 3, largely resolving the subspecies and

resolving H. heurippa as a distinct cluster within this

group (Fig. 2B). For H. cydno, the optimum number of

(A) (B) 

Fig. 2 (A) Maximum likelihood phylogeny with 1000 bootstrap replicates using the GTRCAT approximation generated from 480 123

nucleotide sites. (B) Structure analysis of the Heliconius melpomene/cydno clade (left) and for each species separately (right), showing

the optimum number of population clusters in each case (K = 5 and K = 10 respectively). The populations, as in A, are separated

with black lines. Each individual is represented by a single horizontal bar with colours indicating the genetic contribution from each

of the identified clusters.
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clusters was 4, again largely resolving the races but

with only a small amount of structure present between

H. c. cydnides and H. c. weymeri. However, the presence

of distinct clusters at this level could be due to isolation

by distance only, with the clusters being due to the dis-

crete sampling of continuous variation (Pritchard et al.

2000). Within H. melpomene, the optimum number of

clusters stayed at 3. Even when K was increased to 7

for these populations, we found no evidence for genetic

differentiation between parapatric H. m. aglaope and

amaryllis in Peru or between H. m. rosina and melpomene

in Panama (Fig. S2, Supporting information).

Are divergent genomic regions consistent between
races and species?

It has been suggested that the same genomic regions

might be involved at different stages of divergence, with

the genomic extent of divergence increasing as speciation

proceeds (Merrill et al. 2011a; Nosil & Feder 2012). To

test this, we looked at whether the same regions are

divergent at different points along the speciation contin-

uum. FST values of loci from each of the sympatric

H. melpomene-H. cydno/timareta/heurippa species pairs

were highly significantly correlated (Fig. S3, Supporting

information; Colombia, H. heurippa/melpomene vs. Peru,

H. timareta/H. melpomene r = 0.48, P < 2.2e�16; Panama,

H. cydno/melpomene vs. Peru, r = 0.382 P < 2.2e�16;

Colombia vs. Panama r = 0.508, P < 2.2e�16). In con-

trast, there was no correlation between the two H. mel-

pomene parapatric race comparisons (r = 0.023,

P = 0.195). This suggests that correlations in divergence

are not simply due to differences in mutation rate or

recombination rate across the genome, both of which

might lead to correlated divergence in different species

pairs. Within geographic regions, however, there was

some evidence for a speciation continuum from races to

species level divergence (Mallet et al. 2007; Merrill et al.

2011a). There were weak but significant correlations in

RAD locus FST values between races and species from

the same geographic regions (Peru, r = 0.077,

P = 8.2e�6; Colombia, r = 0.072, P = 3.4e�05).

Testing for islands of divergence

We used a model of exponential decline in correlation

coefficient with increasing genomic distance to look for

evidence of islands of divergence on a genome-wide

scale. Islands were smallest between parapatic popula-

tions of the same species, at 10–20 kb, and larger, at

80–180 kb, between allopatric populations and sympat-

ric sister species (Table 1, Fig. S4, Supporting informa-

tion). Between distantly related species, correlations

again decreased more rapidly with distance, and esti-

mated island size was ~40 kb. However, only three of

the comparisons had a significant fit to the model

(parapatric races H. m. rosina/melpomene, H. melpomene/

cydno in Colombia and H. melpomene/cydno in Panama)

and only H. melpomene and H. c. chioneus in Panama

had a good fit with 12.4% of the total variation in corre-

lation coefficient explained by the exponential decline

with distance. Therefore, it is perhaps only between

these populations, particularly H. melpomene and cydno

in Panama, where divergence hitch-hiking is having a

detectable effect on the genome.

Patterns of gene flow between and within species
with geographic distance

In addition to the comparisons described previously, we

also calculated pairwise FST using all possible pairs of

sampled populations (as indicated in Fig. 1). In general,

Table 1 The extent of divergence hitch-hiking as measured by the decline in correlation between FST values with increasing genomic

distance

Exponent multiplication

factor for decline in correlation

coefficient with distance† (±SE)
Fit of

the model

Approximate island

size‡ (kb)

Parapatric races (Heliconius melpomene aglaope/amaryllis, Peru) 5.51e�04 ± 1.46e�04 �0.06 13

Parapatric races (H. melpomene rosina/melpomene) 3.55e�04 ± 6.86e�05 0.04* 20

Allopatric races (H. melpomene amaryllis/melpomene) 6.97e�05 ± 6.87e�06 �0.15 100

Sister species (H. melpomene/heurippa, Colombia) 8.54e�05 ± 9.17e�06 �0.13 81

Sister species (H. melpomene/cydno, Colombia) 6.67e�05 ± 6.08e�06 0.08* 104

Sister species (H. melpomene/timareta, Peru) 3.96e�05 ± 3.25e�06 �0.22 176

Sister species (H. melpomene/cydno, Panama) 4.85e�05 ± 3.89e�06 0.12* 144

Distant species (H. melpomene/hecale, Peru) 1.78e�04 ± 2.29e�05 �0.22 39

*significant at P < 0.01.

†The value a in the equation y = e�ax.

‡Defined as the distance at which the model predicts that the correlation coefficient (r) drops below 0.001.
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populations showed increasing divergence with increas-

ing geographic distance, as well as showing increases

with taxonomic distance (Fig. 3). Within H. melpomene,

there was a significant correlation between linear geo-

graphic distance and mean FST between populations

(Mantel’s r = 0.793, P = 0.001). A partial Mantel test on

all populations of all species with distance and species

dissimilarity as variables was also significant (r = 0.651,

P = 0.003). This indicates increasing gene flow with geo-

graphic proximity both within species and between

H. melpomene and H. cydno/timareta.

Genetic associations with geography vs. taxon

The above results suggest that there is gene flow

between sympatric populations of H. melpomene and

H. cydno/timareta and that between multiple distinct

pairs of these species there may be particular regions of

the genome that consistently act as ‘islands’ of diver-

gence while others flow more freely. To test this further,

we measured the strength of genetic associations with

taxon (H. melpomene or H. cydno/timareta) and with

geography (country) for each RAD locus using AMOVAs

(Fig. 4A, Fig. S5, Supporting information). We found

1297 loci (32%) that were significantly associated with

taxon (at P = 0.01) but not with geography (P > 0.05)

and 231 (5.7%) that were significantly associated with

geography but not taxon. The null expectation at these

significance levels would be 0.95% (39 loci), showing

that more of the genome follows these patterns than

would be expected by chance. Of these 285 passed our

stringent threshold for being more highly associated

with taxon than geography (indicated with stars in

Fig. 4A), suggesting that these regions are maintained

between species. Fifty-three had stronger associations

with geography than taxon, which would be consistent

with these regions being independently shared between

species in different geographic populations, most likely

due to gene flow.

If the loci most strongly associated with taxon are

those under divergent selection, these should also be

loci with high FST in sympatric H. melpomene–H. cydno/

timareta pairs. Of the 21 loci that were outliers in the

FST distribution in all four H. melpomene- H. cydno/tima-

reta/heurippa pairs, all were also found to be signifi-

cantly associated with taxon in the AMOVA analysis and

18 were significantly more highly associated with taxon

than geography (Fig. S5, Supporting information). Of

the 285 loci identified in the AMOVA analysis, all had FST
above 0.4 in at least one of the species pair comparisons

(Fig. S3, Supporting information).

Associations with colour pattern

Regions controlling wing pattern are known to show a

distinct intraspecific phylogeographic history as com-

pared with neutral markers (Hines et al. 2011) and in

some cases have introgressed across species boundaries

(Salazar et al. 2010; The Heliconius Genome Consortium

2012; Pardo-Diaz et al. 2012). To investigate first

whether these patterns are evident in our data, and sec-

ond how much of the genome shares this signal, we

Fig. 3 Distributions of FST values across all RAD loci for all pairs of populations. Two individuals from each population are used, so

FST values are likely to be inflated by up to 0.25 relative to true values.
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tested for genetic associations with colour pattern type

(as given in Fig. 1) for each of the RAD loci. Fourteen

loci (0.3%) were found to be significantly more associ-

ated with colour pattern as compared to taxon or geog-

raphy (Fig. 4B). One of these is within the HmB locus

controlling red colour pattern (Nadeau et al. 2012). Two

loci either side of the yellow colour pattern locus,

HmYb, were also associated (one ~700 kb away and one

~480 kb away). The other 11 loci showing associations

with colour pattern are therefore candidate regions for

having been introgressed between species along with

known wing patterning regions.

We also tested for genetic associations with colour

pattern within only H. melpomene. Only one locus

showed a significant association with colour pattern

that also fit our criteria for showing a stronger associa-

tion with colour than geography, which was in the

HmYb region (Fig. S6A, Supporting information). The

absence of a similar association at the red locus may be

because the ‘postman’ and ‘red band’ phenotypes only

differ in yellow colour pattern elements (controlled by

HmYb). When these phenotypes were combined, giving

only two categories of colour pattern (those with red

hind-wing rays and those with a red forewing band),

15 loci were detected with stronger associations with

colour pattern than geography (Fig. S6B, Supporting

information). These included one at HmB as well as that

previously detected at HmYb.

Discussion

The phylogenetic and phylogeographic history of the

Heliconius melpomene clade has been the subject of consid-

erable interest over the last twenty years, both for under-

standing the origins of wing pattern diversity and the

speciation history of this group. Previous studies have

used mtDNA (Brower 1994) and nuclear phylogenies

(Flanagan et al. 2004; Beltran et al. 2007), or anonymous

nuclear markers (Quek et al. 2010). Several of these have

suggested paraphyly of H. melpomene with respect to He-

liconius cydno, albeit with weak statistical support. Here,

we have used an extensive genomic data set to provide

greater resolution to this question and directly compared

it with these previous phylogenies, demonstrating that

H. melpomene, H. cydno and Heliconius timareta/Heliconius

heurippa form three distinct monophyletic clades. The

data therefore support the separation of H. timareta and

H. cydno as distinct species.

H. heurippa is closely related to H. timareta but forms

a distinct cluster in some analyses. The absence of a

clear genetic contribution from H. melpomene to H. heur-

ippa, for example in the Structure analysis, is consistent
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with previous work showing that H. heurippa does not

have a mosaic hybrid genome (Jiggins et al. 2008;

Salazar et al. 2008). Instead, as demonstrated previously,

introgression from H. melpomene is largely limited to

colour pattern controlling loci, which have led to the

establishment of this taxon as a partially reproductively

isolated form (Salazar et al. 2010). Nonetheless, our data

do call for a reassessment of the origins of H. heurippa.

It now seems probably that this species arose from

hybridization between an H. melpomene and an ancestral

H. timareta population, rather than H. cydno as has been

previously assumed. Further analyses of neighbouring

H. timareta populations from Colombia will be neces-

sary to determine the extent to which H. heurippa is

reproductively isolated from these populations and the

importance of the introgression of colour pattern alleles

from H. melpomene in causing isolation. Combined with

the recent description of H. timareta populations in

Colombia (Giraldo et al. 2008) and Peru (J. Mavarez,

unpublished), this suggests that H. heurippa lies at one

end of a possibly discontinuous, and often cryptic,

chain of H. timareta populations stretching along the

Eastern slopes of the Andes from Peru to Colombia. We

find no evidence for gene flow between H. cydno and

the H. timareta clade. This is consistent with previous

findings that H. heurippa does not readily interbreed

with H. cydno (Mavárez et al. 2006) as these are the only

populations of the two clades that abut geographically.

Genome-wide we find virtually no genetic structure

between parapatric races of the same species, within

either H. melpomene or H. cydno. This is contrary to

another study of the H. cydno cydnides/weymeri hybrid

zone using larger sample sizes but fewer loci, which

found a signal of genetic structure between these races

(C. F. Arias, personal communication). However, it is

consistent with previous studies of H. melpomene hybrid

zones using small numbers of genetic markers, which

have suggested that races differ only at colour pattern

controlling loci (Baxter et al. 2010; Nadeau et al. 2012).

Similar phenotypic clines controlled by single loci have

been found in other systems, for example leaf shape in

morning glory (Campitelli & Stinchcombe This Issue).

Our results suggest that hybrid zones between H. mel-

pomene races are not secondary contact zones between

populations that were once allopatric (Brower 1996b)

and supports the hypothesis that locally selected colour

patterns evolve almost independently of the rest of the

genome (Mallet 2010; Hines et al. 2011). This is also sup-

ported by our finding that only colour pattern loci are

shared between races with the same colour pattern.

Other regions of the genome have not been retained

between races that share colour patterns. We do find

some other genomic regions that distinguish races with

rayed patterns, which suggest some population struc-

ture perhaps due to a more recent expansion of the

rayed forms (Mallet 2010; Quek et al. 2010; Hines et al.

2011). The situation in Heliconius is therefore quite

similar to that seen in stickleback populations adapted

to freshwater, where apparently independent origins of

the same phenotypes have arisen from fixation of the

same alleles (Colosimo et al. 2005; P. A. Hohenlohe et al.

2010). This has profound implications for comparative

studies of phenotypic evolution and suggests that evolu-

tionary biologists need to be cautious when inferring

independent evolutionary origins for convergent

phenotypes.

Consistent with species delimitations, we find partic-

ular genomic regions that are consistently divergent

between H. melpomene/cydno species pairs. When com-

paring different sympatric species pairs of H. melpomene

and H. cydno/timareta, there are strong correlations

between FST values across genomic regions. These cor-

relations may be partially due to shared ancestry lead-

ing to common patterns of divergence and ancestral

polymorphism across the genome. However, when

analysing genetic variation across multiple populations,

we find particular regions that are highly associated

with geographic but not taxonomic differences. This

indicates that the correlations are, at least partially, due

to ongoing gene flow at particular genomic regions in

multiple populations. Therefore, consistent genomic

regions are flowing freely, while others differentiate

H. melpomene from both H. cydno and H. timareta in dif-

ferent localities. This is most likely due to a combina-

tion of their shared evolutionary history and similar

ecology. H. cydno and H. timareta are found primarily at

higher altitudes, are more host generalist and are found

in more closed canopy forest as compared to H. mel-

pomene (Jiggins 2008; Giraldo et al. 2008). Nonetheless,

there are differences, most notably in wing pattern and

perhaps also in pheromonal courtship signals (Giraldo

et al. 2008). Therefore, comparing regions that are con-

sistently divergent across populations to those that are

uniquely divergent in particular populations might pro-

vide a useful means to identify genomic regions that

have recently evolved adaptive differences.

There is considerable interest in the idea that islands

of the genome might diverge during speciation, with

surrounding regions remaining more homogeneous due

to gene flow (Wu 2001; Nosil et al. 2009; Gompert et al.

2012; Stolting et al. This Issue). The H. melpomene/

H. cydno species group is a good system for investigat-

ing this phenomenon, as gene flow between these spe-

cies is known to occur (Bull et al. 2006; Kronforst 2008),

despite their divergence over 1.5 MYA and their ecolog-

ical and morphological distinctness in sympatry. We

find evidence that islands of divergence get larger with

increasing levels of divergence or decreasing gene flow.
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Hitch-hiking regions appear to extend 10–20 kb

between parapatric races and 80–180 kb between sym-

patric sister species. These are smaller than hitch-hiking

regions reported from whitefish (Rogers & Bernatchez

2007; Renaut et al. 2012) and stickleback (Hohenlohe

et al. 2010, 2012) but larger than those reported in

Littorina winkles (Wood et al. 2008). Differences between

study species could be due to obvious differences in

demography, life history and selection, such as the

parthenogenetic reproduction of aphids, which might

act to increase the size of genomic islands through

increased linkage disequilibrium. However, there might

also be differences due to the wide variety of methods

by which hitch-hiking regions are measured. The

method we use was developed by Smadja et al. (2012)

and led to estimation of much smaller hitch-hiking

regions in the pea aphid as compared to previous esti-

mates (Via & West 2008). Our estimates of islands of

divergence in Heliconius may be downwardly biased

because they are based on a genome-wide average,

rather than being focussed solely on divergent regions.

However, Smadja et al. found no significant difference

when considering only regions containing outlier loci.

The advantages of this method are that it does not rely

on detecting outlier or background levels of divergence

or in determining whether linked outliers are due to

hitch-hiking or independent divergent selection (Nosil

& Feder 2012; Via 2012).

The power of high-throughput sequencing of RAD

markers has allowed us to provide answers to many

long-standing questions about the evolution of the

Heliconius butterflies. We have demonstrated ongoing

gene flow between species, which appears to be occur-

ring independently in multiple populations. Together

with the multiple levels of divergence that are present in

this system, this clearly offers great potential for address-

ing questions about the process of divergence with gene

flow. What is now needed is a clear theoretical frame-

work of expectations for genome-wide patterns of diver-

gence under different scenarios of selection and gene

flow (Feder et al. 2012). The Heliconius butterflies would

then be an ideal empirical system in which to test these

hypotheses.
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