
ABSTRACT 

SUPPLE, MEGAN ANN. Phenotypic Evolution across the Heliconius Color Pattern 

Radiation. (Under the direction of Dr. W. Owen McMillan.) 

In nature there exists a tremendous amount of morphological variation, both within 

species and between species.  One key to understanding the origins of this biodiversity is to 

understand how genetic change translates to phenotypic variation.  The extensive diversity 

within species and the striking mimicry between species of Heliconius butterflies makes it an 

exceptional system to study the evolution of adaptive traits.  Here I use natural phenotypic 

variation across the Heliconius speciation continuum to understand the genetic basis and 

evolutionary history of variation in adaptive wing color patterns.   

Using whole genome resequencing data of divergently colored races from hybrid 

zones of H. erato, I identify a 65-kb putative regulatory region modulating expression of the 

gene optix, which controls the spatial distribution of red across the forewings and hindwings 

in Heliconius.  I then analyze hybrid zone genomic data from H. melpomene, a distantly 

related co-mimic of H. erato, and determine that the two species use the same genomic 

architecture to generate their mimetic phenotypes.  Using additional phenotypic and 

phylogenetic sampling across the broader H. erato radiation, I further investigate the 

genomic architecture of this 65-kb region.  I identify three distinct modules within this region 

that are associated with distinct red color pattern elements.  These modules are likely 

enhancers of the gene optix that modulate distinct expression domains across the wing, 

resulting in the red color pattern elements.  Within this modular architecture, I further narrow 

down functional regions and identify candidate transcription factors acting upstream of optix 

that modulate the presence of absence of the hindwing rays.  These candidates show 



differential binding affinities in the rays enhancer region and expression in the hindwings of 

Heliconius, as well as interesting known expression patterns across the Drosophila wing. 

The identification of the functional regions enables the exploration of the 

evolutionary history of the adaptive alleles.  I show that the rayed allele had a single origin 

within each of the mimetic species H. erato and H. melpomene, but it evolved independently 

between the two species.  I demonstrate that the phenotypically recombinant race, H. e. 

amalfreda, evolved through reshuffling of pattern element specific enhancers between the 

traditional postman and rayed phenotypes.  I see the same evidence of enhancer shuffling in 

generating the wing color pattern of H. himera, an incipient species of H. erato. 

I then examine the processes that drive the genomic patterns of divergence that are 

used to identify functional variation.  I demonstrate that peaks of divergence can be driven by 

selection within a population, rather than divergent selection between populations.  This 

result suggests caution when interpreting peaks of divergence.  Additionally, I show that H. 

himera is an incipient species from within the H. erato radiation that evolved due to selection 

on multiple loci, not just due to color pattern divergence.  Combining new genomic 

techniques with extensive natural variation, I provide insights into how genomic changes can 

drive convergent and divergent phenotypes across a classic adaptive radiation.   
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BIOGRAPHY 

 

From the time I learned to ride horses when I was a kid, I spent as much time as 

possible at the barn.  I would ride any horse I could get my hands on—including the unbroke 

and wild ones.  My sister and I rode a pony named Sparkle (aka The Little Witch) who was 

being given away because she had the intelligence and athleticism to dump any rider.  Our 

parents, not being knowledgeable about horses, thought keeping Sparkle was a good idea. 

Sparkle excelled at jumping, bucking, and keeping her rider humble...the kind of pony every 

kid should learn to ride on.  

After growing up in sunny southern California, I headed to the University of 

Michigan for my undergraduate education.  The snow and cold was not as much fun as I had 

envisioned.  Apparently the summers in Michigan shift to the other thermal extreme, but I 

wouldn’t know.  Every summer I took the opportunity to seek adventure elsewhere, including 

the Sierra Nevada Mountains and Yellowstone National Park.  After four years, I graduated 

from with a degree in Aerospace Engineering.  Unlike most rocket scientists, I did not to put 

my degree to work.  Instead I thru-hiked the Appalachian Trail, spending six months walking 

from Georgia to Maine. 

After a stint living in a tent in Alaska, I moved to Washington State to pursue a career 

as a stable hand.  While in Washington, I also worked as an EMT on an ambulance, retrained 

problem horses, and worked at a fecal DNA lab.  I took up foxhunting and I am proud to say 

that, while in pursuit of the fox (or the hare or the dragged scent), I have fallen off horses on 

three different continents.  Due to such accomplishments, I am one of the founders of 
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Hillbilly Farms, a world famous website devoted to our battle against perfection in the 

equestrian world.  In addition to contributing fodder for the website and our blog, The Road 

Apple, I also write the ``Jumping Clinic'' column under the pseudonym George Morris.  

I continued my progression down the latitudes to Raleigh, North Carolina to pursue 

higher education and more horses, opening Ponies on Probation, a branch of Hillbilly Farms.  

I spent my free time volunteering for a local equine rescue organization. I was the proud 

foster mom to a string of naughty ponies who needed to learn to behave themselves before 

anyone will adopt them.  This involved regularly performing involuntary dismounts, lots of 

bruises, and at least one broken bone.  I continued to partake in other outdoor sports as well, 

including rock climbing and canoeing, which is much easier on crutches than backpacking. 

The southerly pull of gravity became too strong and I left North Carolina and moved 

to the humid jungles of Panama.  I live in a small town full of monkeys and sloths, where the 

quiet is most often disturbed by the chatter of parrots and the maddening song of the cicadas.  

I have taken up extreme running—not extreme because of the distance or speed, but rather 

because of the hazards.  In my single most dangerous week, I had close encounters with a 

crocodile, the poisonous fer-de-lance, and the notorious Gamboa unicorn.  I now wander the 

jungles with a butterfly net in search of the elusive chupacabra. 
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Abstract 

Identifying the mechanisms that generate phenotypic variation is key to understanding the 

origins of biodiversity.  Cis-regulatory evolution has been proposed as a main driver of the 

tremendous amount of phenotypic variation found in nature.  The extensive diversity of wing 

color patterns across the adaptive radiation of Heliconius butterflies provides a natural 

laboratory to explore the origins of novel phenotypes.  Using whole genome sequencing 

across the spectrum of natural variation in Heliconius, we identify putative modular enhancer 

regions controlling red color pattern variation.  Each of these enhancers drives the expression 

of the gene optix in a spatially specific pattern across the wing.  Within the enhancer 

controlling the presence or absence of hindwing rays, we use a combination of population 

genomic and transcription factor binding analyses to identify candidate transcription factors.  

These candidates regulate optix by binding to the enhancer region, with differential binding 

driving phenotypic diversity.  We further demonstrate that novel phenotypes evolved through 

the shuffling of these enhancer regions.  Our results suggest that cis-regulatory evolution has 

played a key role in generating the diversity of wing color patterns in Heliconius. 

 

Introduction 

Phenotypic variation abounds in nature, yet we still know little about the mechanisms by 

which this extraordinary diversity arises and proliferates.  Among the evolutionary processes 

that can generate phenotypic variation, there is a growing body of evidence that 

morphological diversity is often associated with changes in gene expression, particularly 
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through modifications of enhancers in cis-regulatory regions (Carroll 2000, 2008; Wray 

2007; Wittkopp and Kalay 2012).  Enhancers consist of non-coding DNA, including 

transcription factor binding sites, that act to coordinate the fine scale temporal and spatial 

regulation of genes.  A single gene can have multiple enhancers that each control the 

transcription of the gene in a different tissue or during a different developmental stage.  New 

enhancers with novel expression domains, and hence novel functions, can evolve without 

affecting existing expression patterns.  This modularity in gene regulation can minimize 

negative downstream pleiotropic effects (see Blackwood and Kadonaga 1998; Carroll 2000; 

Wittkopp and Kalay 2012 for reviews). 

Despite the compelling logic, we actually know relatively little about how changes in 

regulatory regions drive morphological variation.  There are just a handful of studies, mostly 

in Drosophila and other model organisms, which have started to pinpoint the molecular 

changes in enhancers that underlie morphological variation.  The potentially modular nature 

of cis-regulation has been demonstrated in studies of melanism in Drosophila.  Reporter 

assays have revealed an array of cis-regulatory elements of pigmentation genes that drive 

gene expression in different regions of the body and enable species-specific patterns of 

pigmentation (Gompel et al. 2005; Rebeiz et al. 2009; Kalay and Wittkopp 2010).  The 

modularity of these enhancers was elegantly demonstrated for the ebony gene, where 

functional substitutions in an abdominal specific module did not result in changes in gene 

expression in other spatial domains (Rebeiz et al. 2009).   

These early studies are also uniting the theoretical prediction that evolution proceeds 

by many, small effect changes with the empirical evidence suggesting fewer, large effect 
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changes (Orr 2005).  Evidence is emerging that you can essentially assemble a large effect 

allele from multiple small effect mutations.  This aggregation has been demonstrated in loci 

regulating cuticle pigmentation and trichome variation in Drosophlia (Rebeiz et al. 2009; 

Bickel et al. 2011; Frankel et al. 2011) and coat color in mice (Linnen et al. 2013).  Overall, 

these studies are providing the crucial insights into how enhancer evolution can generate 

phenotypic diversity.  The universality of such cis-regulatory modules as critical material for 

phenotypic evolution, however, awaits the further dissection of the genetic basis of 

phenotypic variation across a diverse set of systems. 

Here we explore the evolution of novel phenotypic variation in Heliconius, a group of 

Neotropical butterflies renowned for their extraordinary diversity of wing color patterns 

(Turner 1975).  Specifically, we assess the modularity of the evolution of red pattern 

elements within the H. erato radiation.  The extensive geographic range of H. erato is 

composed of a mosaic of over 25 different color pattern races.  Many of these races differ 

with respect to three distinct red color pattern elements on the forewing and hindwing 

(Sheppard et al. 1985).  Previous mapping and expression studies showed that a single gene, 

the transcription factor optix, controls red pattern variation in H. erato and its distantly 

related co-mimic, H. melpomene (Reed et al. 2011).  Its differential expression and the 

conserved amino acid sequence of optix across the genus lead to the hypothesis that it is 

regulation of optix expression that ultimately drives variation in red phenotypic elements 

(Hines et al. 2011; Reed et al. 2011).   

More recent population genomic analyses have narrowed the location of this cis-

regulatory region to a 65-kb genomic region about 100-kb down stream of optix.  This region 
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shows both strong genotype by phenotype association and high genomic divergence between 

divergent red phenotypes (Supple et al. 2013).  We believe that this 65-kb region harbors key 

cis-regulatory elements that drive variation in the spatial expression patterns of optix across 

the wing surface.  Our proposed model for how optix might regulate color pattern variation is 

one where different cis-regulatory elements of optix read the inputs of various aspects of a 

conserved pre-pattern laid down during wing development (Figure 1).  The pre-pattern, often 

called the nymphalid groundplan, is a set of conserved wing development elements that occur 

in spatially specific regions of the wing (Nijhout 2001).  Butterflies can build their diverse 

wing color patterns using this pre-pattern when pigmentation genes acquire the ability to 

respond to these elements.  We hypothesize that optix has acquired novel binding sites for a 

select group of these elements, resulting in a spatially specific pattern of optix across the 

wing.  optix then coordinates the expression of other downstream scale-cell maturation and 

pigment pathways.  In this respect, optix acts as a classic “input-output” gene (see Stern and 

Orgogozo 2009). 

We leverage whole genome sequence data from across the spectrum of natural 

phenotypic variants in the H. erato color pattern radiation and closely related species to 

define the functional regions driving differences in the spatial expression of optix and to 

explore the evolutionary histories of the adaptive alleles.  We compare individuals of rayed 

or postman phenotypes across multiple hybrid zones examined in previous studies (Supple et 

al. 2013, in prep) and to this we add additional phenotypic sampling, including individuals 

from races and species that are phenotypic recombinants of the two major color patterns 

(Figure 2).  This phenotypic sampling enables us to identify distinct enhancers in the 65-kb 
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regulatory region that likely drive variation of each phenotypic element.  Within the putative 

enhancer controlling hindwing rays, we combine population genomic analyses, transcription 

factor binding site prediction, and gene expression profiles to generate strong candidates for 

upstream regulation of optix.  Finally, we show how novel phenotypic variation can be 

created by shuffling existing enhancer alleles.  Collectively our results highlight how rapid 

phenotypic variation can be driven by modification and shuffling of multiple enhancers of a 

single gene. 

 

 

Methods 

Sampling and sequencing 

We examined sequence variation of 19 taxa (n=69) across the broader Heliconius 

erato/sara/sapho clade, representing both convergent and divergent phenotypes (Figure 2).  

We used previously published data for 12 taxa (n=58) (Supple et al. 2013, in prep) and we 

collected and sequenced 7 new taxa (n=11) (Table 1).  Our overall dataset consisted of 

multiple races of H. erato, representing the traditional postman phenotype (6 races, n=32) 

and the traditional rayed phenotype (4 races, n=18).  We added distantly related species 

within the clade with the traditional postman phenotype (1 species, n=2) and the traditional 

rayed phenotype (1 species, n=1).  We sampled H. e. amalfreda (n=5), which like the rayed 

phenotype has a red patch in the basal part of the forewing and a yellow forewing band, but 

like the postman phenotype lacks red hindwing rays.  We sampled, an incipient species from 

the H. erato radiation, H. himera (n=5), which like the rayed phenotype has red on the 
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hindwing, but like the postman phenotype lacks red in proximal part of the forewing.  We 

also sampled additional species with color patterns similar to H. himera (3 races, n=4).  

Finally, we sampled distantly related species within the clade with a yellow forewing band 

and no red color elements (2 species, n=2).  Samples were sequenced to at least 30x coverage 

using whole genome sequencing of 100-bp paired end sequencing reads on an Illumina 

HiSeq platform and genotyped as described in Supple et al. (2013).  

 

Identifying modular enhancers 

We performed multiple population genomic comparisons to begin to localize functionally 

important regions within the 65-kb block of strong divergence between postman and rayed H. 

erato races.  We examined genotype by phenotype association of sequences derived from 

alignment to a partial reference sequence as described in Supple et al. (2013).  Briefly, this 

involved aligning sequencing reads to a partial genomic reference sequence using BWA (Li 

and Durbin 2009) with relaxed mapping parameters and calling genotypes with GATK 

(McKenna et al. 2010).  We calculated a per position genotype by phenotype association 

using a two-tailed Fisher’s exact test based on allele counts and identified SNPs showing 

perfect genotype by phenotype association.  We filtered out positions if less than 75% of 

individuals were genotyped for each phenotype.  We identified putative enhancer regions by 

looking for regions of high genotype by phenotype association, including the presence of 

perfectly associated SNPs.  To ensure we kept potentially important flanking sequences, 

these regions were extended on either side to include the next called SNP that was identified 

as fixed in the initial analysis of H. erato hybrid zones (Supple et al. 2013). 
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We identified the functional region modulating the presence of hindwing rays by 

examining association between three races of H. erato from neighboring populations:  H. e. 

hydara (postman), H. e. erato (rayed), and H. e. amalfreda (recombinant).  H. e. amalfreda 

has a yellow forewing band and red dennis patch that is characteristic of the rayed phenotype, 

but similar to the postman phenotype it lacks the hindwing rays.  We examined genotype by 

phenotype association of rayed samples (n=6) versus non-rayed samples (n=12).  

Additionally, to identify a narrower, high priority region within this area, we examined 

genotype by phenotype association across the broader erato/sara/sapho clade (nray=19, 

nnoHWred=41). 

Similarily, we identified the functional region modulating the presence or absence of 

the red forewing basal “dennis” patch by examining association across the erato clade.  In 

addition to the classic postman (no dennis patch) and rayed (dennis patch) in H. erato, this 

extended sampling included 3 species, including H. himera, that have a yellow forewing 

band, a red hindwing bar, but lack the dennis patch.  We examined genotype by phenotype 

association between dennis samples (n=23) and non-dennis samples (n=42).  We did an 

additional association analysis across the broader erato/sara/sapho clade (ndennis=24, nno-

dennis=45). 

  Finally, we localized the functional region modulating the color of the forewing 

band by extending our analysis across the erato/sara/sapho clade.  This extended sampling 

includes additional species that have a yellow forewing band and no red color elements.  The 

yellow forewing band appears to be the ancestral phenotype and it is shared with the 
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otherwise derived rayed phenotype.  We examined genotype by phenotype association 

between the yellow forewing band (n=35) and the red forewing band (n=34). 

 

Identifying functional regions in the rays enhancer 

To more finely dissect functional regions within the putative rays enhancer, we examined 

variation across the enhancer region in five races.  Two races are postman phenotypes (H. e. 

hydara from French Guiana and H. e. favorinus from Peru), two races are rayed phenotypes 

(H. e. erato from French Guiana and H. e. emma from Peru), and the fifth race is a 

recombinant phenotype (H. e. amalfreda from Suriname) that has two of the rayed 

phenotypic elements, but lacks the hindwing rays.  Genomic regions where H. e. amalfreda 

alleles are similar to the other non-rayed races and divergent from the rayed races are 

candidate regions controlling the hindwing rays. 

The high level of variation between races of H. erato, in particular insertions and 

deletions, results in substantial missing data when aligning sequencing reads to our H. e. 

petiverana reference sequence from Panama.  To improve sequence coverage within the 

putative rays enhancer region, we generated race-specific reference sequences by tiling PCR 

sequences for a single individual of each race across the region of interest.  The race-specific 

references were aligned to each other, as well as the H. e. petiverana genomic reference for 

that region.  Completely ambiguous positions (Ns) in each race-specific reference were filled 

in with the consensus sequence from all of the race-specific references.  Each race-specific 

reference was exported as two fasta files, one including gap positions and one excluding 
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gaps.  The non-N IUPAC ambiguous base codes in the references were replaced with a 

random representative base using a custom PERL script.   

To capture within race nucleotide variation, we aligned the whole genome sequencing 

reads for each race to its ungapped race-specific reference using BWA v0.5.9-r16 (Li and 

Durbin 2009) with relaxed mapping parameters.  We disabled insert size estimation and 

Smith-Waterman alignment due to the short reference length with multiple repetitive regions 

present.  We called genotypes on each race as described in Supple et al. (2013).  We used a 

custom PERL script to generate an aligned, multi-sample fasta file from the vcf of genotype 

calls.  The fasta entries for each race were then aligned to each other by aligning to the race-

specific gapped reference sequence using ClustalW v2.1 (Larkin et al. 2007).  Examining all 

the races combined, we assessed genotype by phenotype association, as described above and 

including gaps as a called genotype. 

Using both the association analyses and manual examination of aligned genotype 

calls, we identified regions potentially modulating phenotypic variation.  Candidate regions 

were areas where genotypic variation (SNPs, insertions, and deletions) sorted by phenotype.  

Regions with substantial amounts of variation between races that did not sort by phenotype 

were ruled out.  Given the large number of insertions in postman races, we only considered 

large regions with high conservation across all postman phenotypes.  We considered all 

insertions, large and small, consistent across the rayed races. 

For each region identified, we predicted transcription factor binding sites for each 

phenotype.  Two methods were used to predict binding sites, both using the JASPAR CORE-

insecta matrix profiles for DNA-binding sites (Mathelier et al. 2013).  The first method used 
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the JASPAR server with default setting, except a relative profile score threshold of 95% 

(Mathelier et al. 2013).  The second method used the RSAT server (van Helden 2003; 

Turatsinze et al. 2008).  A background model was generated using RSAT’s oligo-analysis of 

the entire 65kb peak region, with a markov order of 5.  RSAT’s matrix-scan was run using 

this background model and filtering for p-values less than 3e-3 and scores greater than 4.  

From each analysis, we generated a list of transcription factors that showed differential 

binding between the two phenotypes.  To reduce the high rate of false positives in the 

prediction of transcription factor binding sites, we only considered transcription factors that 

were identified in both analyses.  We then manually compared candidate binding sites to the 

JASPAR matrix to ensure that high conservation sites from the matrix were present in the 

candidate site.  From this we generated a list of candidate transcription factors that are 

potentially involved in phenotypic variation. 

For each candidate transcription factor, the protein sequence was downloaded from 

NCBI’s GenBank.  To determine if these transcription factors were expressed on the H. erato 

wing, these protein sequences were blasted, using tblastn, to two H. erato transcriptome 

databases.  One transcriptome was assembled from Sanger/454 data (Papanicolaou et al. 

2009) and one was assembled from existing RNA-seq reads from whole hindwings (Supple 

et al., 2013, assembly unpublished).  We determined possible functions and expression 

patterns across Heliconius wings based on known functions and patterns in Drosophila. 

For the four main candidate transcription factors identified using the methods above 

(ct, Deaf1, vvl, ara), we examined the distribution of binding sites across the rayed module 

for four races—two postman and two rayed.  We excluded H. e. favorinus from this analysis 



 

84 

 

due to excessive missing data across the PCR reference sequence.  For each race, we used 

Geneious v7.1.3 (Biomatters 2014) to generate a strict consensus sequence (only ATCGN) 

from the original PCR sequence and the sequences for each sample generated from the 

alignment of the raw sequencing reads.  We generated predicted binding sites using RSAT 

with a p-value cutoff of 3e-3 and estimated the background model from the input sequence, 

except for binding sites of less than six basepairs we used the background model described 

above.  We also generated predictions from the JASPAR server with a relative profile score 

threshold of 95%.  We retained predicted binding sites that were present in both analyses.  

For each retained binding site, we determined how it associated with phenotype, in particular 

if it was present in both rayed races and no postman race, present in both postman races and 

no rayed races, or present in all four races.  

We also examined regions enriched for predicted binding sites of the primary 

candidate transcription factors.  We used RSAT’s cis-regulatory element enriched regions 

analysis for each candidate separately.  We estimated the background model from the input 

sequence, except for binding sites of less than six basepairs we used the background model 

described above.  We used a site p-value=3e-3, region size=100-1000, significance=1, and a 

region p-value=0.05.  For overlapping predictions, we choose the prediction with the lowest 

p-value.  We identified enriched regions present in all races and perfectly associated with 

phenotype. 
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Phylogenetic analyses 

We used phylogenetic analyses to examine the history of H. e. amalfreda and H. himera 

relative to the larger H. erato radiation.  First, we examined where H. e. amalfreda and H. 

himera fell within the H. erato radiation across the 65-kb regulatory region by generating 

non-overlapping neighbor joining trees for 5-kb windows from all 19 taxa (n=69) using 

PAUP* (Swofford 2002).  We then used a reduced dataset to test the log likelihood of the 

data under alternative trees.  Each tree had four H. erato races (hydara, erato, favorinus, 

emma) plus the race or species of interest.  The five taxa were assumed to be monophyletic 

and all samples within the five race/species were unresolved relative to each other.  For each 

comparison, the two trees only differed in their placement of the taxon of interest.  For H. e. 

amalfreda, we tested whether it clustered with the rayed or the non-rayed samples.  For H. 

himera, we tested whether it clustered with the dennis or the non-dennis samples.  In both 

cases, we selected a nucleotide substitution model and estimated model parameters for the 

65-kb region as a whole using a hierarchical likelihood ratio test implemented in PAUP* v4 

(Swofford 2002) and MrModeltest v2 (Nylander 2004).  We examined sliding windows 

across the region, with 5-kb windows and 1-kb slide.  For each window, we used PAUP* 

LScores to determine the negative log likelihood of the data under each of the two hypothesis 

trees. 
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Results 

Identifying modular enhancers 

Our entire genomic dataset consisted of 69 individuals representing 9 species, including 11 

different geographic races of H. erato (Figure 2).  Through examination of the genotype by 

phenotype association based on the alignments of resequencing data to the H. erato 

petiverana BAC reference, we identified regions with genetic associations that suggested that 

they contain the functional regions modulating the three color pattern elements (Figure 3).   

For the rayed region, we analyzed three parapatric races (n=18), which are known to 

hybridize in nature, and identified just 12 SNPs that were perfectly associated with the 

presence or absence of the hindwing rays.  Of these 12 sites, 11 are within a single 12-kb 

region (Figure 3A) and the remaining site was located just downstream of the gene optix.  

Additionally, two of these SNPs that are 4 bp apart remained perfectly associated when the 

analysis was extended to include all taxa across the broader radiation. 

For the dennis region, analysis of 15 taxa, including H. erato and H. himera, 

identified 10 SNPs perfectly associated with the presence or absence of the forewing dennis 

patch (Figure 3B).  Of these 10 SNPs, 7 are located in a 7-kb region.  The other 3 are within 

the broader 65-kb regulatory region.  Based on these additional SNPs we have highlighted 

two additional regions for further examination.  The first additional region is 3.5-kb and 

surrounds the first SNP outside of the 7-kb core region.  It is the only SNP that remained 

perfectly associated across the broader radiation.  The second region is 1-kb and surrounds 

the second SNP outside the core region.  The third SNP outside the core region was 
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discarded because the association is largely being driven by a general postman versus rayed 

comparison due to too much missing data in the most informative races. 

For the forewing color region, we examined 19 taxa across the broader Heliconius 

erato/sara/sapho clade.  The association identified 4 SNPs in a 5-kb region perfectly 

associated with the color of the forewing band (Figure 3C). Three of these SNPs clustered in 

in a 34-bp window. 

 

Identifying functional regions within the rays enhancer 

We examined variation across the 12-kb region associated with the presence of hindwing 

rays by aligning the resequencing reads to the race specific references we generated though a 

series of tiled PCR reactions.  Across this region, we identified 3 regions with good sequence 

across all five races with SNP variation sorting by phenotype and predicted differential 

binding affinities between the phenotypes.  We identified 2 regions with fixed deletions in 

the rayed races, relative to the postman races, that showed consistent binding sites across the 

postman races.  We identified 3 insertions in the rayed races that showed consistent binding 

sites across the rayed races (Figure 4, top).   

From these regions, 19 candidate transcription factors were identified (Table 2).  Of 

these, 5 primary candidates were identified based on the higher quality of the binding sites 

and segregating genomic variation (Figure S1).  One of these candidates was eliminated 

because it was not present in either H. erato transcriptome database and it has no known 

function in Drosophila.  The remaining 4 candidates are all expressed in the hindwing of H. 

erato and are known to function in wing development in Drosophila.  The candidate 
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transcription factors are cut (ct), Deformed epidermal autoregulatory factor 1 (Deaf1), 

ventral veins lacking (vvl), and araucan (ara) (Figure S1). 

We examined the distribution of binding sites for the candidate transcription factors 

(Figure 4, bottom).  Three candidates (vvl, ara, Deaf1) had regions with a significantly larger 

than expected number of binding sites (cis-regulatory enriched regions, CRERs) that 

segregated with phenotype.  The fourth candidate (ct) had a region of enrichment that was 

present in both phenotypes, but a nearby binding site showed differential binding affinity 

between the two phenotypes and contained a perfectly associated SNP. 

 

Evolutionary history of recombinant phenotypes 

We examined phylogenetic trees across the 65-kb regulatory region to understand the 

evolutionary history of H. e. amalfreda, which has a phenotype that has color pattern 

elements from both the traditional postman and rayed phenotypes.  These analyses reveal that 

across most of the regulatory region, H. e. amalfreda is more closely related to the rayed 

races than to the postman races (Figure 5).  There is a single region where H. e. amalfreda is 

more closely related to the postman races.  This region is about 10-15-kb and corresponds to 

the ray enhancer region we have identified.  The neighbor joining 5-kb trees show H. e. 

amalfreda clustering with the rayed races, except for two adjoining 5-kb windows where H. 

e. amalfreda switches to cluster with the postman races.  The likelihood analysis favors H. e. 

amalfreda clustering with the rayed across most of the region, except a 16-kb region, where 

the alternative tree, with H. e. amalfreda clustering with the postman, is favored (Figure 5).  
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This suggests that H. e. amalfreda’s recombinant phenotype is a result of genomic 

recombination between postman and rayed alleles. 

 Phylogenetic analyses involving the recombinant phenotype H. himera show that H. 

himera is associated with the rayed taxa across much of the regulatory region (Figure 6).  

There is one primary region where H. himera clusters with the postman races.  This region 

corresponds to our primary dennis enhancer region predicted from genotype by phenotype 

association.  Both H. himera and the postman phenotypes lack the dennis patch, therefore 

this adds additional support to our identification of the dennis enhancer region.  There were 

two additional dennis regions we identified through our population genomic analyses, each 

region based on a single perfectly associated SNP.  This phylogenetic analysis show that H. 

himera is more associated with the rayed phenotype in these regions, making these regions 

less likely candidates for the dennis enhancer (Figure 6). 

 

  

Discussion 

Leveraging natural phenotypic variation for functional identification 

Using naturally occurring phenotypic variation, we were able to narrow down the functional 

genomic regions that modulate phenotypic variation.  Previously, using two major 

phenotypic classes within H. erato, we identified a 65-kb regulatory region.  Here, using 

additional phenotypic variation, including recombinant phenotypes across the broader H. 

erato radiation, we further characterized functional variation within the regulatory region.  

We identified putative enhancer regions modulating three distinct phenotypic elements, as 
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well as identifying potentially functional transcription factor binding sites with differential 

predicted binding affinities that is associated with phenotypic variation.  The ability to 

identify functional genomic variation, particularly in non-coding regulatory regions, from 

naturally occurring variation is key to promoting the continued transition to adaptive 

genomics in non-model organisms.  Until recently, these types of studies were restricted to 

classic model organisms with extensive genomic resources.  We can now begin to understand 

the complex connection between genotype and phenotype in a vast array of traits and 

organisms. 

 

Candidate pre-patterning genes 

We identified five primary candidate transcription factors that likely produce a pre-pattern 

across the wing that interacts with optix, resulting in a complex spatial pattern of red across 

the wing.  These candidates were selected based on genomic analyses showing binding sites 

with phenotypically differential binding affinities that were in genomic regions with variation 

that perfectly associates with phenotype.  These analyses were completely independent of 

functional and expression data, but a number of additional factors add support to the selected 

candidates.   

Four of the top five candidates modulating the presence of hindwing rays are known 

to be expressed in Heliconius hindwings (Wallbank et al. in prep; Papanicolaou et al. 2009; 

Hines et al. 2012; Supple et al. 2013).  Three have expression patterns in Drosophila wings 

that make them excellent candidates for generating hindwing rays.  The H. erato hindwing 

rays occur between wing veins and do not extend to the wing margin.  The candidates 
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araucan (ara) and ventral veins lacking (vvl) are expressed along wing veins and provide 

positional information for developing wing veins (de Celis et al. 1995; Gómez-Skarmeta et 

al. 1996; de Celis 2003). The candidate cut (ct) is expressed at the wing margins.  The spatial 

expression of Deaf-1 across the pupal wing is unknown, but its overexpression in imaginal 

discs can disrupt eye and wing development (Veraksa et al. 2002). 

In addition to expression patterns, the four top genes are known to interact directly 

with genes that interact with optix (de Celis et al. 1995; Gómez-Skarmeta and Modolell 

1996; Gross and McGinnis 1996; Wang and Sun 2012).  optix is the gene at the center of red 

color pattern variation across Heliconius, yet even in Drosophila relatively little is known 

about its function and interactions.  A handful of genes have been identified as interacting 

with optix in Drosophila, making them, and the genes that interact with them, excellent 

candidates for our upstream genes.  Of particular interest is ct because it plays a crucial role 

in determination of cells fated to become the eye, which is the same developmental pathway 

that that optix is known to be a part of (Wang and Sun 2012).  The genomic analysis, together 

with known functions and patterns of expression, make these strong candidate pre-patterning 

genes for determining the spatial variation of red across the wings of Heliconius. 

 

The genomic architecture of cis-regulation 

Cis-regulatory variation has the ability to modulate fine scale gene expression in space and 

time, providing a powerful mechanism for generating phenotypic variation.  In particular, the 

ability of distinct enhancer elements to control expression in different domains enables a 

wide array of variation, even with a limited toolkit of genes.  The wing color patterns of 
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Heliconius butterflies are made up of a number of distinct color pattern elements.  Variation 

in red color pattern in H. erato is comprised of three elements, which are all controlled by 

variation in a 65-kb regulatory region modulating the expression of a single gene, optix 

(Reed et al. 2011; Supple et al. 2013).  Using natural phenotypic variation we have identified 

three distinct regions of the 65-kb regulatory region, each controlling a different color pattern 

element.  As new genomic techniques are enabling fine scale dissection of functional 

variation, this modularity of cis-regulation is emerging as a major theme enabling phenotypic 

variation.   

 In addition to modularity, another key aspect of the architecture of cis-regulation that 

is emerging is that large effect loci can often be broken down into multiple, small effect 

changes.  This is enabling resolution between conflicting results—the theoretical results, 

which show evolution proceeds by many small effect changes, and the empirical results, 

which suggests that fewer large effect changes are the norm.  We show that the major shift in 

red color pattern is controlled by a single locus that can be broken down into distinct 

enhancer regions, each controlling one element of red color pattern.  Further, the size of the 

identified region and the fact that we identified multiple candidate regions within the 

enhancer suggest that the enhancer itself is composed of multiple changes, each potentially 

having a small effect on phenotype. 

 

Evolution of novel phenotypes through enhancer shuffling 

The regulatory regions we have identified are made up of multiple changes held together to 

create single alleles of major effect.  We have no evidence that genomic inversions are 
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maintaining the cohesion of the alleles, as has been shown in other major effect alleles 

controlling wing color patterns in butterflies (Joron et al. 2011; Kunte et al. 2014).  Rather, it 

seems that strong selection acting on the allele as a whole, through the resulting phenotype, is 

causing multiple changes to aggregate into a single, large effect allele.   

 This regulatory architecture consisting of modular enhancers held together by 

selection has the potential to promote rapid phenotypic evolution through the shuffling of 

these enhancers in the event that selection is relaxed.  Our phylogenetic analyses suggest that 

enhancer shuffling has generated novel phenotypes in Heliconius.  We show that two taxa 

that are a phenotypic recombinants between the traditional postman and rayed phenotypes are 

in fact genotypic recombinants.  Each taxa generated its novel phenotype using an assortment 

of enhancers from the divergent postman and rayed taxa.  Overall, our study suggests that the 

genetic architecture of cis-regulation enables rapid phenotypic evolution. 
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Figures 

 

Figure 1:  The modular enhancer hypothesis 

The black and white background figure is previous divergence and association analysis 

(Supple et al. 2013) that identified a putative 65-kb regulatory region of the gene optix, 

which is shown in the gene annotation at the bottom.  The colored bars represent hypothetical 

regulatory regions controlling spatially specific red color pattern variation, shown in the 

same color on the inset butterfly wing. 
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Figure 2:  Taxon sampling 

The tree representing phylogenetic and phenotypic sampling used to identify modular 

enhancers that control distinct red color pattern elements.   
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Figure 3:  Modular enhancers for distinct color pattern elements 

Genotype by phenotype association was used to identify putative enhancer regions for each 

phenotypic element—presence or absence of hindwing rays (A), presence or absence of basal 

dennis patch (B), and the color of the forewing band (C).  The colored boxes highlight the 

identified regions.  Dots represent genotype by phenotype calculated for biallelic SNPs using 

a Fisher’s exact test, with colored dots representing sites perfectly associated with phenotype.  

Colored dots surrounded by circles in panels (A) and (B) indicate sites that are perfectly 

associated across the broader H. erato radiation.   
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Figure 4: Features of the ray enhancer region 

The top panel shows genotype by phenotype association (grey dots) based on alignment to 

the PCR generated reference sequences across the ray enhancer region, with perfectly 

associated SNPs indicated (black dots).  The genomic structure is indicated with color boxes 

highlighting regions of high sequence conservation (green), phenotypic specific 

insertions/deletions (purple, blue), as well as major insertions in the H. erato petiverana 

reference sequence that results in the appearance of missing data in other races.  The bottom 

panel shows predicted binding sites (hash marks) and cis-regulatory enhanced regions 

(CRER; shaded boxes) for the four candidate transcription factors.  These elements are 

shown when they are present in both rayed races only, in all four races, or in both non-rayed 

races only.  CRERs with no associated binding site indicated are due to the more stringent 

filtering during the site analysis than the CRER analysis.  
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Figure 5:  Evolutionary history of H. e. amalfreda, a recombinant phenotype 

The recombinant phenotype of H. e. amalfreda is the result of a recombinant genotype across 

the region regulating red color variation.  The curve shows the difference in negative log 

likelihoods of the data under two alternative trees (inset).  Regions where the curve is 

negative indicate where H. e. amalfreda clusters with the rayed phenotypes (left tree), while 

positive regions indicate where H. e. amalfreda clusters with the postman phenotypes (right 

tree).  The grey shaded box highlights the putative ray enhancer region identified by 

genotype by phenotype association (Figure 3A).  The colored bars at the bottom show where 

the non-overlapping, 5-kb neighbor joining trees clustered H. e. amalfreda with the rayed 

races (red) or postman races (blue). 

 



 

104 

 

 

Figure 6:  Evolutionary history of H. himera, a recombinant phenotype 

The phenotype of H. himera contains elements of both the postman and the rayed 

phenotypes.  The curve shows the difference in negative log likelihoods of the data under two 

alternative trees (inset).  Regions where the curve is negative indicate where H. himera 

clusters with the rayed phenotypes (bottom tree), while positive regions indicate where H. 

himera clusters with the postman phenotypes (top tree).  The grey shaded boxes highlight the 

putative dennis enhancer region identified by genotype by phenotype association (Figure 

3B).   
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Figure S1:  Binding sites for candidate transcription factors 

Examples of high quality differential binding sites for the four top candidates (ct, Deaf1, vvl, 

ara).  The transcription factor abbreviation is noted at the top left and the position within the 

rayed enhancer is noted at the top right.  Sequences are shown for five races.  Boxes indicate 

good binding sequences and the sequence logo for the candidate from JASPAR. 
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Table 1:  Taxon Sampling  
 

      phenotype     

species race fw band color dennis  hindwing rays sample size reference 

H. erato amalfreda yellow yes no 5 new 

  venustus yellow yes  yes 1 new 

  hydara (FG) red no no 7 Supple et al. 2013 

  erato yellow yes  yes 6 Supple et al. 2013 

  favorinus red no no 8 Supple et al. 2013 

  emma yellow yes  yes 6 Supple et al. 2013 

  notabilis red no no 5 Supple et al. 2013 

  lativitta yellow yes  yes 5 Supple et al. 2013 

  petiverana red no no 5 Supple et al. 2013 

  hydara (PAN) red no no 3 Supple et al. 2013 

  cyrbia red no no 4 Supple et al. in prep 

H. himera - yellow no no 5 Supple et al. in prep 

H. clysonymus - yellow no no 2 Supple et al. in prep 

H. telesiphe - red no no 2 Supple et al. in prep 

H. hortense - yellow no no 1 new 

H. sara - yellow no no 1 new 

H. demeter - yellow yes  yes 1 new 

H. ricini - yellow no no 1 new 

H. chaithonia - yellow no no 1 new 
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Table 2:  Candidate transcription factors 

transcription factor symbol 

expressed in 
Heliconoius 
wing? genbank accession 

cut ct yes gi|123334|sp|P10180.1 

Deformed epidermal autoregulatory factor 1 Deaf1 yes gi|22256750|sp|Q24180.1 

Ventral veins lacking vvl yes gi|27735164|sp|P16241.5 

araucan ara yes gi|19863700|sp|Q24248.2 

CG4328 CG4328 no gi|75027533|sp|Q9VTW3 

BarH1 B-H1 yes gi|33112231|sp|Q24255.2 

BarH2 B-H2 yes gi|33112232|sp|Q24256.3 

onecut onecut yes gi|13632097|sp|Q9NJB5.2 

caupolican caup yes gi|19860750|sp|P54269.2 

putative homeodomain protein PHDP yes gi|17986113|ref|NP_523834.1 

abdominal-B Abd-B no gi|1708231|sp|P09087.3 

CG42234 CG42234 no gi|74871980|sp|Q9W064 

H2.0 H2.0 no gi|66774180|sp|P10035.2 

C15 C15 no gi|74876548|sp|Q7KS72 

bicoid bcd no gi|47117827|sp|P09081.3 

goosecoid Gsc no gi|1708053|sp|P54366.1 

Pituitary homeobox homolog Ptx1 no gi|38258871|sp|O18400.2 

ocelliless/orthodenticle oc no gi|226693532|sp|P22810.2 

CG7056 CG7056 no  gi|74947796|sp|Q9VDF0 
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Abstract 

A key to understanding the origins of species is determining the evolutionary processes that 

drive the patterns of genomic divergence during speciation.  Using whole genome 

sequencing, we examine patterns of divergence between parapatric and allopatric populations 

of Heliconius butterflies with varying levels of reproductive isolation.  We examine these 

patterns around a locus responsible for a major phenotypic switch in red wing color patterns.  

This genomic region is known to be under divergent selection and to drive reproductive 

isolation through assortative mating.  As predicted, we find that genomic divergence 

increases with the degree of reproductive isolation.  However, we observed unexpectedly 

high levels of genomic divergence between the incipient species H. erato and H. himera, 

given that reproductive isolation is incomplete and hybridization is common.  This 

divergence between the incipient species is substantially higher than levels of divergence 

between parapatric hybridizing races and between allopatric races.  This result indicates that 

reduced gene flow and selection on color pattern alone cannot explain the high levels of 

divergence between the incipient species.   Rather, our results suggest that selection on 

multiple loci drives genome-wide divergence to accumulate early during speciation with 

gene flow. 

 

Introduction 

The ability to study high-resolution genomic patterns of divergence in natural populations 

has catalyzed a fundamental shift in our understanding of the origins of species.  Historically, 
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speciation research considered geographic isolation (allopatry) as the main barrier that 

allowed populations to diverge and reproductive incompatibilities to evolve.  However, more 

recent theoretical and empirical studies have demonstrated that natural selection can be an 

important driver of divergence and reproductive isolation, even when populations overlap 

geographically (parapatry or sympatry) (see Nosil 2012 for a review).  As a result, there has 

been a shift towards understanding how populations diverge as reproductive isolation 

increases, but gene flow continues to occur (Harrison 2012).  Genome scans between 

incompletely reproductively isolated populations and species have revealed that patterns of 

divergence can be highly heterogeneous across the genome (Lawniczak et al. 2010; Ellegren 

et al. 2012; Gompert et al. 2012; Roesti et al. 2012; Andrew and Rieseberg 2013; Gagnaire et 

al. 2013).  There are now snapshots of genomic divergence across a broad range of 

organisms, yet little is known about how or why these patterns evolve. 

Initially, metaphorical models invoking selection and differential gene flow were 

proposed to explain the heterogeneous patterns of genomic divergence that occur as 

speciation progresses (Nosil et al. 2009).  In these models, selection drives “islands” of high 

genomic divergence, while homogenizing gene flow reduces the surrounding areas to a lower 

“sea level” divergence.  Two types of genetic hitchhiking, divergence hitchhiking and 

genomic hitchhiking, were introduced to explain how selection could affect levels of gene 

flow locally and globally across the genome (Feder et al. 2012a).  Divergence hitchhiking is 

the result of selection acting on loci responsible for ecological divergence.  This causes the 

local reduction of gene flow in physically linked regions, which leads to the further 

accumulation of allelic differences around the targets of selection.  In genomic hitchhiking, 
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the reduction of gene flow due to divergent selection reduces genome-wide rates of gene 

flow.  This results in the global accumulation of genetic differences.  While these two 

processes are similar, they reflect two fundamentally different ways that genomes may 

evolve during speciation—through the local accumulation of divergence around targets of 

selection or through the genome-wide accumulation of divergence (Feder et al. 2012a).   

Heliconius butterflies offer an exceptional opportunity to examine the processes that 

drive heterogeneous patterns of divergence during speciation with gene flow using empirical 

genomic data from natural populations.  The radiation is composed of a continuum of 

divergent races and species that provides an exceptional opportunity to study taxa at different 

stages of speciation.  At one end of this continuum are divergent color pattern races that 

frequently hybridize and are only weakly reproductively isolated from each other.  These 

racial boundaries are maintained primarily by selection on wing color patterns (Mallet 1986; 

Mallet and Barton 1989; Mallet et al. 1990; Blum 2002, 2008).  Speciation is more 

progressed in other pairs where hybridization occurs, but where taxa show additional forms 

of reproductive isolation.  This isolation is due to divergence in mating preference, hybrid 

sterility and inviability, differences in ecology and physiology, or a combination of all these 

factors (Descimon and Mast de Maeght 1984; Jiggins et al. 1996; McMillan et al. 1997; 

Mallet et al. 1998a; Naisbit et al. 2002; Arias et al. 2008; Jiggins 2008; Merrill et al. 2011a, 

2014).  An example of taxa that are further progressed are the incipient species H. e. cyrbia 

and H. himera.  These taxa have a very narrow hybrid zone across which there is evidence of 

strong pre-mating isolation based on color pattern, but no evidence for post-mating isolation 

in the form of hybrid inviability or sterility (Descimon and Mast de Maeght 1984; Jiggins et 
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al. 1996; McMillan et al. 1997; Mallet et al. 1998a; Merrill et al. 2014).  The parental species 

are associated with very different habitats: H. himera is found in very dry habitats at altitudes 

above 1000 meters; whereas, H. e. cyrbia is found in wetter forests at elevations below 1200 

meters (Jiggins et al. 1996).  Despite the strong pre-mating isolation and clear habitat 

differences between these two species, hybrids comprise 5-10% of the population in the 

narrow zone of overlap (Descimon and Mast de Maeght 1984; Jiggins et al. 1996; Mallet et 

al. 1998a). 

There has been substantial progress identifying the loci that underlie phenotypic 

variation in the vivid wing patterns that define the group (Baxter et al. 2010; Counterman et 

al. 2010; Ferguson et al. 2010; Joron et al. 2011; Reed et al. 2011; Martin et al. 2012; Papa et 

al. 2013).  These loci are under very strong natural selection and enable us to examine the 

build up of genomic divergence around a target of selection during speciation.  In addition to 

being an important signal to predators, the color pattern elements also act as a reproductive 

barrier due to their role in assortative mating (Jiggins et al. 2001; Kronforst et al. 2006; 

Merrill et al. 2011b, 2014).  The best characterized of these loci is the D or “red” locus, 

which controls the presence or absence of various red elements on the wings.  A combination 

of linkage analysis, gene expression, and genotype by phenotype association strongly 

implicate cis-regulatory changes in the transcription factor optix as causing variation in red 

pattern elements (Reed et al. 2011).  More recently, genome scans suggest that a 65-kb 

region about 100-kb upstream of optix likely contains the functional variation driving 

phenotypic differences (Supple et al. 2013).   
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Here we leverage the radiation and recent progress identifying functional variation to 

sample taxa at various levels of reproductive isolation and to examine patterns of divergence 

around loci known to be involved in both divergent selection and reproductive isolation.  We 

focus specifically on H. erato—a radiation that has produced over 25 geographic races with 

distinct wing color patterns across Central and South America (Mallet 1993).  We sample 

variation across two major red color pattern phenotypes—the postman, which has a red 

forewing band, and the rayed, which has yellow forewing band, red proximal forewing patch, 

and red hindwing rays (Figure 1).  We sampled this variation across five geographically 

distinct hybrid zones.  These hybrid zones were chosen to include taxa pairs where 1) hybrids 

are common and parental races show no differences in red color pattern elements, 2) hybrids 

are common but where parental taxa possess the divergent red color pattern phenotypes, and 

3) hybrids are rare and parental types also have divergent color pattern phenotypes.  

Importantly, individual hybrid zones are 1000’s of kilometers apart from each other and are 

often separated by major topographic features that impede gene flow.   

Thus, our experimental design allows us to explore genomic divergence between 

functionally important and functionally neutral regions and examine how it varies relative to 

geographic proximity (parapatry and allopatry), wing color pattern (postman and rayed), and 

degree of reproductive isolation (freely hybridizing versus rarely hybridizing). Our results 

yield unexpected patterns whereby selection creates islands of differentiation at color pattern 

loci in allopatric taxa that do not differ by color pattern.  This result suggests caution should 

be used when interpreting peaks of divergence to assess phenotypic regulation.  Furthermore, 

we demonstrate a rapid accumulation of whole-genome divergence along the speciation 
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continuum and show that this divergence is likely driven by selection on multiple loci across 

the genome.   

 

 

Methods 

Sampling the H. erato speciation continuum 

We examined phenotypically pure samples from five hybrid zones across the H. erato 

radiation, with varying degrees of reproductive isolation.  The first four hybrid zones are all 

between hybridizing races of H. erato that show no evidence of pre-mating or post-mating 

isolation (Mallet 1986, 1989; Mallet et al. 1998b).  One of these hybrid zones is between two 

different postman phenotypes (H. e. hydara x H. e. petiverana in Panama, n=8).  The other 

three are between divergent postman and rayed phenotypes (H. e. erato x H. e. hydara in 

French Guiana, n=13; H. e. emma x H. e. favorinus in Peru, n=14; and H. e. lativitta x H. e. 

notabilis in Ecuador, n=10).  For these four within species hybrid zones, we utilized 

previously published data (NCBI SRA accession SRA059512) (Supple et al. 2013).  We 

sampled a fifth hybrid zone between incipient species with pre-mating isolation, but no post-

mating isolation.  We collected phenotypically pure samples of H. himera (n=5) and H. e. 

cyrbia (n=4) on either side of a narrow region of hybridization in Loja province, Ecuador.  

We also collected samples from two outgroup species, H. clysonymus (n=2) and H. telesiphe 

(n=2) in Peru.  See Supplemental Table S1 for exact sampling locations.     
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Within all of these intraspecific and interspecific hybrid zones, gene flow is known to 

occur based on the presence of hybrid individuals with wing patterns that result from 

backcross color pattern genotypes (e.g. individuals homozygous at one color pattern locus, 

but heterozygous at another) (Descimon and Mast de Maeght 1984; Mallet 1989).  However, 

these hybrid zones are geographically isolated from each other, with some on opposite sides 

of South America and separated by major topographic features.  This isolation severely 

restricts gene flow between races from the different hybrid zones.   

 

Sequencing and genotyping 

The samples were sequenced and genotyped as described in Supple et al. (2013).  Briefly, 

this involved whole genome sequencing 100-bp paired end reads on the Illumina HiSeq 

platform and aligning reads to a partial genomic reference (2.2-Mb, 0.5% of the H. erato 

genome) (GenBank accessions KC469892-KC469895, AC208805-AC208806) with BWA 

v0.59-r16 (Li and Durbin 2009) using relaxed mapping parameters.  Each sample was 

sequenced to a realized median per base coverage between 8x and 21x (Supplemental Table 

S1).  Multi-sample genotypes were then called and filtered with GATK v1.2 (McKenna et al. 

2010; DePristo et al. 2011).  Aligned sequencing reads are available at NCBI SRA 

(accessions XXX-XXX) and genotype VCF files are available at Dryad (doi:XXX).  For 

comparison to the incipient species pair, we also examined within species patterns of 

divergence in four previously published parapatric H. erato racial hybrid zones (NCBI SRA 

accession SRA059512) (Supple et al. 2013).  We examined sequence variation for these 58 
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samples across a 1-Mb region containing the locus controlling red color pattern variation and 

350-kb of additional genomic regions unlinked to color pattern loci. 

 

Phylogenetic analysis 

We performed phylogenetic analyses of all the genomic data to i) determine the phylogenetic 

relationships of newly sequenced taxa, especially with regard to the position of H. himera 

relative to H. erato, which has been disputed (Brower 1994; Flanagan et al. 2004), and ii) 

develop expectations for relative genetic divergence of the lineages based on the their 

phylogenetic placement. We generated phylogenetic consensus trees from 5,399 SNPs across 

the previously identified 65-kb region that controls red color pattern variation (Supple et al. 

2013) and 15,714 SNPs across the 350-kb of genomic regions unlinked to color pattern.  To 

reduce the size of the unlinked dataset, we removed invariant sites.   

We selected nucleotide substitution models for both datasets using a hierarchical 

likelihood ratio test implemented in PAUP* v4 (Swofford 2002) and MrModeltest v2 

(Nylander 2004).  We used MrBayes v3.2.2 (Ronquist et al. 2012) to generate consensus 

trees with the selected models—GTR+I+G for the 65-kb functional region and GTR+G for 

the unlinked loci.  For each tree, we ran 5 runs for 5 million generations each, sampling every 

500 generations and removing 25% burnin.  We assessed burnin and convergence in 

MrBayes and Tracer v1.6 (Rambaut et al. 2013).  For the unlinked tree, we removed two runs 

that converged to a slightly lower likelihood than the other three runs.  We generated a 

consensus tree from converged runs and rooted the trees with the H. clysonymus and H. 

telesiphe samples.  The consensus trees are available at TreeBASE (accession XXX). 
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 We performed an additional assessment to test the robustness of the position of H. 

himera relative to the broader H. erato radiation at genomic regions unlinked to color pattern 

loci.  We accounted for gene flow and phylogenetic conflict in inferring relationships by 

constructing an unrooted neighbor-net splits tree network on unlinked data using SplitsTree 

v4.13.1 (Huson and Bryant 2006).  This analysis utilized pairwise distances and treated 

polymorphisms additively, rather than as ambiguities. 

 

Genomic divergence analysis 

We compared patterns of divergence between the incipient species, H. himera and H. e. 

cyrbia, to patterns of divergence within species using both parapatric and allopatric pairs of 

H. erato races.  The within species parapatric comparisons consisted of three hybrid zones 

between postman and rayed phenotypes (Peru, Ecuador, and French Guiana) and one hybrid 

zone between two different postman phenotypes (Panama).  The within species allopatric 

comparisons consisted of all remaining pairwise comparisons between these same races, with 

the two Panamanian postman races being treated as a single race.  These comparisons can be 

divided into three categories (postman versus rayed, n=9 comparisons; postman versus 

postman, n=6 comparisons; rayed versus rayed, n=3 comparisons).  Note that H. erato cyrbia 

is only included in comparison to H. himera.  It is not included in the within H. erato 

comparisons, due to its interspecies hybridization likely making it more divergent from other 

H. erato races.   

 For each comparison, we calculated divergence per genomic position using a model 

for diploid data with populations as random effects (𝜃) (Weir 1996), with details described in 
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Supple et al. (2013).  We filtered data to remove positions where less than 75% of individuals 

were genotyped for each of the two taxa being compared.  To combine estimates across loci 

and across comparisons, the numerators and denominators are each summed across the 

pairwise estimates and then divided to produce the final combined estimate.  We calculated 

the genomic background level of divergence from three genomic intervals (0.35-Mb) 

unlinked to color pattern, using 1000 bootstrap replicates to determine 95% confidence 

intervals (CIs).  For sliding window analyses, we examined 15-kb windows, with 5-kb steps, 

requiring estimates for at least 20% of the positions in the window.  To examine the decay of 

divergence with recombination distance, we defined the causative locus as the center of the 

65-kb region previously identified to modulate red color pattern variation in H. erato (Supple 

et al. 2013).  We converted genomic distance (bp) to recombination distance (cM) assuming 

a constant recombination rate using the H. erato linkage map size (1430 cM) (Kapan et al. 

2006) and the estimated size of the H. erato genome (400 Mb) (Tobler et al. 2005).  Loci 

were binned by recombination distance from the causative locus in bins of size 0.01 cM.  

Decay data were loess smoothed for presentation. 

 

Results & Discussion 

 Heliconius himera—an incipient species from within the H. erato radiation 

Our phylogenetic analysis indicates that H. himera evolved from within the broader H. erato 

color pattern radiation, rather than predating it.  Heliconius himera is a geographic 

replacement of H. erato in mid-elevation forests of southern Ecuador and northern Peru 
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(Jiggins et al. 1996).  Previous research has been equivocal about H. himera’s relationship to 

H. erato.  Early phylogenetic analysis using mtDNA placed H. himera as a sister species to 

the H. erato radiation (Brower 1994); however, later analysis of rapidly evolving nuclear 

introns placed H. himera within the broader H. erato radiation, although with low support 

(Flanagan et al. 2004).  Our phylogenetic analysis based on more extensive genomic data 

places H. himera within the H. erato radiation, both at the color pattern locus and at loci 

unlinked to color pattern (Figure S1 & S2). 

 The MrBayes phylogenetic tree of H. erato races across loci unlinked to color pattern 

shows a strong geographic signal, with no clustering by color pattern (Figure S1).  Similar to 

previous research, there is a strong phylogenetic break across the Andes (Quek et al. 2010; 

Hines et al. 2011).  All five H. himera individuals fall on a well-differentiated lineage that 

clusters with H. erato races from the eastern slope of the Andes and thus within the H. erato 

radiation (Figure S1).  Given the long branch length and weak support values leading to the 

H. himera lineage, we used an additional methods to assess the support for H. himera 

evolving from within the H. erato radiation versus outside it as a sister lineage.  The splits 

tree neighbor-net network shows H. himera as a separate lineage nested within the H. erato 

radiation, with closer affinity for the H. erato taxa from the eastern slopes of the Andes than 

the clade from the western slopes (Figure S3).  Collectively, our analyses consistently 

support H. himera as part of the H. erato radiation, with a close association to H. erato 

samples from east of the Andes.   

A very different phylogenetic history was observed across the genomic region that 

controls red color pattern variation, reflecting the evolution of the color pattern alleles.  This 
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tree strongly clusters taxa by color pattern, showing two reciprocally monophyletic clades 

sorting perfectly by red phenotype.  The “postman” clade contains all of the H. erato 

postman races, including H. erato cyrbia, while the “rayed” clade contains all of the H. erato 

rayed races and H. himera.  Even though H. himera does not have the characteristic rays, it 

can be phenotypically classified as a rayed based on the occurrence of red on the hindwing, a 

classification supported by this phylogenetic analysis.   

While the analyses at loci unlinked to color pattern and across the genomic region 

containing the functional variants show different patterns of clustering (by geography and 

phenotype, respectively), both place H. himera within the H. erato radiation, supporting H. 

himera as an incipient species derived from within H. erato.  For the incipient species pair, 

each taxa falls into a separate, monophyletic lineage at both color pattern linked and unlinked 

loci.  From an experimental perspective, the presence of two well-supported monophyletic 

lineages suggests that taxa pairs distributed between these lineages should have similar 

divergence times.  This enables us to make comparisons between levels of genomic 

divergence for the incipient species pair and other taxa pairs across the two lineages without 

having to control for divergence times. 

 

Divergence accumulates rapidly during speciation 

The phylogenetic placement of H. himera within the broader H. erato radiation makes it an 

important reference point along the speciation continuum with which to examine how 

genomes evolve during speciation.  Is there a local reduction in gene flow around genomic 

targets of selection, causing islands of divergence to grow, as is expected with divergence 
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hitchhiking?  Or is gene flow reduced across the genome, causing increased divergence 

genome wide, as is expected with genomic hitchhiking?   

Our divergence analysis shows distinct peaks of divergence at the functional regions 

that modulate adaptive differences in wing color patterns in comparisons between H. erato 

parapatric races with divergent phenotypes (Figure 2A).  As previously demonstrated, when 

comparing parapatric postman and rayed races, there are two high peaks of divergence that 

show steep drop-offs almost all the way to the near zero genomic baseline divergence 

(Supple et al. 2013).  These peaks are in sharp contrast to the parapatric postman versus 

postman comparison, which shows near zero divergence across the entire red color pattern 

interval and at intervals unlinked to color pattern.  Somewhat unexpectedly, comparisons 

between allopatric postman phenotypes also show peaks of divergence around the functional 

regions (see discussion below).  In these comparisons, the levels of divergence between 

identical but allopatric races are very similar to the pattern seen in parapatric comparisons 

between divergent color pattern races (Figure 2B).  Comparisons between allopatric rayed 

races reveal relatively low levels of divergence except for very small peaks around the 

functional regions (Figure 2B).   

There was no compelling evidence that the genomic islands that distinguished 

divergent H. erato color pattern races expand with increased reproductive isolation.  To 

determine if genomic islands grew, we compared the distances where the curve representing 

the decay of divergence from the target of selection intersected the line representing the 

background genomic divergence at loci unlinked to color pattern.  In both the within species 

(within H. erato) and between species (between H. himera and H. erato) parapatric 
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comparisons, divergence decays from the peak to background genomic levels at 

approximately the same recombination distance (Figure 3). 

In fact, there is very little evidence for any distinct islands between H. himera and H. 

erato across the color pattern region, as we see a high divergence genome wide (Figure 2A).  

The level of divergence between the incipient species H. himera and H. e. cyrbia is 

substantially higher than the divergence seen in all other comparisons.  This is true at every 

region we examined, except at the narrow region containing the functional variation where 

most comparisons have very high divergence.  Unlike parapatric races, the examination of 

the level of divergence across the color pattern locus between the incipient species reveals 

strong divergence extending across the entire 1-Mb interval (Figure 2).  The unlinked loci 

show similarly high divergence between the incipient species (average=0.519), which is 

substantially higher than any of the within species comparisons (maximum average=0.191) 

(Table S2).  This high level of divergence is somewhat unexpected given that H. himera is a 

recent incipient species and shows the same type of phenotypic transition at hybrid zones as 

seen between divergent H. erato races (Figure S2).   

The observations that islands of divergence do not grow and that the incipient species 

show high genome wide divergence both support a more prevalent role of genome 

hitchhiking during early speciation, as opposed to divergence hitchhiking.  These results 

contrast with a study in a different Heliconius clade study that suggested divergence 

hitchhiking may play a prominent role during the early stages of speciation (Nadeau et al. 

2012).  Between incipient species, they observed additional peaks of divergence near the 

color pattern loci, however regions unlinked to color pattern did not show a similar increase.  
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Although the incipient species in that study and the incipient species we examine here have 

similar estimated times of divergence (Kozak et al. in review), we observed increased 

divergence across the genome relative to within species comparisons.  These differences may 

be an artifact of stochasticity in genomic divergence and limited sample size for the incipient 

species in the previous study (i.e. n=1).  Alternatively, the incipient species H. himera and H. 

e. cyrbia may have diverged ecologically and genetically more rapidly than the incipient 

species in the melpomene clade. Overall, our results are consistent with several theoretical 

and empirical studies that report high genome wide divergence and a limited role for 

divergence hitchhiking in promoting speciation (Feder and Nosil 2010; Lawniczak et al. 

2010; Michel et al. 2010; Feder et al. 2012b; Andrew and Rieseberg 2013; Flaxman et al. 

2013; Kronforst et al. 2013; Powell et al. 2013).  Collectively, these studies suggest that 

genome-wide divergence can occur in the earliest stages of speciation.   

 

Selection within populations drives divergence between populations 

The patterns of divergence within H. erato are most consistent with strong selection acting 

within populations.  The comparisons between divergent phenotypes in parapatry show a 

strong peak of divergence (Figure 2A), as expected given the strong divergent selection on 

the color pattern locus operating in these contact zones.  This pattern stands in marked 

contrast to divergence observed across the postman versus postman hybrid zone (Figure 2A).  

We have previously determined that the genomic region containing these peaks of divergence 

also shows signatures of natural selection, including reduced heterozygosity (Supple et al. 

2013).   
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Further evidence that natural selection is driving divergence between populations 

comes from our comparisons of allopatric races.  Unexpectedly, all of the allopatric 

comparisons show peaks of divergence around the locus modulating red color pattern 

variation, including the comparisons between races with similar red phenotypes (Figure 2B).  

The pattern of divergence among allopatric postman versus postman is particularly 

noteworthy, as it shows strong divergence peaks similar to those observed between parapatric 

populations with divergent (postman versus rayed) phenotypes.  This is surprising given that 

these geographically isolated races share a similar red color pattern phenotype, which has a 

common origin across the H. erato radiation (Figure S2).  The fact that the peaks of 

divergence are not as strong in the allopatric rayed versus rayed comparisons likely reflects 

the younger age of the rayed phenotype coupled with higher likelihood of gene flow among 

rayed populations.  The rayed phenotypes form a contiguous population of races across the 

Amazon basin that differ in forewing band shape, which is controlled by a separate 

independent locus (Martin et al. 2012).   

 In the absence of selection, any divergence among allopatric races should accumulate 

at a rate similar to the baseline level seen across regions not under selection; however, the 

background divergence at unlinked loci is much lower than across the color pattern locus 

(Figure 2B).  The observed pattern likely reflects unique histories of mutation and selection 

at each hybrid zone.  Geographic isolation will lead to the accumulation of population 

specific mutations across the genome over time.  Recurrent selection against foreign color 

patterns on the edges of hybrid zones can result in the rapid fixation of population specific 

mutations that are tightly linked to the color pattern loci.  We believe this selection leads to 
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the accelerated accumulation of population specific alleles at the locus that controls red color 

pattern variation.  Local selection can reduce within population diversity, driving peaks of 

divergence, even in the absence of gene flow (Charlesworth et al. 1997; Charlesworth 1998).  

This resulted in the observed peak of divergence between allopatric races, even when they 

share a similar red color pattern.  Collectively, these results provide evidence that selection 

within populations can leave the same signature of selection as ecological divergence 

between populations. 

The result that local selection within populations can drive global patterns of 

divergence between populations in complex ways has important ramifications for the 

interpretation of population genomic data.  Divergence peaks are often interpreted as a result 

of divergent selection acting directly on the two taxa being compared.  However, we 

demonstrate that peaks of divergence can be driven by strong selection acting independently 

within each population.  Given the complex patterns of divergence resulting from the 

interactions between various evolutionary forces, peaks of divergence should be interpreted 

with caution, especially when additional supporting data is not available. 

 

Selection drives high divergence between incipient species 

Given our result that selection drives divergence within species, it is natural to hypothesize 

that selection also drives divergence between species.  However, patterns of divergence could 

be driven by other evolutionary forces, including gene flow.  Our experimental design allows 

us to begin to disentangle the effects of selection and gene flow on patterns of genomic 

divergence during speciation.  By comparing allopatric and parapatric races, we can see the 
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effect of gene flow.  Consistent with reduced gene flow, the allopatric within species 

comparisons reveal higher levels of background genomic divergence than the levels observed 

in the within species parapatric comparisons (Figure 3, blue shaded area versus green shaded 

area).   

 Similarly, by comparing divergence levels among allopatric races and the divergence 

between the incipient species, H. e. cyrbia and H. himera, we can determine the effect 

restricted gene flow has on species divergence.  Given that both the red locus and unlinked 

phylogenetic trees show two distinct lineages, one which contains H. himera and one which 

contains H. erato cyrbia (Figures S1 and S2), the times of divergence between taxa pairs that 

are similarly distributed across the same distinct lineages are expected to be similar.  As 

such, allopatric pairs across these lineages provide an expectation of neutral variation in the 

absence of gene flow.  If the patterns of divergence between species were driven by the 

accumulation of neutral variation resulting from reduced gene flow, we expect that the 

incipient species H. himera and H. erato cyrbia would have a similar pattern of divergence as 

the allopatric within species comparisons.  In contrast to this expectation, the genomic 

divergence between the incipient species is much higher at genomic regions both linked and 

unlinked to the color pattern locus than the allopatric comparisons (Figure 3, red curve versus 

blue curve; red horizontal line versus blue shaded area).  The fact that genomic divergence is 

so much higher than our neutral expectation suggests that the neutral accumulation of 

differences due to limited gene flow is insufficient to explain the high divergence observed 

between H. himera and H. erato cyrbia.  Rather, these patterns argue that natural selection is 

rapidly driving genomic divergence in this incipient species pair. 
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Our data suggest that selection on color pattern alone is insufficient to explain the 

high divergence across the genome.  We see no evidence that the size of the island of 

divergence around the color pattern locus grows with increasing reproductive isolation.  

Rather the build-up occurs genome-wide and is likely the result of natural selection acting on 

many loci.  Unlike geographic races of the H. erato, H. himera and H. e. cyrbia show strong 

divergence in characteristics other than color pattern, including differences in mating 

preference, larval developmental time, adult physiology, and habitat preferences (Descimon 

and Mast de Maeght 1984; Jiggins et al. 1996; McMillan et al. 1997; Mallet et al. 1998a; 

Davison et al. 1999; Pardo-Diaz et al. 2012; Merrill et al. 2014).  Divergent selection on 

multiple traits, including habitat preference, is likely driving the globally high divergence 

between the incipient species H. himera and H. e. cyrbia.   

These findings add to a building body of evidence, from both theoretical models and 

empirical data, that support the hypothesis that speciation is driven by selection at multiple 

loci across the genome and that natural selection can generate genome wide divergence in the 

face of ongoing gene flow (Feder and Nosil 2010; Michel et al. 2010; Roesti et al. 2012; 

Flaxman et al. 2013; Powell et al. 2013). 

 

The Heliconius speciation continuum 

Heliconius butterflies provide a full continuum of taxa pairs at varying stages of reproductive 

isolation—from freely hybridizing color pattern races to completely reproductively isolated 

species.  By sampling at various stages across the Heliconius speciation continuum, we can 

observe how genomes diverge through the speciation process and begin to disentangle the 



 

128 

 

evolutionary forces that drive species divergence.  Our results add to a growing body of 

research that is uncovering how genomes diverge as speciation proceeds through time.  

A common feature of these studies is that divergence can be extremely heterogeneous 

between incipient species (Lawniczak et al. 2010; Ellegren et al. 2012; Gagnaire et al. 2013).  

Consistent with previous work in Heliconius, we show that within species, isolated regions of 

the genome show exceptionally high divergence, while the rest of the genome shows little to 

no divergence (Nadeau et al. 2012; Martin et al. 2013).  As speciation progresses, there is an 

increase in divergence, coupled with an increase in heterogeneity (Nadeau et al. 2012; 

Kronforst et al. 2013; Martin et al. 2013).  Several studies in Heliconius have shown that this 

increase in genomic divergence can occur rapidly in the early stages of speciation; however, 

as discussed previously, Nadeau et al. (2012) suggested a more gradual build up of 

divergence through speciation.  Our results show that genomic divergence occurs quite 

rapidly, with incipient species pairs in the earliest stages of speciation already showing very 

high divergence genome-wide.   

 Further, our results show that reduced gene flow is insufficient to explain the rapid 

divergence observed between incipient species, which suggests selection may be major of 

driver of genomic divergence during speciation.  Our results are consistent with theoretical 

models (Gavrilets 2000) and empirical studies (see references in Nosil 2012) that show a 

primary role for selection in speciation.  Our results differ, however, from a recent study of 

the Heliconius melpomene clade that showed similar levels of genomic divergence between 

sympatric species (H. melpomene, H. cydno and H. timareta) and allopatric within species 

comparisons (allopatric H. melpomene color pattern races) (Martin et al. 2013), suggesting 
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that selection may not play a large role during the early stages speciation in the melpomene 

clade.  Although the incipient species pairs in our study and theirs have similar divergence 

times (Kozak et al. in review), they have important differences.  The species compared in the 

melpomene clade are sympatric, as opposed to our parapatric comparisons.  The much larger 

geographic region of overlap likely allows for more hybridization events, resulting in higher 

realized gene flow between species.  Additionally, H. erato and H. himera show stronger 

evidence of habitat based ecological divergence than the incipient species in the melpomene 

clade (Mallet et al. 1998b).  We suggest our incipient species pair is more ecologically 

isolated and further along in the speciation continuum than those studied in H. melpomene, 

thus explaining the higher levels of divergence observed across the genome.   

The interpretation that the observed high levels of genomic divergence between the 

incipient species are associated with greater ecological divergence (i.e. divergence not only 

in warning color, but also habitat) supports a growing number of studies that suggest 

increases in genome-wide levels of divergence are caused by selection acting on many loci 

across the genome (Feder et al. 2012b; Flaxman et al. 2013).  Collectively, these studies and 

the Heliconius speciation continuum offer a powerful empirical framework to test specific 

predictions of how various ecological factors and evolutionary forces affect patterns of 

genomic divergence.   
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Figures 

 
Figure 1:  Expected phylogenetic relationships at the red color pattern (D) locus. 

Genomic sequences from H. himera and H. erato races are expected to cluster samples based 

on color pattern phenotype at the genomic region responsible for red color pattern variation.  

The incipient, parapatric species, H. himera and H. e. cyrbia, are expected to cluster in 

separate clades.  Based on the red forewing band, H. e. cyrbia is expected to cluster with the 

postman phenotypes and based on the presence of red on the hindwing, H. himera is 

expected to clusters with the rayed phenotypes.  The taxa are listed by hybrid zone pairs, 

noting the country where the hybrid zone is located.  The hybrid zone in Panama is between 

two postman phenotypes that vary in the presence or absence of the yellow hindwing bar, 

which is controlled by a separate, unlinked locus.  H. erato within species hybrid zone races 

are Ecuador: H. e. lativitta (rayed), H. e. notabilis (postman); Peru: H. e. emma (rayed), H. e. 

favorinus (postman); French Guiana: H. e. erato (rayed), H. e. hydara (postman); Panama: H. 

e. petiverana (postman), H. e. hydara (postman).  The interspecific hybrid zone is between 

the incipient species H. himera and H. e. cyrbia in Ecuador.  The topology of this expected 

tree matches the tree inferred from empirical data at the red color pattern locus (Figure S2), 

but both differ fundamentally from the tree at loci unlinked to color pattern (Figure S1). 
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Figure 2:  Genomic divergence across the red color pattern (D) interval and unlinked 

loci. 

Sliding window (15-kb window size, 5-kb step size) genomic differentiation across the red 

(D) interval and genomic regions unlinked to color pattern.  The box on the x-axis indicates 

the previously identified 65-kb functional region modulating red color pattern variation 

(Supple et al. 2013).  See Table S2 for the taxa pairs included in each comparison, samples 

sizes, and estimates of baseline divergence from intervals unlinked to color pattern.  (A) 

Parapatric comparisons show elevated divergence between the incipient species (solid line) at 

the color pattern locus and loci unlinked to color pattern.  The within species comparisons 

between divergent taxa show a large peak of divergence at the functional region and low 

baseline divergence (dotted-dashed line).  The within species comparisons between taxa with 

identical red phenotypes show low divergence throughout, with no discernable peaks of 

divergence (dotted line).  (B) The allopatric within species comparisons show peaks of 

divergence at the functional region between both divergent taxa and mimetic taxa, with the 

rayed versus rayed comparison (dashed line) showing much smaller peaks. 
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Figure 3:  Decay of divergence with recombination distance from the causative locus 

between taxa pairs with divergent phenotypes. 

The curves represent the decay of genomic divergence with distance from the functional 

locus.  See Table S2 for the taxa pairs included in each comparison, samples sizes, and 

estimates of baseline divergence from intervals unlinked to color pattern.  The comparisons 

are between incipient species (H. himera versus H. erato cyrbia; red dashed), average of 

within species parapatric postman versus rayed pairs (green dotted-dashed), and average of 

within species allopatric postman versus rayed pairs (blue dotted).  The horizontal red dashed 

line represents the background genomic divergence between the incipient species at loci 

unlinked to color pattern.  The blue and green shaded boxes are the range of baseline 

divergences at unlinked loci for within species allopatric and parapatric comparisons, 

respectively.  The divergence at both the color pattern locus and unlinked genomic regions is 

substantially higher between species than it is within species.   
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Figure S1:  Bayesian phylogenetic relationships at loci unlinked to color pattern. 

Phylogenetic clustering across loci unlinked to color pattern variation.  Red branches indicate 

rayed lineages.  Nodal values are posterior probabilities of clade support, with bold braches 

indicating a node with >95% support.  Sample names (ID, hybrid zone, race) are indicated at 

the terminal nodes, color coded by race.  Taxa sort strongly by geographic location.  

Heliconius himera clusters within H. erato, rather than sister to the radiation. 
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Figure S2:  Bayesian phylogenetic relationships at the red color pattern (D) locus. 

Phylogenetic clustering across a 65-kb region that modulates red color pattern variation.  Red 

branches indicate rayed lineages.  Nodal values are posterior probabilities of clade support, 

with bold braches indicating a node with >95% support.  Sample names (ID, hybrid zone, 

race) are indicated at the terminal nodes, color coded by race.  The postman and the rayed 

clades form reciprocally monophyletic lineages, with H. himera clustering with the rayed 

races and H. e. cyrbia clustering with the postman races.  Within each phenotype, samples 

cluster by geography.  Heliconius himera clusters within H. erato, rather than sister to the 

radiation.
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Figure S3:  Phylogenetic network at loci unlinked to color pattern. 

Neighbor-net splits tree network at loci unlinked to color pattern.  Terminal nodes indicate 

voucher number, hybrid zone, and race of each sample.  Heliconius himera shows a stronger 

affinity to taxa east of the Andes than the taxa from west of the Andes, which cluster 

separately. 
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Table S1: Samples and sequencing data 
     properly 

mapped 
pairs 
(% of 

mapped) 

  SNPs* per genotyped 
position (%)       positions genotyped 

(%)    number of 
paired end 

reads 

mapped 
reads (%) 

 

taxa 
(location) 

sample ID  median 
coverage 

all 
reference 

D 
interval 

all 
reference 

D 
interval geolocation 

H. himera 
(Ecuador) 

HIM001 04°16'34''S 
79°11'45''W 

47953654 8.8 71.7 17 45.8 51.7 4.3 3.6 

HIM002 04°16'34''S 
79°11'45''W 

52114768 8.8 71.4 19 47.8 54.2 4.4 3.7 

HIM003 04°16'34''S 
79°11'45''W 

54102534 8.5 71.7 20 49.3 55.5 4.9 3.8 

HIM006 04°16'34''S 
79°11'45''W 

38797900 8.8 70.8 14 41.8 47.5 4.1 3.5 

HIM030 04°16'34''S 
79°11'45''W 

36866545 8.8 70.2 13 39.7 45.3 4.1 3.3 

H. erato cyrbia 
(Ecuador) 

CYR004 03°43'35''S 
79°50'12''W 

58110947 10.8 74.2 21 52.0 59.4 4.8 3.7 

CYR005 03°43'35''S 
79°50'12''W 

53098890 10.7 74.0 20 50.2 57.3 4.5 3.5 

CYR023 03°43'35''S 
79°50'12''W 

52694366 9.9 72.1 20 52.4 59.2 4.7 3.6 

CYR024 03°43'35''S 
79°50'12''W 

52080755 10.9 74.3 19 49.3 56.6 4.6 3.5 

H. clysonymus 
(Peru) 

NCS2511 00°42'46''S 
77°44'27''W 

45312108 7.1 63.5 8 25.0 28.4 5.0 4.1 

NCS2512 00°42'46''S 
77°44'27''W 

54844792 7.6 65.3 9 28.1 32.2 5.5 4.6 

H. telesiphe 
(Peru) 

NCS2541 00°43'04''S 
77°40'56''W 

53997408 7.3 66.4 10 28.9 33.6 5.3 4.4 

NCS2550 00°42'46''S 
77°44'27''W 

59716322 7.1 65.0 12 32.2 37.0 5.7 4.8 
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Table S2:  Taxa pairs for divergence analyses 
 

geographic 
relationship 

 
phenotypic 
comparison 

taxon 1 taxon 2 baseline 
differentiation 

(95% CI) 
name  

(location) 
 

phenotype 
sample 

size 
name  

(location) 
 

phenotype 
sample 

size 

parapatric 
  

himera vs 
cyrbia 

H. himera  
(Ecuador) 

rayed 5 H. e. cyrbia  
(Ecuador) 

postman 4 0.519 
(0.507, 0.531) 

postman vs 
rayed 

H. e. emma  
(Peru) 

rayed 6 H. e. favorinus  
(Peru) 

postman 8 0.022 
(0.019, 0.025) 

H. e. lativitta  
(Ecuador) 

rayed 5 H. e. notabilis  
(Ecuador) 

postman 5 0.031 
(0.028, 0.035) 

H. e. erato  
(French Guiana) 

rayed 6 H. e. hydara  
(French Guiana) 

postman 7 0.020 
(0.017,0.023) 

postman vs 
postman 

H. e. petiverana  
(Panama) 

postman 5 H. e. hydara  
(Panama) 

postman 3 0.001 
(0.000, 0.006) 

allopatric postman vs 
postman 

H. e. favorinus  
(Peru) 

postman 8 H. e. notabilis  
(Ecuador) 

postman 5 0.061 
(0.057, 0.066) 

H. e. favorinus  
(Peru) 

postman 8 H. e. hydara  
(French Guiana) 

postman 7 0.079 
(0.074, 0.084) 

H. e. favorinus  
(Peru) 

postman 8 H. e. petiverana & 
H. e. hydara  
(Panama) 

postman 8 0.191 
(0.182, 0.200) 

H. e. notabilis  
(Ecuador) 

postman 5 H. e. hydara  
(French Guiana) 

postman 7 0.092 
(0.086, 0.098) 

H. e. notabilis  
(Ecuador) 

postman 5 H. e. petiverana & 
H. e. hydara  
(Panama) 

postman 8 0.161 
(0.152, 0.169) 

H. e. hydara  
(French Guiana) 

postman 7 H. e. petiverana & 
H. e. hydara  
(Panama) 

postman 8 0.174 
(0.165, 0.182) 

rayed vs rayed H. e. emma  
(Peru) 

rayed 6 H. e. lativitta  
(Ecuador) 

rayed 5 0.027 
(0.024, 0.031) 

H. e. emma  
(Peru) 

rayed 6 H. e. erato  
(French Guiana) 

rayed 6 0.048 
(0.044, 0.052) 

H. e. lativitta 
(Ecuador) 

rayed 5 H. e. erato  
(French Guiana) 

rayed 6 0.053 
(0.049, 0.058) 
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Table S2 continued 
 
geographic 
relationship 

 
phenotypic 
comparison 

taxon 1 taxon 2 baseline 
differentiation 

(95% CI) 
name  

(location) 
 

phenotype 
sample 

size 
name  

(location) 
 

phenotype 
sample 

size 

allopatric postman vs 
rayed 

H. e. emma  
(Peru) 

rayed 6 H. e. notabilis  
(Ecuador) 

postman 5 0.047 
(0.042, 0.051) 

H. e. emma  
(Peru) 

rayed 6 H. e. hydara  
(French Guiana) 

postman 7 0.072 
(0.067, 0.077) 

H. e. emma  
(Peru) 

rayed 6 H. e. petiverana & 
H. e. hydara  
(Panama) 

postman 8 0.161 
(0.152, 0.169) 

H. e. lativitta  
(Ecuador) 

rayed 5 H. e. favorinus  
(Peru) 

postman 8 0.052 
(0.048, 0.056) 

H. e. lativitta  
(Ecuador) 

rayed 5 H. e. hydara  
(French Guiana) 

postman 7 0.079 
(0.075, 0.085) 

H. e. lativitta  
(Ecuador) 

rayed 5 H. e. petiverana & 
H. e. hydara  
(Panama) 

postman 8 0.159 
(0.150, 0.168) 

H. e. erato  
(French Guiana) 

rayed 6 H. e. favorinus  
(Peru) 

postman 8 0.056 
(0.052, 0.060) 

H. e. erato  
(French Guiana) 

rayed 6 H. e. notabilis  
(Ecuador) 

postman 5 0.068 
(0.063, 0.073) 

H. e. erato  
(French Guiana) 

rayed 6 H. e. petiverana & 
H. e. hydara  
(Panama) 

postman 8 0.164 
(0.156, 0.173) 
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CONCLUSIONS 

In this dissertation, I examined genomic and phenotypic variation across the adaptive 

radiation of Heliconius butterflies to provide insights into the origins of biodiversity.  I used 

natural variation to identify a regulatory region that modulates a major phenotypic switch in 

red color pattern variation and demonstrated that distinct modular enhancers within this 

region control different red color pattern elements.  I elucidated the path from genotype to 

phenotype by identifying candidate upstream transcription factors that differentially bind to 

this regulatory region, driving color pattern variation.  I explored the evolution of novel 

phenotypes and showed that within a closely related clade, novel phenotypes can arise 

through shuffling of modular enhancers.  I examined the origins of mimicry by 

demonstrating that two distantly related co-mimetic species in the genus use the same 

genomic region to generate their mimetic phenotypes, but that the allele evolved 

independently in each species.  I examine the evolutionary processes that can drive genomic 

divergence and showed that selection on multiple loci likely drove rapid genomic divergence 

early in speciation. 

 

Evaluation of candidate transcription factors 

I have identified four strong candidate transcription factors modulating the presence or 

absence of hindwing rays.  Additional work needs to be done to confirm their role in color 

pattern variation by further linking changes in DNA sequence to changes in the spatial 

distribution of red across the wing.  These transcription factors are hypothesized to lay down 
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a pre-pattern across the wing surfaces.  Races with differences in red color pattern elements 

will have differential binding of these transcription factors to the regulatory region of optix, 

driving differential expression of optix and ultimately variation in red color pattern elements.  

The first aspect that needs further investigation is to determine if our in silico predicted 

transcription factor binding sites occur in vivo.  ATAC-seq can be used to infer DNA binding 

sites.  By running parallel ATAC-seq experiments on closely related taxa that vary in the 

presence or absence of hindwing rays, predicted transcription factor binding sites with 

differential binding affinities between phenotypes can be confirmed.  The next aspect that 

needs to be investigated further is whether the pattern of spatial expression of the candidates 

across the Heliconius wing is consistent with the expected pre-pattern.  Three of these 

candidates (ara, vvl, ct) have known expression across the Drosophila wing.  In situ 

hybridizations will enable confirmation of this pattern of expression in Heliconius and 

determine the expression pattern in the other candidate.  Finally, the ultimate test to connect 

genotype to phenotype is transgenic manipulation.  This has proven challenging in 

butterflies, but new techniques are providing hope that we will soon be able to manipulate 

DNA in a controlled manner to demonstrate the effect of specific genomic variants on 

phenotype. 

 

Candidates for other color pattern elements 

The candidate transcription factors described above modulate the presence or absence of 

hindwing rays.  There are additional red color pattern elements for which enhancer regions 

have been determined, but candidates have not been identified.  Additionally, many races 
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vary in the presence or absence of a yellow hindwing bar, which is controlled by an unlinked 

locus.  The genetic basis of these elements can be dissected using the methods presented 

here.  Additionally, RNA-seq can be used to identify candidates as well.  Candidate 

transcription factors that establish the pre-pattern can be identified by dissecting pupal wings 

using persistent landmarks to separate parts of the wing that will mature to different color 

pattern elements.  This can identify genes that are differentially expressed between regions of 

the wing that are fated to become different colors.  RNA-seq can also be used to identify a 

primary candidate gene for the yellow hindwing bar by both comparing the black and yellow 

portions of the hindwing and by comparing hindwing gene expression in the yellow bar 

region between hybridizing races that differ in the presence or absence of the bar. 

 

Hotspots of mimetic variation 

Mimicry offers a powerful way to test the repeatability of evolution.  The loci modulating 

wing color patterns in Heliconius have been shown to be hotspots of adaptation.  However, 

the question remains at what level are they hotspots?  I have shown that two mimetic species 

independently evolved their matching phenotypes using the same broad genomic region.  The 

identification of the functional sites in each species will enable determination of whether it is 

the same SNP, the same upstream transcription factor, or the same gene network that 

produces the mimetic phenotypes.   
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Concluding thoughts 

By examining the relationship between genomic variation and phenotypic diversity at 

multiple loci from multiple species across the Heliconius speciation continuum, we can begin 

to understand the generality of our results within Heliconius.  These results can then be added 

to a growing body of empirical studies in other systems to provide a broad perspective on the 

connection between genotype and phenotype.  Collectively, these studies will help us 

understand the evolution of biodiversity.   

 


