ABSTRACT

SUPPLE, MEGAN ANN Phenotypic Eolution across theleliconiusColor Pattern
Radiation. (Under the direction ddr. W. Owen McMillan)

In naturethere 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 phenoypation Theextensive diversy
within species and the striking mimicry between speaigseliconiusbutterflies make# an
exceptional system ttudy the evolution of adaptive traitslere | use natural phenotypic
variation across theeliconiusspeciation continuum to understathé genetic basis and
evolutionary historyf variation inadaptive wing color patterns

Usingwhole genome resequencing data of divergently colored races from hybrid
zones oH. erato,l identify a 65kb putative regulatory region modulating expressibthe
geneoptix, which controls the spatial distribution of red across the forewings and hindwings
in Heliconius | then analyzéaybrid zone genomic data frorh melpomengadistantly
relatedco-mimic of H. eratg and determinéhat the two species use the same genomic
architecture to generate their mimetic phenotypésing additional phenotypic and
phylogenetic sampling across the broddeeratoradiation, | further investigate the
genomic architecture of this 8% region. | identify three distinct modules within this region
that are associated with distinct red color pattern elements. These modules are likely
enhancers of the geoptix that modulate distinct expression domains across the wing,
resulting in the red colgrattern elementsWithin this modular architecture, | further narrow
down functional regions and identify candidate transcription factors acting upstregmxof

that modulate the presence of absence of the hindwing Tégsecandidates show



differertial binding affinities in the rays enhancer region and expression in the hindwings of
Heliconius as well as interesting known expression patterns acro§saksephilawing.

The identification of the functional regions enables the exploration of the
evolutionary history of the adaptive allelelsshowthat the rayed allele had a singlegin
within each of the mimetic speciek eratoandH. melpomengbutit evolved independently
between the two speciesdemonstrat¢éhat he phenotypically recombinaraceH. e.
amalfreda evolved through reshuffling of pattern element specific enhancers between the
traditional postman and rayed phenotypksee the same evidence of enhancer shuffling in
generating the wing color patterntéf himeia, an incipienspecief H. erata

| then examinghe processes that drive the genomic patterns of divergence that are
used to identify functional variation. | demonstrate that peaks of divergandee driven by
selection within a populatiomather than divergent selection between populations. This
result suggests caution when interpreting peaks of divergéwuutionally, | show thaH.
himerais an incipient species fromithin theH. eratoradiationthat evolved due to selection
on muliple loci, not jusidue to color pattern divergenc€ombining new genomic
techniques with extensiveatural variation, | provide insights into how genomic changes can

drive convergent and divgent phenotypes across a classic adaptive radiation
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BIOGRAPHY

From the time | learned to ride horses when | was a kid, | spent as much time as
possible at the barrl.would ride any horsedould get my haals or® including the unbroke
andwild ones. My sister and | rode a pony named Sparkla(The Little Witch) who was
being given away because she had the intelligence and athleticism to dump anQuider.
parents, not being knowledgeakbleout 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, | headed to the University of
Michigan for my undergraduate education. The snow and cold was not as much fun as | had
envisioned. Apparently the summers in Michigdift to the other thermal extreme, but |
wo ul dn 0 Everksuramer | took the opportunity to seek adventure elsewhere, including
the Sierra Nevada Mountains and Yellowstone National P&itier four years, | graduated
from with a degree in Aerospace Engineerikinlike most rocket scientistsdid not to put
my degree to worklnstead | threhiked the Appalachian Trail, spending six months walking
from Georgia to Maine.

After a stint living in a tent in Alaska, | moved to Washington State to pursue a career
as a stable hand/vhile in Washngton | also worked as an EMT on an ambulance, retrained
problem horses, and worked at a fecal DNA latnok up foxhunting anélam proud to say
that, whilein pursuit of the fox (or the hare or the dragged s¢céhgve fallen off horses on

three diferent continentsDue to such accomplishmentam one of the founders



Hillbilly Farms, a world famous website devoted to our battle against perfection in the
eqguestrian worldIn addition to contributing fodder for the websited our blog, The Raola
Apple, | also write the ““Jumping Clinic" column under the pseudonym George Morris.
| continued myprogressiordown the latitudes tRaleigh, North Carolina to pursue
higher education and more horsepeningPonies on Probation, a branch of Hillbifarms
| spentmy free time volunteering for a local equine rescue organizatiwasthe proud
foster mom to a string of naughty ponies who eektd learn to behave themselves before
anyone will adopt themThis involved regularly performing involurgadismounts, lots of
bruises, and at least one broken boheontinued 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 stromgl &left North Carolina and moved
to the humid jungleof Panamau.l 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.
| have taken up extreme runnéhgnot extreme because of the distance or speed, but rather
because of the hazards. In my single most dangerous week, | had close encounters with a
crocodile, the poisonous fee-lance, and the notorious Gamboa unicdrnow wander the

jungles with a butterfly net in search of the elusive chupacabra.
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CHAPTER 1

The Genomics of an Adaptive Radiation:
Insights Acrossthe Heliconius Speciation Continuum
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The Genomics of an Adaptive 1 3
Radiation: Insights Across
the Heliconius Speciation Continuum

Megan Supple, Riccardo Papa, Brian Counterman,
and W. Owen McMillan

Abstract

Fueled by new technologies that allow rapid and inexpensive assessment
of fine scale individual genomic variation, researchers are making
transformational discoveries at the interface between genomes and
biological complexity. Here we review genomic research in Heliconins
butterflies — a radiation characterized by extreordinary phenotypic
diversity in wamingly colored wing patterns and composed of a
continoum of taxa across the stages of speciation. These characteristics,
coupled with a 50-vear legacy of ecological and behavioral research,
offer exceptional prospects for genomic smdies into the namre of
adaptive differences and the formation of new species. Research in
Heliconius provides clear connections between penotype, phenotype.
and fitness of wing color patterns shown to underlie adaptation and
specigiion. This research is challenging our perceptions about how
specigiion ocowrs in the presence of geme flow and the mole of
hybridization in genemting adaptive novelty. With the release of the
first Heliconing genome assembly, emerging genomic shedies are painting
a dvnamic picture of the evolving species boundary. As the field of
spaciation genomics moves beyond describing patterns, towards a more
integrated understanding of the process of speciation, groups soch
as Heliconiws, where there is a clear speciation continoom and the
traits underlying adaptation and speciation are known, will provide a
roadmap for identifying variation crucial in the ongins of biodiversity.
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13.1 Introduction

Ower 150 vears ago, Henry Walter Babes pub-
lished his first observations of butterfly diversity
in the New World Tropics (Bates 1862). Explor-
ing deep within the Amazon basin for over a
decade, Bates documented extranrdinary cases of
mimicry in the vivid wing patterns of distantly re-
lated butterfly species. His writings provided Dar-
win with some of the most visually stunning ex-
amples of evolution by natwral selection and the
best evidence of a link between natural selection
and speciation. Thanks to Bates and Frite Muller,
whio arrived in Braril a few years after Bates,
butierflies, arguably more than any other groap,
coniribuied to the early establishment and accep-
tance of evolutionary theory (Carroll et al_ 20097
Research on butterflies continues to be as relevant
today as it was 150 vears ago. Using modem tech-
nologies, there is an active research community
encompassing most areas of ecology and evolo-
tion, ranging from the molecular details of vision
to the analysis of human impact on hiodiversity
{Boggs et al. 20603; Kotiaho et al. 2005; Briscos
gt al. 2000). This inclodes a vibmant genomics
research community working on a number of dif-
ferent species, incloding passion-vine butterflies
{Helicomiws spp., Heliconius Genome Consor-
tium 2017), monarchs {Darons plexippus, Fhan
et al. 2011}, swallowtails (Papilio spp.. 0" Meil
et al. 2000), the Glanville fritillary (Meliiae ac-
invia, Hanski 20011}, Bicyclns anmana (Brake-
field et al. 2009), and Lycagides (Gompert et al.
202). The past several years have seen remark-
ahle progress in the development of genomic re-
sources in these species, culminating in the publi-
cation of the first two botterfly reference genomes
(Zhan et al. 2011; Heliconios Genome Consor-
tiwm 2012}, with a number of additional genomes
scheduled o be released in the coming year

In this review, we examine emedging eco-
logical and evolutionary genomic research ad-
dressing adapiation and speciation in Heliconins

butterflies. Genomic research is ongoing in sev-
eral butterfly species, but genomic studies on He-
licoriws are arguably forither developed. Research
on Heliconius provides a foondation to discuss
larger issues relating to the nature of adaptive
differences and the fonmation of new species.
We begin with an overview of the Helicomins
radiation — a radiation that hes produced an ex-
treordinary evolutionary continoom comgposad of
divergent races and species at different stages
of speciation (Mallet ot al. 1995; Mallet 2008;
Merrill et al. 2011a). Using this continoom as
2 backdrop, we review recent progress to (i)
identify functional vanation in the groop and
reconstmuct the history of adaptive alleles, (i)
understand the imporance of hybridization in
speciation, and (i) explore the genomic archi-
tecture that allows speciation to procesed in the
face of gene flow. We conclude with a discussion
of how to move beyond paiterns of genomic
variation 0 gain A deeper undersianding of the
processes that drive divergence and speciation in
mature.

13.2 The Heliconius Radiation:
A Primer

The butterfly subtribe Heliconiina (Lepidoptera:
Mymphalidae: Heliconiinae) is restricted io the
Mew World tropics and has a host of life history,
ecobogical, and phenotypic traits that have long
fascinated biologists and naturalists. Heliconiines
get their common name, passion-vine butterfly,
from their sirong association with the passion
flower family (Passifloracese). Passion vines are
protected by a diverse amsenal of cyanogenic
compounds that are likely a by-product of
an evolutionary ams race with heliconiines
(Spencer 1988). Heliconiines have adopted this
defensive tactic—evolving the ability to make and,
in some cases saquester, cyanogenic glycosides
(Engler et al. 2000; Engler-Chaouat and Gilbert
2007). These compounds render the bearer highly
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distastefnl and avian predators quickly leamn to
asznciate a wing color pattern with unpalatahbility
(Chai 1986).

Within the subtribe, the genus Heliconiur is
characterized by an ecological shift to pollen
fieeding. Unlike most butterflies, which feed only
on fluids (e.g. nectar, decomposing animals and
fruits, and dung), Heliconiws actively collect
and process pollen (Gilbert 1972). The ongin
of pollen feeding is associated with subtle
changes in morphology {(Gilbert 1972; Krenn
and Penz 1998:; Eberhard et al. 2009), coupled
with more profound changes in a host of life
history and behavioral trails. In particular, the
transition o pollen feeding is hypothesized to be
important in the botterflies” ability to synthesize
toxic compounds and to enable & very long
adult life — one of the longest recorded for a
butterfly (Gilbert 1972). Pollen feeding is also
associated with a mapid increase in brain size
(Sivinski 1989), the ewolotion of sbhower and
more maneuverable flight, the development of
large eyes with accenfuated ultraviolat color
vision (Briscoe et al. 2010), and the evolution
of a suite of complex behaviors, including trap-
line feeding, gregarious roosting, and elabomie
mating strategies (Brown 1981

The Heliconins genus is best known for the
exiraordinary mimicry-related wing patiern di-
versity seen among its 43 species (Fig. 13.1)
With over 400 distinct color patiern warieties,
the group represents one of the most striking
adaptive mdiations in the animal kingdom. Re-
peated convergent and divergent evolution creates
a colorful tapestry where distantly related species
often look identical and closaly related species or
races can look strikingly different (Fig. 13.1). The
complexity of this tapestry is exemplified by the
paralle] radiations of H. erate and H. melpomene,
which, although phylogenstically distant and un-
ahle to hybridize, have comerged on 25 differ-
ent mimetic color pattems across the Meotropics
(Fig. 13.2). Most of the diversity in these two
species can be partitioned into two major phe-
notypic growps: (i) “postman” phenotypes, which
have red on their forewing and either possess
of lack a yellow hindwing bar; and (i) “rayved”
phenotypes, which have a vellow forewing hand,
a red patch on the proximal area of the forewing,

and red rays on the hindwing. Varations on these
themes genermte the abundant pattern diversity
we see in nature (Fig. 13.2b). In addition to the
postman and rayed phenotypes, there are also a
mumber of tiger striped Heliconius. For example,
H. numria shows numerous sympatric color pat-
terns races that are likely & result of strong se-
lection pressure to mimic distantly related Meii-
raea species (Mymphalidae: Ithomiinas) (Brown
and Benson 1974; Joron et al. 1999), which can
vary dramatically in abundance over small spatial
and temporal scales. Geographic variation and
convergent evolution are common across Heli-
conius and the wing patterns of most species
converge onto a handful of common color pat-
terns, s0 called mimicry rings, which coexist
locally (Mallet and Gilbert 1995). This conver-
gence between species led to the orginal hy-
pothesis of mimicry (Bates 1862) and Heliconins
is now a classic example of Mullerian mimicry,
where distantly related, but similarly distasteful,
species converge on the same wamingly colorad
pattem.

Divergence in wing color pattern is also as-
sociated with speciation due to the dual role
of color patiern in signaling io predators and
in mate selection. For example, H. meipomene
and H. cydne are very closely related, broadly
sympatric., and occasionally hybridize in nature.
In this case, speciation is associated with, and
reinforced by, divergence in mimetic color pat-
terns. Heliconius melpomene is generally black
with red and yellow markings and mimics H.
erato (Flanagan et al. 2004) (Fig. 13.2); whereas,
H. cydne is black with white or vellow markings
and typically mimics H. sapho and H. elewchia
{see Fig. 13.1). Mate recognition involves wi-
sual attraction of males to females, which leads
to strong color-pattern based assofiative mating
and dismuptive sexwal selection against hybrids
(Jiggins at al. 2001b; Maisbit et al. 2001). Fus-
thermore, there is ecological post-mating iso-
lation that results from increased predation on
hybrids due to their non-mimetic wing patierns
(Merrill et al. 2012). Species boundaries are of-
ten associated with mimetic color pattern shafis,
highlighting the pervasive role that color pattemn
evolution plays in reproductive isolation across
the radiation (Mallet at al. 1998).
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Fg. 13.1 Nature’s palette — the Heliconius radiation.
This representation of the major Helicomius clades incor-
pomtes over half of the 43 different Heliconius species
and a larpe portion of wing patiemn vanation. Note the
rease of phenctypes across the phylogeny and the ex-
treme phenotypic variation that exists within and between
closely refated species. The origins of several major eco-
pollen feeding, pupal mating, and gregarious larvae. Pupal

13.3 The Genetics of Color Pattern
in Heliconius

Given the visually dynamic nature and clear im-
portance of coloration in the Heliconius radi-
ation, much effort has focused on chamacteriz-
ing the genetic basis of wing pattern variation
in the group. The spectrum of pattern diversity

mating is the reproductive behavior where males search
and guard pupac and mate with females as they eclose
(Deinert et al. 1994). Pollen foeding and pupal mating
likely evolved caly once in the radiation. In comtrust,
greganious aggregations of larvae evolved several Gmes
including the lincage containing the primitive Helicomius.
Branch length does not necessarily reflect divergence time
(Beltriin ot al. 2007)

in Heliconius is largely coatrolled by vanation
at a handful of loci of large phenotypic effect
(Sheppard et al. 1985; Joron et al. 2006, 2011
Reed et al. 2011; Martin et al. 2012; Papa et al.
2013). These loci are phylogenetically conserved
“hotspots™ of phenotypic evolution, responsible
for color pattern evolution in both convergent and
divergent Heliconius species. Allelic variation at
these loci produce complex phenotypic changes
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Ag. 132 Variations on a theme — paralld color pat-
tern radintions in Heliconius erato and Helicomius
melpomene. (n) Geographic distributions of the major
phenotypes of H. erato and H. melpomene, showing the
“rayed” phenotype throughoul the Amazoa basin and
disjoint populations of the two varations of the “pastman™

that show spatial variation across wing surfaces
(Fig. 13.3). The identification and chamcteriza-
tion of these color pattern alleles has been a2 major
step forward in understanding the evolution and
development of lepidopteran wing patterns and
provides a unique glimpse into the developmental
genetic architecture of pattern evolution in nature.

The nomenclature surrounding the genetics
of color pattern variation in Heliconius that has
developed over the past 50 years is complicated:
however, most described color pattern variation is
due to the combined effects of four major loci. All
four loci contain functional variation that affects
distinct color pattern elements. For simplicity,
we will refer to them as the “red switch”, the
“yellow switch”, the “forewing melanin shutter”,
and the “global melanin shutter” (Fig. 13.3). The

phenatype. (b) Each row shows some of the color pattemn
divergence within the two concordant radiations, classified
by the two major phenotypes (“postman™ and “rayed”).
Comparing color patiern phenotypes between the two
species reflects the converpent color pattemn evolution

red switch controls the presence of several dis-
crete red elements, including the forewing band.
the proximal forewing “dennis™ patch, and the
hindwing rays (Fig. 13.3). The yellow switch
causes a loss of yellow ommochrome pigments
across both wing surfaces, resulting in a switch
from yellow to white pattern elements (Linares
1997: Naisbit et al. 2003) (Fig. 13.3). This locus
has largely been described from crosses of H.
cydro, but probably underlies pattern differences
in races of H. sapho and H. eleuchia as well.
The two “shutters™ (sensu Gilbert 2003) modulate
the complex distribution of black/melanin across
both wing surfaces. The forewing melanin shutter
acts predominately in the central portion of the
forewing, generating variation in the shape, posi-
tion, and size of the forewing band (Fig. 13.3).
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FAg. 123 Hokspots of phenotypic evolution. Although
mare then two doren kool bowe been described, color
pabiem varabion across Helicomiur is larpely regulabed
by Four major efect loci - two color Sswitkch™ loci and
two melanin “shutter™ loci. These loci inleract 1o create
the nntural diversity of Heficoninr color patiems. The
“red swilch™ controls varicus red elements aoroes the
wing surfaces snd was crginally described s multiple
baci (Sheppard et al. 1985). The “yelbow swilch™ changes
forewing and hindwing pattern elements between whits
ond yellow. The “forewing melanin shutter™ contrls the
distribution of blackimelanic wing scale cells oo the
forewing o either expose or oover white or yellow paiiern
clemenis and genermies variation in forewing band shape,
size mnd position. This locus also originally described as

The global melanin shutter affects the distribu-
tion of melanin across both wing surfaces to
create variation in a number of red. yellow, and
white pattern elements (Fig. 13.3). Due to the
broad phenotypic effects of these color pattem
loci, most were onginally described as super-
genas (Mallet 1989), or clusters of linked penes
that facilitate co-segregation of adaptive variation
(sensu Mather 1950).

The above synthesis is an oversimplification in
several ways. First, there are other loci that hawve
moderate size effects that contribuoie to patiem
variation in important ways (Papa et al. 2003).
This inclides completely unexplored loci that
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al least five distincl loci in different Heliconins species.
Finally, the “global melanin shubler™ is similar to the
forewing melanin shutier, but i acts more broadly acrss
U wiing. I was similarly described as 8 momber of distinct
loci in different Heficominy species. Allelic variation at
this Jocus can have mulliple phenotypic effects across the
wing including: {i) creating the while finpes on the fore
wing mnd hindwing, (i) causing the presence or shsence
of the yellow hindwing bar, and (iii) changing the shape
and cobar of the forewing band in some species, including
H. kimerg and K. hewrippe. In addition, allelic variation at
this locus, in the form of o senes of localized Eversons,
contrals all color and patiem vasation in A neeate (see
Jowrom et al. 200 1)

alter the nanostructures of wing scale surfaces,
causing light to scatter, which results in irides-
cent wing surfaces. Second, all of the major
loci have pleiotropic effects that extend beyond
the neat categorizations described above. Further-
more, most inferact epistatically with each other
to penerate additional pattern diversity. For exam-
ple. in H. melpomene the global melanin shotter
interacts with the red switch and the forewing
melanin shutter to finely control the color, size,
and position of the forewing band. Finally, the
magnitude of color pattern variation generated
by allelic differences within these boci can be
extrame. This is best exemplified in H. numata,
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where the entire spectrom of wing pattern varia-
tion is controlled by variation at a single kocus —
the global melanin shutter (Fig. 13.3) (Joron et al.
2004

13.4 Genomic Divergence Across
the Speciation Continuum

A major strength of Heliconins 85 8 genomic
model system is that the radiation has produced a
contimuum of divergent races and species, which
provide an excellemt opportunity (o shedy taxa
at different stages of speciation (Fig. 13.4). At
one end of the continuum. many divergent colos
pattern races freely hybridize, showing only

i s will
enpning b @ation

freely hvbradisng
popalalions

} }

weak reproductive isolation from each other
These racial boundaries are maintained primarily
by selection on wing color patterns, with free
gene flow acmoss the rest of the penome. This
heterogeneity in gene flow across the genome is
ideal for identifying functional variation, as the
genomes of divergent, hybridizing rmaces should
only differ at regions responsible for phenotypic
differences. For some pairs of Heliconius taxa,
speciation has progressed forther For example,
the hybrid zooe betweem H. eroto and H.
himera in Ecusdor is characterized by the
evolution of strong pre-mating isolation through
assofiative mating, but there is no evidence for
hybrid inviability or stenlity (McMillan et al.
1997). Both prezygotic and postrygotic isolation
have been shown to contribute to isolation in
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pairs al the earliest siages of speciation give insighis inio
howw reproductive isolation is esibiished. As reproductive
isalation incresses, but low levels of hybridiation remain,
pattems of divergence acmss the genome reflect the com-
plex interplay hetween evolutionary forces and penome
hybridize gives insighis inlo how genomes diverge with
compleie reprodoctive solation and bow distantly melabed
species cun coamverge on nearly identical phenotypes
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other Helicoming hybrid zones, including the
Colombian hybrid zone between H. e venus and
H. e chestertonii (Arias et al. 2008). Species
pairs such a2t these permit analysis of the
earliest stages of speciation, where speciation
has begun, but reproductive isolation i= not
complete, with hybrids making op a small
propogtion of the population in narmmow areas
of overlap (McMillan et al. 1997; Arias et al
2008}). Forther along the contimmum, thers are
many closely related, sympatric species where
hybridization occurs, bot it is rare (Mallet
et al. 2007; Mallet 2009). For example, H.
melpomene and H. cyadne ae broadly sympairic
in Central America and northern South America,
coexisting as 3 mesult of seveml ecological
differences, including their mimetic association,
host plant association, and habitai preference
(Maishit 2001). There are also more distantly re-
lated species in sympatry, such as H. meipomene
and H. elevafnr, where the ocowrence of
very rare hybridization has facilitated adaptive
imtrogression of color pattern alleles and the
spread of mimetic patterns across the genus
{Heliconius Genome Consortium 2012). Finally,
there are mon-hybrdizing species, such as H.
erate and H. melpomene, which are ecologically
and behaviorally distinct, yet share identical
mimetic wing patterns. These species provide
a comparative framework for explonng the
repeatability of evolution and for gaining 8 more
general understanding of how genomic changes
influence developmental pathways, phenotype,
and ultimately fitness.

13.4.1 Identifying Functional
Variation

Decades of research in Heficoniuy has shown
that wing color patterns are under strong nato-
ral selection (Benson 1972; Mallet and Barton
1989; Mallet et al. 199 Kspan 2001). In ona
of the best studied Heliconius hybrid zones, the
tranzition between divergent postman and rayed
color pattern races of H enslfo in Northeastern
Peru is sharp and ocowrs across a nammow 10 km
tran=ect (Fig. 13 5a). Strong natural selection on

color pattern was demonstrated experimentally
on either side of the hybrid zone by releasing
individuals with the postman pattern within the
rayed population, and vice versa, and estimating
survivorship (Mallet and Barton 1989} On both
sides of the hybrid zone, recaptore rates were
significantly lower for butterflies with the foreign
color pattern, yielding an estimated overall selac-
tion coefficient of 0.52. This estimate was com-
parable to indirect measores of selection based
on fitting linkape disaqguilibria and cline theory
models to extensive hybrid zone data (Mallat
etal. 1990

Recent research has focused on identifying
and understanding the architecture of color pat-
tern loci in order to connect genotype to pheno-
type and fitness. Using a combination of tradi-
tional genetic and emerging genomic approaches,
the gemomic regions containing the four major
color pattern loci have been localized to small
intervals and, in two cases, very Namow Zensmic
regions, with specific penes being strongly impli-
cated (Joron et al. 2006; Counterman et al. 2000;
Baxter et al. 2010; Ferguson et al. 2010; Reed
et al. 2011; Joron et al. 2001 1; Martin et al. 201Z;
Heliconins Genome Consortiom 2012; Supple
et al. 2013). The most progress has been made
in understanding red color pattern variation, with
research on the red switch locus serving as an
exemplar of how to identify functionally impor-
tant variation. Allelic variation at the red switch
conirols multiple distinct red color pattern ele-
ments that vary between the bwo divergent color
pattern phenotypes (Fig. 13.3). The genomic in-
terval containing this switch was localized to a
400 kb region on chromosome 18 that contained
moore than a dozen predicted genes (Counterman
et al. 2010). Within this region, microamay ex-
pression smdies, using probes tiled across this
region, identified oprix, 8 homeobox transcrip-
tion factor, as the only gene that was consis-
tently differently expressed between divergemt
color patiern races — showing high wpregula-
tion in regions of the pupal wing fated to be-
coma red in the adolt wing (Fig. 13.5b). Fuor-
thermore, beginning at approximately & howrs
after pupation, opfix expression perfectly prefig-
ures red pattern elements (Fig. 13.5c) — even
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reflecting subtle pattern differences between co-
mimics (Reed et al. 2011). The opiix amino
acid seguence is highly conserved within Heli-
conius, which suggests that the control of red
paittem variation is due to allelic vanation in cis-
regulatory elements (Hines et al. 201 1; Read et al.
2001)

The prediction that cis-regulatory variation
modulates red color pattern variation is supponed
by population penomic analyses of individuals
collected across narrow hybrnd zones between
divergeni color pattern phenotypes. These hy-
brid zones contpin individuals representing many
genarations of recombination and phenotypically
distinct individuals collected within them differ
only at genomic regions responsible for the those
differences (Counterman et al. 20110; Baxter et al.
20010; Nadeau et al. 2012). Analysis of three repli-
cated hybrid rones between postman and rayed
H. erato races shows a sharp peak of genomic
divergence in a region approximately 100 kb ¥ of
optir, in & “gene desert” containing no predicied
genes nor any ranscriptional activity. The peak of
divergence is approximately 65 kb wide and con-
tnins nomerous SNPs perfectly associated with
color pattern across the broader H. erato patiern
radiation (Fig. 13.5d) (Supple et al. 2013).

Relative to other regions of the genome, there
is extensive linkage diseguilibrium (LD, reduced
heternzygosity, redoced nucleotide diversity, and
high levels of population differentiation across
the 65 kb peak (Supple et al. 2013 —hallmarks
of a history of strong selection. A compelling
hypothesis is that this region contains a series
of modular enhancers that regulate the spatial
expression of optit, similar to the architecturs
recently described for genes responsible for mor-
phological variation in melanin and trichome pai-
temns in Drosophila (Bickel et al. 2011; Frankel
et al. 2001). This model is consistent with phe-
notypic recombinants occasionally collected in
postman'ryed hybrid zones that disassociate the
proximal red patch on the forewing from the
red hindwing mays, which are red color patiem
glements that typically occur together (Mallet
1989} In fact. in both co-mimics, A enslo and H.
melpomene, there is a single mce found in 3 nar-

row geographic region in the Guianas that have
the red forewing paich, but lack the hindwing
rays. Additionally, one of the polymorphic forms
of H. timarefa in Ecuador also has a recombinamt
phenotype — showing hindwing rays, but no red
forewing patch (Mallet 1999,

The genome scans described above are ex-
ceptionally powerful for localizing functional re-
gions. However, the ability to more finely char-
Acterize these regions and to identify functional
elements or functional changes using population
genomic approaches will ulimaiely depend on
what iz cansing the strong LD seem across the
region. One possibility is that the region con-
teins an inversion that suppresses recombination
and locks loci into specific allelic combinations.
Inversions have been shown to be important n
maintaining a series of major effect color alleles
in H. numata (Joron et al. 2011). However, we
seet no evidence for inversions in the red switch
locus in H erate and H. melpomene pair-end
sequence data (Sopple et al. 20013}, nor were
imversions evident in analysis of different color
pattern races of H. melpomens (Madean et al.
2017). Moreover, fine scale analysis of haplotype
structure across this region suggesis that recom-
bination occurs {Sopple et al. 2013). Given the
lack of evidence of an inversion and the presence
of recombinant individuals, it is most likely that
the observed LD is a result of strong natoral
selection. Strong selection can establish extensive
LD among boci, even among unlinked color loci
(Mallet et al. 1990). In this case, the presence
of recombination raises the possibility thai more
extensive population and taxon sampling will
further refine the boundaries of the functional ele-
ments. However, in order to fully understand how
variation in this region modulates patiern evo-
lution, population genomic approaches must be
coupled with other strategies, including exploring
protein-DMA interactions with DNA foot printing
(Cai and Huang 2012} and confinming functional
mutations with transgenic manipulations (Merdin
etal. 2003; Cong et al. 2013).

There has been similar progress in identifving
acandidate gene for the forewing melanin shutter.
Linkage mapping, gene expression analysis, and

10
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pharmacological treatments all indicate that the
Wit ligand modulates variation of the forewing
band (Martin et al. 2012). The spatial pattern
of Watd expression cormesponds to the black
forewing patiern in multiple species across the
Heliconius radiation. As with optix, the WA
protein is highly conserved and variation in cis-
regulatory regions is likely responsible for pattem
diversity. Wrtd is o signaling ligand that creates a
morphogen gradient across the developing wing
tissue and is the type of molecule predicted to
underlie pattern formation in theoretical models
of wing color pattern development (Kondo and
Miura 2010; Mijhout 1991). Ward s expressed
earlier in patiern formation than opfix and may
act a5 3 negative regulaior of opfix, with the
interaction between the two genes being respomnsi-
ble for establishing black versus non-black wing
pattern boundaries. This is only the second report
of a morphogen involved in pattern generation
(see Werner et al. 20100, but it is the first that
directly links change in a patierning molecule to
the evolution of a highly variable trait with clear
adaptive significance (Martin et al. 20012).

The yellow switch and the global melanin
shutter have similarly been positionally cloned
(Joron et al. 2006; M. Kronforst, pers. comm. ).
Monetheless, specific candidate genes amdfor
functional elements have yet to be identified.
The global melanin shutter, in particular, has
proven difficult o characterize. It was the first
color pattern locus o be positionally cloned and
it has the broadest range of phenotyvpic effects
of any of the Heliconiny color loci. Moreover,
this region has recently been shown to underlie
paittern change in several Lepidoptem species,
including evespot size in Bicyclur (Saenko et al.

2010% and the classic case of industrial melanism
in the British peppermoth, Bisfon befularia (van't
Hof et al. 201 1), underscoring the fAexibility and
broad evolotionary importance of the Helicominy
patterning loci. In Heliconius, this locus has been
hypothesized io be a “sopergene” composed of
a8 number of distinct co-adapted protein coding
loci. Support for this comes. from recent work on
H. rumata that showed that allelic variants at this
locus are acnally a set of different chromosomal
INVersions BCrOss & region coniaining af least
18 genes (Joron et al. 200 1). However, ongoing
expression and genome scan studies in H. erafe
and H. melpomene indicate that, similar to the
red swiich and the forewing melanin shotter,
only a single protein coding region at this locus
may underlie the global vanation in melanin
patiern across Helicomiuy wings (C. liggins, pers.
COMmIm. ).

13.4.2 The Origins of Nowvel
Phenotypes

Matural selection can explain why wing patiems
of different Heliconius species should comerze —
stromg selection against rare color patterns pro-
motes mimicry (Miller 1879). Natural selection
can also explain the maintenance of existing wing
pattern diversity — strong frequency-dependant
selection removes non-mimetic individuals cre-
ating sharp transition zones between divergent
phenotypes (Mallet et al. 1998). However, natural
selection cannof easily explain the origin and
spread of new phenotypes in Helicorius. This is
8 complex issue at the core of the mimicry para-
dox — the frequency — dependent selaction that

FAg. 13.5 Linking genotype to phenotype to fitness
in Heliconius. (o) Allele frequency variation ai the red
swilch locus aoross the Peruvian bybod zone meflects
strong naimmal selection an color patiern (b)) ot is the
only gene in the red switch loons showing sirong and
significant differential expression between the red and
yellow Forewing bands of divergent red phenotypes. ic) fa
it hybridizations show that spatial expression of optic
exaclly prefigures red color pattern elements in pupal
wings 60 howrs afier pupation. (d) Sliding window pe-

nomic divergence betwesn two major . srato phenotypes
(“postman”™ and “myed”) from three hybrid sones acooss
the ped swilch locus. There are two peaks of diverpence,
one near opfiv and one ot o 65 kb region 37 of opfir,
indicating polentially functional regions. The &5 kb peak
also contmins numerous SNPs perdfecily associaled with
phenatype. The divergent peak stands in marked controst
o the lack of differentiation ot regions unlinked 1o color
m(&,:—um}l (Figure madified fram Mallet and
Bartan 198%; Reed et all 200 1; Supple # al. 2013)
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Fig: 1356 The origins of on sdaptive rudiation — phy-
logenetic annlysis of the red switch locus in H. erafo.
Phylogenetic analysis of oplimal topological partifions
highlight a region around the gene opiir os clusiening sam-
ples by phenotype, miher than geographic proximity. The
tree topologies are shown, with phenotypes represented
by branch colar and geagraphic regions by ierminal node
color, Trees were generated from SNPs determined by
oligning short ssquencing reads to 2 eference penome.

stahilizes existing patterns is the same force that
eliminates novel forms, yet pattern divergence is
rampant (Mallet and Gilbert 1995; Tumer and
Mallet 1996; Joron and Mallet 1993). To begin
io explain this paradox, we first need o under-
stand the evolutionary dynamics of the genomic
regions that canse pattern change. An essential
first guestion to ask is whether movel pheno-
types arse once and spread within and bebween
species or are there multiple, independent origins
of the same phenotype? It has only been with
the identification of the regions that moduolate
phenotypic differences that we can begin to ad-
dress this question. The answer seems io be a
bit of both — phenotypic evolution within races
and species with even low levels of hybridization
occurs by sharing uniguely derived color pattern
allelexs; while comvergent phenotypes evolve inde-
pendently in more distantly related co-mimics.
Analyses of the genomic region responsible
fior color pattern diversity support a single ongin
for major red color pattern phenotypes within
species. For both H erato and H. melpomene,

Thz grey scale bar is colored by the general histary in-

Ferred. Around optix, samples sre clustered by phenotype
(Black bur), while the farthest partition from optix clusiens

by geagraphy (light grey bar), and the regions in between
are intermediole, clustering by o mix of geogmaphy and
phenatype (donk prey bar). Gene annolations, with the
From Supple et 2l 2003}

varigtion around the red switch locus soms by
color pattern: phenotype (Hines et al. 2001; Sup-
ple et al. 20013). In both species, individuals
possessing a rayed phenoiype cluster together to
the exclusion of individuals possessing the post-
man phenotype (Fig. 13.6). Rayed patterns are
found in the Amaron basin and are co-mimetic
with several other Heliconinr species and day
flying moths; whereas, the postman phenotypes
are largely unigue to H. enalo and H. melpomens
and are found in multiple disjunct regions anound
the periphery of the Amazon and in Central
America (Fig. 13.2). The pattern of genetic vari-
ation around the red switch locus supporis the
hypothesis that one mmyed phenotype evolved in
each species and spread quickly, fragmenting
the geographic distribution of the older post-
man phenotypes. This phylogenetic signal is re-
stricted t0 A region containing the 65 kb diver-
gence peak idendified in the hybrid zone compar-
isons (Fig. 13.5d). As you move away from this
region, the phylogenetic signal increasingly re-
flects a history of recent gene flow, with variation

13
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clustering by geographic proximity and biogeo-
graphic boundaries. regardless of color patiem
(Fig. 13.6). This pattern of clustering by geogma-
phy is the same pattern that is ohserved across re-
gions unlinked to color pattern, which previously
led o the incomect conclusion that similar color
patterm phenotypes evolved multiple times within
each species (Brower 1994; Flanagan et al_ 200d;
Chuek et al. 20010). This discordance demonstrates
how inferences drawn from a specific subsat of
the genome can be misleading (Hines et al. 20011).

Mimetic convergence between distantly re-
lated species, in contrast, likely occors by inde-
pendent evolution. For example, population ge-
netic and phylogenetic analyses of the H. erafe
and H. meipomens radiations, using variation
within color patiern intervals, consistently clus-
ters individuals by species designation, which
is similar to the growpings obtained at loci wn-
linked to color pattern. Thos, although the same
genomic region regulates mimetic color pattem
varniation, the changes responsible for mimetic
convergence likely arose independently in the
two species. The independent origin of similar
color patterns in H. ergio and H melpomene
is perhaps not unexpected. given that the two
species diverged from each other over 15 mil-
lion years ago (Pobl et al. 2009) and do not
hybridize.

It is less clear how often more closaly
related species “borrow™ color pattern alleles
Io acquire & mimetic wing color patiern. A
cursory review of B phylogeny of the Heliconiny
radiation shows the high frequency thai similar
wing patierns are shared by species across
the tree (Fig. 13.1). For example, within the
melpomena/cydnofsibvaniform (MCS) clade, the
rayed and postman phenoiyvpes occur within
three of the four major lineages (Fig. 13.1).
These species are all closely related and many
are known to hybridize in the wild (Mallet
et al. 2007) and in greenhousas (Gilbert 2003).
These observations lead fto a proposad model
whereby Helicorins mimicry evolved by repeated
interspecific transfer of color patterning alleles
(Gilbert 2003). Adaptive introgression, which
is the spread of beneficial variation through
interspecific hybridization, may have provided

the genetic raw material for both accelemted
adaptation and speciation doe to the dual role of
color patterns in mimicry and mating behavior.
Compelling evidence for hybridization and in-
trogression, particularly around colos pattern loci,
comes from analyses of closely related Helico-
nins species that share similar mimetic patterns.
Phylogensatic analysis of genetic variation from
the region identified 85 crucial o red color pat-
tern differences, clusters populations and species
by red patiern phenotype across species boond-
aries, rather tham by phylogenetic relationship
(Heliconius Genome Consortiom 2012; Pardo-
Diaz et al. 2012) (Fig. 13.7). This clustering
by phenotype includes H. elevaius, which is the
only rayed species in the more distantly related
silvaniform clade, which usually have oramge.
black, and yellow tiger patiens and are known to
hybridize, albeit rarely, with H. meipomene. Ad-
ditional support comes from genome-wide tests
that attempt to distingnish shared ancestral poly-
morphism from shared polymorphism resalting
from recent gene flow (Green et al. 2010; Durand
et al. 2001). This analysis shows a statistically
significant excess of shared polymorphisms be-
tween sympatric co-mimics than would be ex-
pected from random sorting of ancestral pol ymor-
phisms, with a particularly strong signal at known
color pattern loci. Although this test has been
shown to be biased by population structure amd
to be sensitive o genotyping errors (Cwrand et al_
2011}, the pattern of shared polymorphisms com-
bined with the traditional phylogenetic analyses
paints 3 dramatic picture of the adapiive spread
of color pattern alleles across species boundaries.

13.4.3 Wing Color Patterns as
a “Magic Trait™ Promoting

Speciation

As we are beginning to understand the role that
ndaptive introgression plays in the spread of
mimetic color pattern alleles, it & becoming
equally clear that divergent color pattern alleles
in Heliconius likewise play a profound role in
speciation. DMsmptive selection on an ecological
trait, such as Helicomer wing pattems, imposes
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Fig. 13.7 Evolution bry adaptive introgression. Phylo-
genetic analysis across the red switch locus shows in-
brogression belween sympainc, mimetic species in the
genomic region believed to control red color patism vari-
ation. A single 50 kb region clusters oll myed samples

a barmier o gene flow (Schluter HF; Nosil
2002). We see this clearly in the signature of
differentiation across hybrid zones berween color
pattern races of H. ennle (Fig. 13.5d). However,
in the mbsence of strong assoriative mating,
even with this barrier to gene flow, intermediate
phenotypes will be continually produced and
recombimation  will prevent speciation. This
antagonism is the principal reason why the
idea of speciation with gene flow remains
extremely confroversial (Felsenstein 1981}
One way around this difficulty is if the trait
under dismuptive selection also contributes to
nonrandom mating. In this case, there is a clear
path to speciation {Dieckmann and Doebeli 1999;
Gavrilets 2005) and such traits have becomea
known as “magic traits”. Rather than the term
“magic tmit”, which implies a trait encoded
by B “magic gene”. a better term would be
“multiple-effect trait”. A multiple-effect trait
is simply a trait that has multiple functions — it is
under disruptive selection and contributes to non-
random mating. This definition is of more valoe
becanse it does not presuppose any particular
underlying genetic architecture ic.f Servedio
et al. 2001

Iz pesiTomn (hp)

Iogether, including H. efevatus, a proposed bybnd species.
‘Windows farthest from this region genemie the expected
species bree (Figure modified from Heliconius Genome
Conzortiwm 2012)

The wing patterns of Heliconius provide one
of the best experimental systems to study how
“magic” or “multiple-effect” trits can gener-
ate biodiversity. Research on how these trits
can promoie speciation is most progressed in
H. meipomene and H. cydne, where experimen-
tal manipulation demonstrates the importance of
wing color patterns in both natural and sexual
selection (Maisbit et al. 2001; Jiggins et al. 2001b;
Merrill et al. 2001 1b, 200 2). Recent field and cage
experiments demonstrate that wing color patierms
are under disruptive natwral selection — F hy-
brids, whose wing color patterns show an inter-
mediate forewing phenotype, wers attacked more
frequently than either parental species (Merrill
et al. 2012). Mate choice experiments demon-
strate both color pattern based assoriative mating
between the two species and dismptive sexual
selection against hybrids (Jiggins et al. 2001b;
Maishit et al. 2001; Merrill at al. 2011k In
addition, assoriative mating 15 much higher in
populations where H. melpomene and A cydno
are sympatric, as compared to populations where
H. melpomene does not encounter H. cydne. This
is comsistent with the expectation of the reinforce-
ment hypothesis — selection against hybnds lead
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to the evolotion of stronger pre-mating isolation
(Jiggins et al. 2001b). It is important to point out
that, in addition to color pattern based mating,
there are other forms of solation between the
pair, including host plant preferences, microhab-
itat wsage. and sterility bamiers. The sterility
barriers occur becanse the Fy offspring follow
Haldane’s mle — the homogametic males are
fertile and the heterogametic females are sterile.
Hiowever, the strength of selection against hybrids
thai results from female sterility is only about
&= strong 35 mimicry selection and not nearly as
strong as pre-mating isolation due to assortative
mating (Maisbit et al. 2002).

In Helicomius, ongoing research s beginning
io make the connection betwesn multiple-effect
traits and the loci that underlie these traits. A
series of recent studies have demonstrated that
the loci causing color pattern differences amd
the loci respomsible for color pattern based
mating preference are physically linked in
Heliconiuws (Kronforst et al. 2006a; Merll
et al. 2011b). Physical linkage between a color
pattern locus and a male mating preference
was demonsirated first in H. pachinus and H.
cydro palantns — mating was strongly assortative
by white versus yellow color and variation in
male mating preference mapped o the vellow
switch locus (Kronforst et al. 2006a). A similar
association was demonstmied between H. cydme
and H. meipomene. In this species pair, male
approgch and courship behavior was also
highly assortative by coloration and strong male
preference for red patiern mapped o the red
switch locus (Merrill et al. 20011b). This is a
very intrigning finding given that the gene that
controls the distribution of red on a Heliconins
wing, opix, also plays a role in compouond eye
development (Seimiya and Gehring 2000). This
raises the possibility for a direct link between
the perception and transmission of color patiern
cues. Ongoing research, including experiments
io create introgression lines that differ primarily
around the regions responsible for red patiem
variation., seeks to betier undersiand the
nature of the observed association and its
role in promoting the radiation of Heliconins
butterflies.

In addition to facilitating speciation by
divergent natural selection, physical linkage
between color pattern traits and the mating
preference for those traits can promote the
formation of new species through hybridization
(Amold 2006). Hybrid speciation results when
hybridization produces novel genotypes that
are reproductively isolated from the parental
species. In this regard, hybrid penotvpes that
confer an ecological advantage and infloence
assofiative mating (semsu Smith 1966} could
quickly result in the orgin of a2 novel hybnd
population that s reproductively isolated from
the parental species. This process has been
termed hybrid trait speciation (Jiggins et al.
2008). Althoogh hybrid speciation is thought
to be rare in animals, hybrid trait speciation may
provide a route for hybndization to play a role in
animal diversification.

In Heliconius there are some of the most
compelling Heficonius examples of hybnd trait
speciation in the animal kingdom (Mavdrez et al_
2006; Salazar et al. 20010; Heliconius Genome
Consortivm 2002). For example, evidence from
A number of independent datasets suggest Heli-
conius kewripa arose through hybrid speciation:
{1} the observation of regions in Venezuela where
hybrids between the proposed parental species
commonly occur (Mavdrer et al. 2006), (i) labo-
ratory crosses demonstrating a clear path to the
H. henrippa phenotype (Mavirezr et al. 2006),
{1ii) molecular genetic analysizs showing that the
H. heurippa genome is a mosaic of pieces from
the parental species (Salazar et al. 20000, and
{iv) mate choice experiments demonstrating in-
cipient reproductive isolation from the parental
species via assodiative mating (Mavdrez et al
2006; Melo et al. 2009). Heliconiny elevalus is
another interesting example of o putative hybrid
species, a5 speciaiion poientially involves both
color pattern mimicry and mate choice {Helico-
nius Genome Consortium 201 2). The hypothesis
is that hybridization between H. pardalinns and
H. melpomene resulted in adaptive introgression
of color pattern alleles, followed by reproductive
isolation due ko assortative mating on wing colos
pattern. Genomic data strongly suppor adaptive
introgression of the H. melpomene rayed color
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pattern allele into a H. pardalings genome (He-
liconius Genome Consortiom 20012). The pre-
diction of reproductive isolation secondary to
adaptive introgression remains ontested. 1t is pre-
dicied that the new rayed H. pandalinus popula-
tion became reproductively isolated from other
H. pardalinus and H. melpomene due to assorta-
tive mating based on color pattern and perhaps
other signals, such as short-range chemical cues
(Estrada and Jiggins 2008), resulting in a new
species — H. elevaius. Although the genomic,
ecological, and behavioral evidence for these ex-
amples are impressive, further stodies are needed
&= plternative speciation scenarios have been pro-
posed for these species that do not invoke in-
trogression and hybridization (see Brower 2013}
A whole genome perspective should help shed
light on this debate, but it requires 8 more fun-
damental understanding of how genomes change
during speciation and what signatwre hybridiza-
tion and introgression would leave on expected
patierns of genomic divergence.

13.4.4 Genomic Heterogeneity
at the Species Boundary

Although hybridization between closely related
species is common in nature (Mallet 2005
Riesebherg 2004, the idea that divergence and
speciation can occur in the face of ongoing gena
the last decade the debate has largely shifted
from gquestions about the geographic combext
of speciation towards gaining an onderstanding
of the pmocesses and mechanisms that can
generate hiodiversity in the face of gene flow
(Mos=il 20012). More recenily, nexi-gemeration
sequencing technologies have matured to permit
a2 whole-penome pemspective on  divergence
dunng speciation. These data promise o advance
our understanding of the origins of eproductive
isolation by moving research towards the
processes that shape pattemns of divergence across
whole genomes (Feder et al. 2012).

With the publication of the first Heliconins
genome  (Helicopius Gepome  Consortiom
2002), a nomber of studies have uwsad whaole

genome resequencing o explore the genomic
landscape of divergence and speciation along
an  evolutionary contimmm  of  hybridizing
taxa. Thess swmdies have focused on the
melpomeneicydnofsilvaniform clade and use the
H. melpomene genome as B reference to layer
resequence data and to characterize individual
variation across the genome (Kronforst et al.
2003; Martin et al. 2013). These studies join sev-
eral recent sdies in other organisms {Hohenlohe
et al. 20010; Lawniczak et al. 2010; Ellegren et al.
2012; Gagnaire ef al. 2013) to provide the first
full genome parspectives on speciation.

Genomic analyses across the Heliconing spe-
cigtion contimuum highlight some charactenstics
that are emerging from these early speciation
genomics siudies. At the early stapes in the spe-
cigtion continuum, recenily diverged populations
freely hybridize buot show strong divergence at
regions of the genome known (o be under strong
selection. The result = differentiation that is re-
stricted to few areas of the genome. For ex-
ample. hybridizing races within both H. enate
and H melpomene showed clear regions of di-
vergence around known mimicry loci, with lit-
the divergence evident elsewhere in the genome
(Figs. 13.5d and 13.8). It iz potable just how
restricted differentiation is, even under conditions
of very strong nahral selection when patterns of
divergence are expecied to extend well beyond
functional sites. Despite strong frequency depen-
dent selection on color pattern, genomic diver-
gence is limited to sharp and nammow peaks tightly
linked to color patiern loci. These divergence
peaks have long tails that extend about 1 Mb, but
differentiation is only slightly abowve backgzround
levels. This observation is interesting given that
differences in & number of imporiant ecological
traits, including host plant preference and larval
survival, map to color pattern regions (Merrill
et al. 20013

As speciation progresses, selection, genetic
hitchhiking, and the accumplation of newtral
mutations during these latter stages of spaciation
result in highly bheterogeneous patterns of
genomic divergence across the genome. This
pattern of heterogeneous divergence is evident
across the continmum from incipient species with
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Ag. 13.8 Genomic archilectare of speciation — em-
pirical dats. The empirical divergence doln from the
melpomenaioydno clade, with armews pointing to known
color patiern locii Hybridizing moes of H melpomens
show islands of divergence ol the color patiern loci

pre-mating isolation, to species with strong pre-
mating and post-mating isolation. For example,
H cydne and H. pachinis are two closely
related species that differ in color pattern and
show strong cobor pattern based assortative
mating {Kronforst et al. 2006a), yet hybridize
occasionally in narow regions of overlap in
Costa Rica (Kronforst et al. 2006k). In addition to
peaks of divergence at known color pattern loci,

Comparisons hetween closely relaled, sympalnic species,
show hetercgenecms patierns of divergence across the
whole genome. Allopatric species pairs also show high
helerngeneity, but with elevaled divergence across the
penome (Figure modified from Martin et al. 20013)

there are over & dozen regions of the genome that
are more divergent than expected by chance and
may harbor previously unidentified ecologically
important varation. The heterogensous pattems
of divergence persist as the evolotionary distance
increases to closely-related species with stronger
reproductive isolation, such as H melpomens
versus M. fimareta and H. cydro, (Martin et al.
2013) (Fig.13.3).
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Heterogeneity is emerging as a common fea-
ture of genomic divergence in a number of recent
studies. For example, stodies of differentiation in
Anopheles mosquitoes, Ficeduln fiycatchers, and
Coregonus whitefish also showed highly hebero-
geneous patterns of differentiation (Lawniczak
et al. 2010; Ellegren et al. 2002; Gagnaire at al.
2003). In Ficedula and Coregoris, the patierns
are thought to be the result of recent admixture
following allopatric divergence. In contrast, the
Heliconies and Anopheles patterns are thought to
have emerged as a result of speciation without pe-
riods of allopatry. Both speciation with gene flow
and allopatric divergence with secondary contact
can generafe genomic heterogeneity. However,
finer analysis of the patterns should allow one to
distingunish the two scenanos. A commonly used
measure of the extent and timing of gene flow is
the number and distribation of shared polymor-
phisms between species. The basic principle is
that (1} longer periods of gene flow should result
in a greater proportion of shared polymonphic al-
leles between older species. (ii) recent gene flow
will reduce differentiation and increase the pro-
portion of shared alleles among sympatric pop-
nlations, s compared to allopatric populations,
and (1ii) recent gene flow should initially resolt in
strong linkage disequilibriom between shared al-
leles at linked sites, which wounld breakdown over
time if gene low was ongoing for longer periods.
‘Various methods for comparing the nombers and
distribation of shared polymorphisms are being
developed and have recently been used to study
the role of gene flow during speciation inm the
handful of oreanisms with population genomic
data available (Kulathinal et al. 2009 Ellegren
et al. 2012}, including bumans and neandertals
(Grean et al. 20010).

The melpomensicydnosilvaniform  clade
provides an ideal opporunity to explore the
genomics of speciation with gene flow versus
allopatric  divergence with secomdary comtact
im & rnch comparative framework. This is
becanse the clade includes many allopatric
and sympatric/parapatric races and species
with varying degrees of known phylogenstic
relatedness that can be used to compare pattems
of shared polymorphisms and test different
speciation models. For example, the observed

increase of shared polymogphisms across the
genome al increasing phylogenetic depths is
suggestive of a long history of gene Aow during
speciation (Martin et al. 2013). Interestingly,
A =milar conclusion was reached using a
completely different approach that involved
modeling introgression mies in A community
assessment of penomic differentiation among
Costa Rican Heliconiuy species (Kronforst et al.
2013). However, exirems caotion in interpreting
these patterns is warranted. High heterogeneity in
genomic divergence is indicative of the complex
interplay between a diverse army of ecological
and demographic factors, including salection,
gene flow, and population history, as well as
intrinsic genomic features such as varnation n
recombination rate.

With these new daia, we are beginming bo
appreciate the complexity and the challenges
of identifying genomic regions responsible for
adaptive divergence and reproductive isolation
and understanding how they affect genome-wide
patterns of divergence throughout the speciation
process. This is a serious challenge, vel systems
with replicated examples of adaptation or
speciation, such as Helicomins, sticklebacks,
and whitefish, can be extremely powerful for
inferming the functional importance of regions of
divergence and understanding the history of gena
flow between spacies.

13.5 From Patterns to Process

Moving forwand requires 8 muoch better under-
standing of the how genomes diverze. As pe-
nomic technologies advance, empircal descrip-
tions of genomic divergence will be layered ombo
one another to describe how the genomes of
species change through space and time. The ac-
cumuolating genomic dain are already revealing
extremely heteropeneous patiemns of divergzence
that result from complex interactions bebween
selection and gene flow. The research is guickly
tran=ationing to identifying systems that have the
most promise to provide insights into the pro-
cess of genomic divergence. In this respect, new
model systems, such as Heliconius, which (i)
have replicated examples of adapiation, (i) are
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composed of taxa representing distinct stages
of the speciation process, and (iii) have traits
that are known to contribute o adapiation and
speciation, will provide an important framework
io determine the processes that dove ecological
divergence and speciation from the patterns of
genomic divergence.

Genomic data in Helicomiuz highlight the
ahility to identify the gemomic regions that
arg knoam targeis of selection and show how
divergence around these regions changes when
populations are increasingly isolated from each
other. However, divergent races and incipient
Heliconiws species differ by more than wing
color patierns. They show differences in mating
preference (McMillan et al. 1997; Jiggins et al.
2001b; Chamberlain et al. 2009; Mermill et al
200 1a), hybrid sterility (Jiggins et al. 200]a;
Maishit et al. 2002), host plant choice (Brown
1981; Estrada and Jiggins 2002}, and physiology
(Davison et al. 1999 - all of which may
play key roles in speciation. Leveraging ithe
extraordinary radiation for broader insights into
the orgins of diversity reguires that we better
ptilize genomic datasets. We need to identify
regions under divergent selection and undersiand
how they contribuie to differences in survival or
otherwise cause a reduction in gene fow between
incipient forms. This challenge is not unigue to
Heliconius — the overarching goal of ecological
and speciation genomic research is o identify
and characterize regions of the genome under
divergent selection and to understand what role
they play in speciation.

To reach this goal, we need new theory that
will “transform corrent predictions conceming
genetic divergence into more dynamic recreafions
of how genomic differentiation unfolds through
time during speciation” (Feder et al. 20012)
Presently, the analysis of genomic landscapes
is largely descriptive. Formal models that explain
how selection and genetic hitchhiking can drive
patierns of gemomic divergence are beginning
to emerge (Smadja et al. 2008; Feder and Mosil
2000; Feder et al. 2002}, but presently there is
no standardized procedure to rgorously delimit
the shape, size, and distibotion of divergent
regions of the genomes, and more importantly, to
model how they change through time (Feder et al.

20012). Even among Heliconiwy studies, different
strategies were usad to identify the location and
size of diverpent regions and to estimate the
degree and timing of gene flow. Without commaon
tools and practices, it becomes very difficult to
compare patiermns of genomic divergence and to
identify general patterns emerging from genome-
wide studies of speciation. However, just as new
and better datasets will be generasted, new and
better theories will be developed. The feld
neads to (i) establish better understandings of
the penomic architectures of the trails under
divergent selection and influencing reproductive
isolation, including the number of loci, their size
effect on isolation, and their relative contribution
in the speciation process; (ii) imvestigate how
mutation and recombination rates vary locally
across the genome and between populations,
particularly for those regions of the genome that
influence isolation; and (iii) develop increasingly
complex models of speciation history and
understand how heterogeneous  patterns of
divergence evolve as species diverge with and
without gene flow.

When studying adaptation and speciation, we
speculate om the specific historical events that
generated the extant genomic patierns that we
observe. As such, we have i be very careful to
temper our enthusinsm (Mielsen 2000; Bamett
and Hoekstra 20110 Molecular “spandrels™
(sensu Gould and Lewontin 1979) abound in the
genomes of all organisms and establishing direct
links between genotype, phenotype. form, and
filness requires iniegrated datasets. ldentifying
highly diverzent regions of the genome is
A starting point for buoilding an integrative
understanding of the natwre of varation between
taxa. For some species, experiments can be
designed that measure the success of individuals
under specific ecological conditions. In these
cases, researchers can actually follow genomic
change forward in time. Experimental genomics
is moving beyond the laboratory to directly
testing hypotheszs about how selection causes
genome-wide change (Barmett et al. 2008) and
provides a powerful approach that can be
used in 8 mumber of emerging model systems
{Barrett and Hoekstra 200 1). For other groups, a
combdnation of traditional genetic and functional
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genomic approaches, coupled with functional
manipulation experiments, remains the hest
strategy o identify functionally important
varigtion. In either case, the combination of
technological and analytical advances ensures
thai genomic exploration will contioue to
transform our understanding of the origins of
bindiversity.
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Mentfying the genetlc changes driving adaptive varladon In nawral populatons b key to understanding the odgins of
blodiversity. The mossle of mimet cwing patterns in HeBmoaius burerflles makes an excellent system for exploring ads pd ve
varlaton using next-generathon sequencing. In this soudy, we use 3 ombinaton of technlques to annotate the genomic
Interval modulstng red color partern varlston, identfy a narmow reglon responsible for adaptve divergence and con-
vergence In Helloonis wing alor patterns, and explore the evolutonary hswory of these aduptve alleles. We use whole
genome resequendng from four hybrld zones berween divergent cdor pattern raes of Hellonius engo and two hybrid
2o of the co-mimic Helloonius mef pomene 1o examid ne genetlc varlaton scross 2.2 Mboof a partlal reference sequence. In the
Intergenkc reglon near opds, the gene previous]y shown to be responsl ble fior the oomplex red pa coem variladon in Hellonfus,
popula ton genetic analyses ldentfy a shared &5-4%b reglon of divergence that includes several sites perfectly assoclated
with phenotype within each specles. This reglon llkely contalns muld ple dsregulstory elements that control discrete
expressbon domains of apeic The parallel signatures of genetlc diflerentdat on in H. enaw and H. mejpomens support & shared
genetlc architecture berween the twe distantly rela ted co-mimics; however, phylogenetlc analysk suggests mimietlc pat-
tems Ineach spedles evolved Independently. Lsing a com binathon of next-generat on sequending analyses, we have refined
our understa ndlng of e genetc anchitecture of wing pactem varla don in Hefloonis and ga ined Important Dnsights into the

evoluthon of novel adaptive phenotypes Innamral pepulstons.

[Fupplemental matedal bk avallable for this ardde.]

Matural selection adting on herittble genetic variaton has gener-
ated mch of the extrasndinary bickgial diversity we olsenein
mature. However, in the 150 yers since Darwin and Wallwe
inelepensdently pasited the theory of natural selection, we stll have
ey 2 i emvtary wnsders tan ding of how adaptive variation arises
amd spreads in netural populations. The moleoular basis of adap
tive variztion in natural populations has been identified in onldy
a handful of traits dartin and Orgogoeo 200 3). These sxamples
prowide the foumdation for our mument understanding of the ge-
metic architecture of xlapbtion and underpin efforts to wmite
medlerular, developmentl, and evolutionary bickgy np a single
evolutionary fynthess Stemn and Orgogoen 2009

The armray of alaptive wing color pattermns of Helicordus bat-
terfl s offiers am exceptional opportunity to explore the fonddonal
chamges that drivecomple: adaptive trafts in netural popalst ons.
Heliemriur s bastteflies displ ayhright wing ondor potterns thoat arenmder
stomg matral sdection (Benson 1972 Mallet and Barion 1989;
Mefallet et 2l 1990; Kapan 20 }—they wam potentiz] predators that

T et e o & o A Eriba el s ly o £ el

o pecipetencll g e thes ¢

E-rmuaill e coni it isrwrien S ooy gy rick SLate el

e prablsend cnline beioss pint. Arfde, sapplsrmental rmaderal, and
caticen cate e a8 Fpevevevs Qanomet g ool ckod 0L T 10N Qe 1 S0ET ST 2.

the utterflies are wnpalstable Chai 196.6). Selection Bvoring e
gl moired ary @ these amd odher memcious butterflies drives the
renakable diversity in wing color patems—characerized by ex-
teme divergenoes within species axd strilkdng convegence among
dizbomthy relaesd spedes (Tumer 1975). This pattem of aymergence
amd divergence is best exemmplified by the Milleran mimics, H. sat
ared M srelporene, Since the divegence of the two spacies 13-26
million yeas ago (Pohl et 2l 2009, bath hove undergone panilld
raliations, ;much that the range of eaxch species is composed of an
identical etchwerk of & vergent arker pattem raes stitched together
by 2 series of normow ndwkd mones. This replicaterich and highly
variatile system has bemme a texthook eample of evoleton by
natural selection axd provides a mmarkable templabe to explore the
repextahility of evolution.

Helizwdus show striking variation in complex red color pt-
tern elements across both the forewing and hindwing. Red color
pattermns in M. sap and H. melpomenes @nsist of three distinet
element—thecoks of theforewing band, the presen e orabeence
of the rerl “deninis” patch on the prood il portion of the forewing,
amsd the presence ar almen o of ned hindwing rays (Sheppard et al.
1985; Pamm =t al. 2008}, These elements comprise two major red
phenoty pes—"postman® and “rayed” (Fig. 1). Postmon raoes are
characterizal by a red forewing bamd and absence of both the red
dennis patch amd hindwing rays and are found in dsjund pop
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Fguwre 1. Distikation of the K emto color patten mdation with ap-

ximate sampling locations fom fowr M. emto hybrid 2ones. Shaded
rl'-;lndﬂhmnd M. erato raged fred) and postman (relliow) moes
(based on Mines et al 201 1; Roser etal. 2013).

ulations amss Central and South America. Rayed raes, in con-
trast, have 3 yellow forewing band, red denmis patch, amd hind-
wing rays. The rayed races are found throughot the Amacon Basin
bt maot on the Pacfi comstof South Amenica or in Central Amenica
{Fig 1).

Substantial progress has e made in understanding the
genetic basis of red phenotypic varation in Heliconius, ot the
canmative varant remeins hehe. The region was imitally de-
seribexl 25 2 complex of three tighthy linked loc (Sheppard ot al.
1985) However, the region moduleting red varation was posi-
tiomally clomed in both M sme fCounterman et al. 20000 amd ML
e fpenrren (Baocter et al. 20000 to 3 single shamed 400k genomic
interval —referred to as the D mterval in K. oato and the B D in-
terval in . reslpormene. Targeter] nessquencing iden tified an —150-
kil region of divergenicae between divergent red color pattern raes
of M. maporene (Madeau et 2l A012). Gene expression anolyses
acros this inderval suppaorted the tansaiption factor gpiix as the
anly gene with expression patterns consistent with a role in red
pattern fonmation (Resd et al 2011). Gene expreston differenes
and the highly conserved amino add sequence variation in aptix
suggest that variable red patterns are driven by ds-regulstory var-
iation (Resd et al. 2011). Phenotypic remmbinants between red
pattern elements hanvve been oocasionall y odserved (Mallet 1989),
immplicating the potential invohement of multiple tghiy linked,
cisregulatory varants in this region that generate diffenences in
thie spartial express jomof aptic and result in diverse red ool or pattern
phenatypes.

Tdentifying the genomic region reponsible for ned color
pattern varation has al kvwed rexssessment of the history of color
pattern diversification in these coamimics wing the region meost
likdy o reflect mimetic history. Phylogenstic reconstruction of
thie history of color pattern evolution in bath B srato and FL
e fpenreen foamid that sequencs: from the gene optiv Cluster raoes
strang by by color pattern, rather than the clustering by geographic
prodmity obserwsd with other genomic markers (Hines et al

20111) This suggests a single ongin for geographically disjumnct
rayed anlor pattern phenotypes within each species. The svolu-
tiomary hi story betwesn the two coanimetic spedes is Ehely mone
oomplex. Hebconius emto and H. melpomane belong to dhergent
clackes amd are mot known to hybridize, prechiding the hypothess
of adaptive introgression that has been shown between mone
climdy relatal species within the melpormansipdng 'l vam brm
clade (The Helicomius Genome Consortium 20012, Pardo-Diar et al
2012} However, the question remains = to whether or not the
convergent culor patterns have a common adgin through thewme
of anoestral varistion or if they evalved independently through
unigue de movo mutations. Inferring the evalutionany hisony of
this striking mimetc phenotype requines highresoluton ssquence
data across 2 mone finely defined genomic region regubting color
pattemn variation in both spedes.

In this study, we use 2 combination of nextgeneration e
quencing technologie to (1) scplore the genetic varation that
sl ates spatial by complex sbptive red wing color mttern var-
iation in matural populxtions of Hefiorius sato utberflies; and 2)
oompare the genomic regions respnsitke for parallel mimetic
ook pattern radiations in . eraty amd H. melposrere. Wee start by
s g trames o phorm e Secuueci neg to anmotaee protein codiing genes
s the H. smin red color pattern interval. We then exammine
whale genome ressuencing data from divergent color patten
Taces aonoss four geographically distinct M. srato hytrid zones. In
thee xlmixture zones, gene flow between divergent races ha-
magenires the gemomes, while strong selection on mlor pattan
reates narmow reglon sof geneticdivergenioe aroumsd theese gemomic
targets of selection. We e these hybrid zone daty to kxaline <ig-
matures of selaction acnoes 1 Mbvof the red color pattern kows and
iden tify a nomcoding region likely responsitl e for regulating ex-
pression of apfix amd ultmotely dodving spatislly complex: patherns
of red sross the wings. Finally, we e phylogenetic analyses to
demonstrate that mimetic red patterns eval ved only omee within
exch spacies bag lkely evalved independently in the coomimis
H. sato and H. melpomane. These two distant]ly relatsd mimetic
speacies appear to generate their convergent phenotypes through
different chamnges in the ame genetic architecture. This study re-
fines the regulstory regions driving adaptive phenotypic variation
in a chesk mimetic radiation amd pewvides an tmproved under-
stanling of the repeatability of evolution at the genomic level.

Resuls

Annetat on, synteny, and conserv athon of the H engo red color
pattern [0 interval

U'sing transcriptome alignments, protein homaogy, amd ab indtoe
predictions, we anmatated 30 protsin coding genes aross 1 Mb of
the H. srai Dinterval (Sepplemental Table 54; GenBank acosssion
EC469894). The genes acnss the [ intenval are in perfect synteny
with the comespomding red pattern region of the msmimic M. mel-
pomene (Supplemental Fig. 31). The anmotated region oot ins
a 200k gene desert that inchudes 3 single genie optiv. This gene
desert mntains the 65k peak that shows strong sigmatures of
selection amd asmodation (described below). Sequence alignment
of the H. sato [ intenval and the orthologous scaffolds from the
H. me powreme genome identified 182 highly comsened regions
=90 sequence simmlarity ina S00-bpwindow), covering a total
of 63 kb of sequence, of which 25 kb is kcated in noncoding
regions. The 65kb peak we have identified contains 2% of the

oonserved nomrding regkons, bt transcriptome 2l grments shaow
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mo transcriptional activity. Analysis of
in thie 65 4 region reveled binding sites
for mumenous transci ption fadors sross
thie negion, bag moclear candidates for aptic
megulation (see Supplemental Matedal sec-
tin 5 ; Supplemental Fig. 82).

Summary of resequencing data

and genoryping

We samined whae genome data from
multiple individoals of divergent color
pattern races aros four geographically
distineg H. =aw hybrkl omes and one
H. melpormens hybrid one (Fig. 1; Table 1)
We mmsquenced 45 HL smip incdividnals to
a2 malian per base amverage between 15
amd 35% per imebividua] and aligned se-
gpuemce remds acoms 22 bb of the H. satn
partial reference gemnome sequence {1 bW
of the D interval and 1.2 Mb from other
regioms of the genoms). R sach imxl-
vidual, we identified, on average, one NP
for every 22 hoses genotyped (Supple-
menta]l Table 36). Additonaly, we rese-

epuenced six M o ramene indhviduals toa medan per base coverage
betwemen 19 2wl 34 per tnsdivd dual amd aligreed sequenees to the
whole M. melpomene refernce genome (The Heliomivs Genome
Cormortium 20 2}, For each individua, we identified, on average,
amse SMP for every 48 bames gematypeed across the BD interval (Sup

plemental Tahle 57).

Genomic divergence and genotype by phenotype asocladon

The shidin g window divergence analysis betwesn subpoqul ations
af the two common . smto phenotypes—the pstman and the
rayed—showed peaks of genetic divergence at two distinctive re-
gions within a 200:kb stretch of the D interval (Fig. Z). The first
region (the secomd peak in Fig. 2 sppnned —80 ki [650-690 kb))
Thad mederate levels of diferentistion (0.3 <8, <0.4) (Fig. 2) and
meduced muclestide diversity (Fig. 3A). This region was oenered
immediately 3' of the transcription fsctor aptix, which is the only
gene located within the pesks of divergence. The second ==gion
spanmed —65 by of nonoosding sequeno more distally 3' of aptix
515580 kb). Thiz 65k region had very high levelk of & fferentia-
thom (06 <8y )7} between hybridizing raos, Jow levels of nuclen
tide diversity within rapes (Fig. 3A), and elevated linlage di sequi i

Table 1. Hybrd zone sampling
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window. A basdine subpopulaton difieran difierenation of §, = —0.07 was clbolsted from mic infenal
wnlinked fo color pattern. The dots indicate genotype by phenotype ascodation fior bialled:
ShiPswan g a Asher's excadt test for all fowr 20N { Npreraan = 28 Mgy = 1.7), mequising a minimam

of 75% of individuals genotyped for each phanotype at each 58P The blade dotsind icate swsociation for
the 78 5P associabed with -u'mypglh-e annotations are shown below for the
m{m}ﬂrﬁ:wﬂf FIW“I oy gene ooty denoied . mmwﬁﬁ
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riurm relutive i other region s of the genome Supplenentl Fg. 53),
tion of haplotypes. OF these two mgions that showed signotumes of
selection in ML emto, ondy the 65 4 peak, which s furthest from gptix,
comtxined SNPs that were perfectly asociated with color pattern
phenotype acnes our entire ampling of individuals (Fg. 2).
Cheeralll, the patiems of divergenoe and s socation in the gene
desert Menr optiv were consistent aoross the peographically distinet
H. sraw hybwid zones. ATy ind zones between rayped and postman
(Bomder, Prench Guiana, amd Peu) shewed stromg
Fﬂﬁtdm{i:\- 065} amed numerous fied differences be-
tweemn phenotypees in the region 3' of aptix (Supplemental Fig. 54).
In the 40dh peak, which inchudes apiix, only the hybnid zones in
Bouador and Peru showed strong di ferentiation amd fived differ
emes betwemn raes. ndividalks from Prench Guiana showed onldy
mslerate penetic differen o and no perfecthy smsnaciated SNPs in this
regi. The Panarma hdwid aome i hetwesn twao o fierent postman
phenotypes amd, 2 expecied, contadned o ixdication of genetic
divergemoe betwemn phenotypes across the D intervalamd no regions
of coTsistent association with phenotype (Supplemental Fig. S4D)
Theere were striking simmilerties in patterns of differentation
amd ammociation between L srato and B mspoorene, two spedes
that show identical shifts in their mimetic wing pattemns acnss
theeir geographic ranges (Tumer 1975 ) The same twa peaks of pop

Red = Sample g M et and H ; i i
ing M. emato . meedpormene in the Penovian hylmid oone

Spedes Face Loction = Fupdements] Fig. S1) The major peak of divergence and amocis-
M. ealn Emorius Peru pestman 8 tion identified in the H. oo hyboid zomes (Fig. 2) perfectly aincides

&nma Peru rayed & with the region of pak divergenee and esodaion klentified in

mﬂ ::: 2: :)::'drhm ; H. mspemene hytwid zones (Fig. 4 Supplementa Fig. 51).

notabilk Ecudor pastman 5

;ﬁh mr "“'d. H Haplorype strucure and recombinaten under

Iyedara Parama pasiman 1 the divergence peak
M melpamene  melpomene - Colombia :’:;‘"‘ ; oo irnvestigate what might be driving the high divergence in the

G5%kb peak, we looksd fir evidenee of chromosemal reamangs
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E8

Fguwre 3. Sgratures of sdecfon and moombination aoms the Dinteral in the K eralo Pesudan
h)h'd m'lt(n = 1) (4) Sold Ines show diding window (15 window sze, S step soe) values for
the numiber ofsegregating Stes(s, Mﬂhmm(ﬂnﬂ}.mﬂdddhmh
nuguul:uﬂ“hmgmngummhhd o molor, with soes scaled o match aver, H.SB}
qﬂm)pu mammmummmmmmmﬁm of di-
d‘ndtd cht}mdg-mnm shaded races wene clustered into
mgup: (E=2 nﬂ\h"' : ' d.m.ﬂm:klul:
hud‘umtl'mppﬂhﬁdhﬂmmhtm odcl'plh'nmn
af nelghlboring Mﬂn}tdmdudmknangrndud:nﬂdrhhtndrﬂr
wmnsshaded en Srdy dask) and all postman individ uals amse acdgned mﬂ.ﬂﬂyw iltg'lrd.l!ﬂi’g’q
colume shaded entirely ight). Blocks whese the fwo color pattern @oes shame haplotypes am repre-
senied by neglons wherne individuals of 2 3n gle color Face am ned to mone $han one duster
{rdochmuﬂllgﬂu‘ldd.i:ﬂ'ﬂdl‘lg grqm:mhyltlld ark ghad ing ). SxiPs with fied
allelic d ety wmlor mmwmmmmmmmm
clusiering (datafram Fig. 2). (€} Cormlation phot of linkage disequilibrium {~}amang 3187
SMP3 amom Te 500-6004bh window on the O interval.

ments, which could reduce recombination betwem color pattern
races, reml ting in high divergenos Using BreakDan oot (Chenet al
2008} to look for paired-end dignments ndcative of imeersions,
we found no eviden e of a chromosomal inversion between color

- L
'

i

2

LU}

patem races in the M. sato and M. ma-
parmee genaoarnc daty aross this region
These analyses hove limited power due
tor thee meecemity of handng good coverage
acroes imersion beealpodints fom read
pairs with omne pair n the imerted region
amwl the other outside. Despite these Emi-
tationes, these remts, dong withthe perfect
gene symteny between speries, suggest that
divergent colar patbern moes axe ool Enear

and cam oo bine acnoss the D looms.
We mare clisely examined haplo
types amd bnlage dissmilibrium (LI

regiones un link el tocodor, LD decayed very
rapidly, falling to background leveks
within a few thousand baes Bupplemen-
tal Fig. 53). Acwes the three hylwid anme
between rayed and postman races, LD was
oomests benthy i gher acros s the 65 kb peak
of divergence than acnoss other regions
of the D interval (Supplemental Fig. 53).

Althaough remxmbination in the 65-
by ek reg dom appesars to be substamitial by
redused, hapldype reconstnction sug-
gests that recombination & present. In
the Peruvian hybrd mome, clustering of
recanstrucisd haplotypes into tvo gous
does not support a single brge haplotype
bk distinguishing thetwo alor pattem
races. Rather, the chistering revealed
several smaller blocks with haplot ypes
fized between the color patbern races
that were inte rvemed by namow regions
whiere both races shared the same haplo-
types. Simmlar to the LD and yses, haplo-

chisteral more strongly by color

type=s
pattern in the 65k peak than in the regions flanking the peak
{Fig. 3B. Purther oamination of the distribution of SNPs scross
raes revealsd that nearly half of the SMPs that differ betwesn
hybridizing races were polymorphic in anly a single hybod zone

o it a0 3 4t
B 1 Inlzread genamle poskien KE)

Fgure 4 D and ation e K. melpamens cobor patiemn
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o acmss the 8/D interal. The gay shaded arem indicates the
salid lineindicabes diding “dnw{u-l'hwmduwn, kb sep
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This large proportion of paol ymaorphie sites pa vate to s spedfic hy-
Tl zevme irmclicates thot alleles and hapkotypes shomed between -
Tori i g raeces acroes the 65 kb peak lkely result from recent gene
Hlomy at each hybrkl zone, rather than Incomplete sorting of anoes-
il variation among the & ferent races.

The evolutlonary history of red wing patterns

Wee eam ined ph ylogenstic relationsh ipsacnoes the Dinteral wsing
o methods—a shiding winclow Heelhomd tree prefermnos and op-
timally partition ed phydogenetic topol ogies (Fig. 5). We identi fied
a major shift in evalutonary history aToss the 200 region
apperted by the divergence and ssodation analyses. Likelihood
sarres stromg by suppeort 2 tree that dusters sarmpl es by ool or pattern
phenotype, rather than the tree that dusters mmples by goo-
graphic population (Fig. 5). Additonally, the optimally parti-
tiomed phylogenetic topalog les showed a part ton encompassing
the 200.kb region where the tree perfectly clusters by color.
shifted to a transtional topolegy between colorbased and ge-
agraphydased trees before tansitioning to a geography-based
tree on the far edge of the intenal (Fig. 5). The tree in the color
partition supports a single ongin of the raped color pattern,
chistering rayed phenotypes semrate from pheno
types, & does a tree inferred from the 65kb region of highest
divergence Bupplemental Fig. 35). Branch lengths across topal-
agies show a signature of reduced gene flow, whensby color pat-
term alleles have redwesd gen e flow amon g races and less variation
among ndividnals relathve to markers firther from the color

pattem loous (Fig. 5; Supplemental Fig. 85).

We comparsd the evolotionary history of the red codor pmt-
tern interval between the two comimc, L smp and . malpon-
e, which showed concordant peaks of divergence indicating
that they use the same genetic architecture to generate their wn-
vergent phenotypes. We aligned 71 regions showing high mn-
servation betwesn the two reference ssquences within a 3kkb
window that inchuded both peals of divergence. Phylogenetic
amhyses of 69 of the 71 fragmen & suppsort avm pletemonophydy of
each species, rather than the dustering of ssmples by phenotype

ﬂ-twmhh:ﬂ;:-ucbd:fﬂlep}mwl;"pﬂs}ndimmm@n
phryhy i the ining frag wasdriven by poor

i]@imﬂ'mufifﬂumﬂci'mﬂlﬂtmmmmngdn?kmm
chkmdy exammined histores of SMPs within the 65kb pak of dhver-
gence. After mamml removal of regions with poor alignment
amxd SMPs with missing data for more than 25% of samples, we
obtained 1164 SNPs. Heliovius srato and H. el pesrmens share al-
lelic varation across 73 of these 1164 SMPs, none of which show
genetic anahess of the 1164 SMPs nesobved FL sato and L melpomane
a separate Enesges with high suppaort, while clusering raes by
theme data supportan independent oniginof red patem swithineach
SpoCics.

Discussion

The high definition genomic data sets provided by nextgenera-
tiomn ssquencing tachnigues can give immpaortant ins ghts ot how
different scological pressures, comples genetic archi tecures, and
evohtionary histories shape pattens of genomicvaristion. In this
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stuly, we wsed whale genome nessquencin g to suooessfuTly narmomy
the region modubting adaptive red coldar pattern vadation in
H. mato toa 65kbinterval of peak divergence that showed stromg
signatures of selaction and included almast all of the SMPs per-
fecthy asoiated with wing pattern phenotype ([Fig. 2). There wene
na pralicded genes nor any evidence of transorpional act vity
across this region, which stron ghy suppeorts the assertion that red
pattern varition & camed by cis-regubtory changes controlling
gene expression during wing development (Reed etal. 2011) Ak
though this genetic axchitecdure appears to be highly conserved
across the Helcomius genus, it most likely aose independently in
thie memminmcs L arato and K. melpamane,

Slgnatures of strong selectlon and recombinaton across
the &5-kb reglon

Thee pattems of genomic variation acnss the HL smio Dinterval re-
flect 3 hdstory of high rates of gen e flow mupl ed with strong s=lec-
ton. Across mast of the 2.2 Mb of the genome we amalyasd, gene
flow has homogenized genomic varation between hybrklizing
ook pattern races of ML sratg, remlting in levels of & ferentiation
near zere. Within namow sections of the D intenal, howsver,
thiereare sharply defined regions of divergence(Fig. 2), consistent
with stromg natural selectiomn operating on mim etic colar patterns
(Benson 1972; Mallet and Barton 1989; Mallet et al. 1990 Kapan
20 ). We olmerved a 65-kb region that showed hallmark signa-
tures of stron g selection—high divergences betwesn populst ions,
low mudestide diversity, and stromg LD. This region also cone
tained almestall of the fixed allelicdifierenoms between divergent
oolor pattermn races.

The 65-kb region showing high divergence is much wider
tham expected given the rapid decay of LD tobackground levek in
regions unlinkesd to coor pattem, often within just a few thou-
sand hases in M. smio (Supplemental Fig. 33; Countermam et al
2000 Brosd and sharp peals of divergence can be driven by
chromosomal rexmangsments (e.g., inversion), whidh are known
to suppress recombina ion (Hart] and Jones 2005), causing <le-
vaterdl pattams of divergemee MoGaugh amd Noor 2002). Recenty,
chromosomal imversions wer shown to be mporant in main-
tad ey, wiimeg, ool e pattern pal ymorphi s s ammeon g syt ks
of Helimmius menata (Joron et al 2011} However, we found no
evilence for large daomosomal inversions betweaen dfferent color
pattem races in our anal yses of both gene symiemy and the orden-

Ads<Etional support against duromosomal inversions ames
from finer analysic of haplotype strudure, which suggests that
recomibination, while reduced, i oomming in the 65 kb peak of
i duals frorn baoth color patterniraces in the M aato Pennd an hybrd
o e shared sirmiler haplotypes (Fig. 3). These Blocks of shamed hap-
lotypes hkedy reflect gemne flow batween divergent raoess & these
genoarnc regions, which sug gects negions of this peak can recomibine
amxd intwrgres s between myed and postman ndividuals. The prsence
of recombiration in this region indiotes that genatyping of mane
individuals will pervide a finer scle ploue of how stong sdation
patiems of intoegrecton amoes this 654 region of the genome.

Tm adeditionm to the 65k peak of high divergence, we detected
a semmxd peak of moderate divergence kocated at the gene optiv.
This peak oorurred in both H. s and H. meslporreans, however,
thieheight and exact location of tie peak varied betwan replicate
H. smate hybrid zomes. The peak showed high divergence in all of

thewestern hyhrid mmes, whensas Prench Goiana, the only e ten
hybrid zone, showed a low peak of divergence. Although the
sigmatures of selection indicate that this region is functonalhy
imp=ntant, the dfferent patterns of divergence between hybrid
zomes coukl be a result of either the unique histories of each
hybrid zone or a2 complex genetic anchitecture regulating med
oolor pattern varstion

The regulstory architecture of gorly

Wee predict that the peaks of dvergence identi fied in our analyse
harhor the key regulstory regions of the transcription factor aptic.
Previous wark has shown that expresion patterns of oftic are
oonesistent with a critical role in red color patten varation and the
aming ackl sequence s conserved sross multiple Haliosnies spe-
e, tmplicating & regul atory mechands mmodnlating rel varation
(Reed et al 201 1). We see strong signatunes of selecton sones
a3 Ak gene desert that contxins only the gene optiv. We belisve
that the major 65-kb peak of divergence, which is located in the
gene desert — 130 kb ¥ of opix, contins multipe dsregulatony
elements of aptic.

The Dlocus segregates with a simple Men delian inheritance
pattern (dallet 1989; Kamen ot al AM); however, phanatypic
patterms from M. anato hiybrkd mmes suggest thatdiferent red color
pattem elements ane genetial by distinct. Phenotypichybrd forms
having a red forewing dennis mitch bt no red hindwing rays
shouldnot exdst f the mmegenetic varantat the D lous controk
bath thise red pattern elements. Yet sudch individuals have been
foumnd on very rare occagions in hybrokd zones (Mall=t 1989), and
they exist as noturally ocourring color pattemn races in both M. srate
mal feda) ansd . med porrene (meriana) (Sheppard ot al. 1985).
peak actmlly oon tains a chuster of tightly linked ds-regulatory )
ements of opfix, each controlling one of the three distindg med
pattern elements. There & ereasing svidence in other systems
that some lod, ariginally thought tobe singlelarge effect lod, ane
actually dusters of tightly Enked genetic changes (Rebeiz ot al
2009; Frankel et al. 2011; Stuwler and Diehley 2011 ; Loehlin and
Wermen A 2 Linmen et al. 200 ). Onwr hapdotypee analysis suppoats
this hypaothesis baause the 65k peak is rather broad and con-
tains 2 number of haplotype blocks that are perfect]y associated
with phenotype, with hapoype blods of bw ssodston inder-
spersad between them. Although this mukd bea consapuence of the
history of soomiblination alone, it muld dsobe ndiathveof sevenld
oomnserved subregions that control & ferent aspeds of phenotypic

In Helicomius, these chistered regulatory elements may bind
different upstream regulatory genes that control the spatially
speacific expres sion petterns of optiv amd ut motely determine sale
oodoration sross the wings. The region aakl thus act 2 an evole-
tomary hotspt, with the feibdlity to geneate &verse phenotypes,
bt whene s tiong selection and physial linksge ewsue tha mimetic
pattems are inherted 2 2 whale

Independent origing of a shared genetc architecoure
berween co-mil mics

The genetic architectre diving codor pattern comergenee amnd
divergence appears to be highly mmseved sross the Helimnis
genus. The Dinterval showed strild ngl y comess tent d ferentiation
acrorss replicate H. aatn hybrid somes betweeen divergent color pat-
temn raes (Supplemental Fig. 5. Mormver, the 65kb divergenos
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amd amsoddation peak ddentified in our HL srato arahsi is nearly
identica to the peak of divergemee in the cosmimic, F. mepomans
{Fig. 4; Sapplemental Fig. 51). These olsavations raise some in-
teresting questions shoag the broader svalutionary history of this
regim. Did the dleles responsible foir mimetic pattems in M. cmp
amd H. i fpesrene evolve ndeperden fy or do they share acommon
arigin, through either adaptive introgresdon or shored amcestral
variation?

The history of color pattern evolution within M. sate indi-
cates that races with similar red wing pattermns likel y share a come
man ongin. Consistent with a previous genebased study (Hines
et al AN11), sliding window phylogenetic analyses and infermed
phvlogendtic trees for the 65k region strongly suppart 2 oxme
man arigin of the rayed pattern in B s Pig. 5; Supplemental
Fig. 55).

Adaptive introgression of red alor pettern alleles between
speecies could be arguesd to explain 2 shared origin of mimetic
phenoty pes acroes Maliorius, ax it does within the ML melpomane
clade (The Melioomis Genome Consortiom 201 2 PandoDiaret al.
2012). S ilarly, ancestral variation, shared between the mamirmes,
ook aks o be elicited o expl xin the shared mim etic phenotypes. Yet,
in aur comparaive analysts amoss the 65k pak that we have
identified a5 respon sible for red patteming, we found no evidence
foxr 3 o arigin of st 1 color pattern varistion in these
oo s Mo SMPs were perfect] y associated with color patten in
hoth species, and all geneal ogies from this region wene red procally
manrphydeic for both spedes. These remlts are consistent with
the deep genetic divergence (Pohl et 2l 2009) and lack of hybrid
tration between M. oaly and . mad peerene,

AMlthaugh ook patterns lkely have 2 single ongin within
enchs pecies, pattermsof variation g gect il ar ned patiermes anohed
indlependently in the onmimetic spacies. Analyses hetween color
pattern raxes within a spedes show numenous shansd SMPs and
stromg phylogen etic chustering —imdicating ashared arigin or the
rayed phenotype. Amalyses between cosmimetic species show
ey shiared SNPs and no phydogenetic chusten mg—i ndicating that
it iz mumt likely that the two paralle]l radistions independenthy
evolved mimetic red patterns through changes in the same reg-
ulstory regions.

Althsugh we found no evidence for a shared history of red
oolor patterns between the coominmos M. smto and H. s porene, it
5 immpeortant 4o paint ot several caveats. Foremost, we are only
g irmd reg to wnsders tam o the evol wtb o ary dymarmi o of this region.
Patterns of variation, inchding SMNPs and insertionsdelet ons,
acroes this nonoeding genomic intenval are mmplex, and our
strategy of mapping short sequencing rexds onto astatic rdference
SEUENIKE MY s varaton that & funcHonally fmportant. In
additon, mapping of these data onto different species-specific
references may introduce some bixs. The improvement of algos
rithms for denov by from shortresd seg data (Miller
etal 200 (¢ Schotr etal. 200 0), coupled with emergi ng techm ol ogi =
for generating long ssquencing rexds from single molecules
Bchalt et al. 2000), will allow more detailed dissection of the
svolitonary dymamics of this region in the futre. Resolution of
the question of the ongin of mimicry in Helimnies awaits find
di soovery of th e precs & functiomnal chan ges regulating phemotypic
variztion in both speces.

T o e oo, v e i e oo semgquencin g of 2 sl I numbber of
inddividuals from muliple admice] hybnd zomes, we wee able to
mldl]‘.ltl\'!p]lﬂ'lﬂ'l}'])f_ Wi showed that both distan thy relsted
112 el eticach sce, utdthough mgulvina

alleles appemr to havea single origin wi thin specie, mutstions wers
mast Hlely independently aquired in the @amimetic speces to
prxiuce the shared phenotypes. This study highlights how next
generaion ssquencing techmigues can be laveraged to kdentify
functional variation amd i understand the evwodutionany hdstory of

Methods

Annotatlon, synteny, and conservation
We anmotaied 2.2 M of HeBroius erato p BALC CEs
from the —akM b H. mgum{mmmimh] }'hbenl]
sectionS] for further detadls ). Approsdmately 1 Mbof this reference
sequenie, called the D intenal, was previously kentified 2= being
mrdludmmd'mngndmpltbzmdﬂ'nm{chqum e al.
miﬂ}.“'emﬂadmpchm'\edumt in this partisl reference ge-
e s ing Repesthfasker vi-2-9 Emit et al. A0 10)an d a Hebromis
repet thee el ements database (The Haiomus Genome Consortium
1z

We generated a partial reference tansiptome for L emto
wing tisme using reference-based amsembly of Nhomina BEMA-zeq
shortaead dota. We abtain ed whoale transoi ptomee short-nead se-
queniaes from hindwing OMNA for 18 indhddumls, induding twoe
divergent M. sato color pattern raes and three devel opmen ta
stages. Tenscriptswere g 1 fream thees & pocded samples using
the Bowtie/TopHat/Cufflinks pipeline We aligned ssch sample to
the mask el reference sequenios wsing TopHat v 12 0 Trapmell etal.
A9} aned Bowtie w12 7.0 {Langmexd et al. 2009, with stringent
Tmapping parameters i min imize false alignments. We generated
tran s pis by analys ng alignmments wi th Cufflinks vL0L] (Trapnell
etal 200 0.

%wﬂmmtdgﬂnmmﬂnﬂl

i3l o 4 quence using the MAKER pipeline
v2 09 ﬁldt amsd ‘h'ld.-r.'l] 201 1). This analysis imvaved masking
repetithe slements in the reference saquence, aligning peptide

sequenaes from the UniRef90 (Sundc et al. 2007) and Borbyx moori

(Duzn & al. 20000} protan datsbases, 2md 2l gnd ng transcripts from
the RMA=seq data and previously published EST ssquences from
wing fizaes of H. sty and H. himera (Papanicolsou et al . 2009).
MAKER generated sh indtio gene madels for both the masked amd
s ko referenice wsing ALMGUSTUS w255 (Stanke et al. 046
trained for M. melpomane (The Helionie Gemnome Consortium
A 12) amed SN AP v ] 007 28, (Eof 2004 ) trad meed fior By oo
Mﬁ'ﬂ'ﬂgamtdguupﬂlmm:bymm3ﬁmmrmﬂ:
with gh supparting evidence from p homaogy or tran-
sCTipEHme ilgwm%mmnﬂb'mmdﬂnpudrbnd
within the D interval osed on the supporting svidenes and dign-
et o ammidtater] Ml s pevbeins amnd ourated insed proteins.
W amigmed gene descriptions and putative functions based on
Tewmad gy weth dnown pootetins amd paotein domadns . In sddition
to protdn coding gen e, we peedictsd tamscr pion factor binding
sitess 1ineg the Transcription Element Search System (TESS Schug
aned Cherton 1997, scarching aganst known Desaphila binding
sites frowm the TRANSFALC and JASPAR databomes.

Weeexammi ned geme synteny acnis s the D intenval between the
owrated H. smip peptide sequen o and ML o poorene vl 0 peptide
seqquenas (The Hdimnis Genome Consortium 2002 e Sup
plemental Material section 52 for further detad k), Wee used Inpara-
nodd vl 0 (Orstiund et al. 20000 to identify onetouone ortha ogs
andd examinal genes for consiseEnt order and odentation using

H. mrato arel H. msl pormene acroes the Dintenal gee Supplemen tal
Mfaterial section 52 for further details). We usal mVista LAGAN
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(Bruwdno et al. 2003) to globally align the H. san D interval z=.
equersoe and the HL ol posrene scaffol ds comtaind g the orthologous
genes klentified by the Inparamid anahysi. We samined -
quence omsenation in Skkbp windows aoross the intenval,
ke tifyi meg regioms of =009 similarity.

Sequending and genotyping
Tor determine whene in the D interval different nel phenotypes
diverge genetial ly, and therefore where the genetic awntrol of the
med phenotype i most Ekely located, we samined genomic se-
quence data for divergent red color mettern races of ML smto (see
Supplemental Material section 53 for further detadks). We collected
45 individual H. srate butterflies from hybrid zones in Peru fn=14),
Fremch Guiana (n=13), Eousdor (m= 10}, and Panoma (n=8){Fig. 1;
of exch ook pattern race from admiced paopal sions where the ramnges
of two oolor pattern races overlap For di ssecting el color patem
variation, the hybrid mnes in Pemy, French Guiana, and Baador
are oo dered replicate hybrid zones since each imvolves ydbrid-
ization between rayed and postman races. The Panamandan hytrdd
Tomesaves 23 aatrad in that both races are pastman phenotypes,
5 howing variation ondy in the yellow phenotypic elements, whidh
are under independent genetic contral from the red elements
Mefallet 1986). Addiiomnally, we collected sic M. melpomene in-
divichuals near a hybrnd zone in castern Colombia, three ssmples
nepresenting sxch of the two major red phenotypes —the post-
man amd the rayed (Supplemental Table 57) We assewsed varia-
Haom seross 3 semmxl H sl pormene bybrid zon e in Permu, which &
ako represented by postman and rayed phenotypes, wing pubs
lished targeted resequencing data (Madean ot al. 20002).

We sequenced the whale genome of each mple on the
T e e platferm, prodcing 1kbp paired-enxd reads. We aligned
the H. smto ssquencing rexls to our unmasked ML srato purtis] refer-
emce genone andd M. melpamens reads to the H. medpomene genomee
w11 (The Heliowius Genome Consortium 200 2) using PAA vilS 9
rl6 (Li amwd Drurbin 2008) with m'llmd.rmppmgm:.“'e
called multisample genotypes aross semples for exch race using
GATE's(DePristoetal 201 1; McKenma etal. 20100 Unifi e Genaotyper
with hetermryposity st to (U025 and fikeral genotype calls for
quality using GATK's Variantf itration, applyin g both site and in-
divichual sample fil ters to remove low quality genotypes, kow oo
erage regions, and hyperomrerage regions indcative of repetitve
dnm“’em'&mvﬂ_ﬁ{ﬂlmﬂﬂ 2009 ten et fy
egions of the ref that =t | primed end align-
ments with mm:mdmmb
tween pairs, indicating possible struchral resrangement.

Divergene and assoclaton analyses
We exarmined signatures of selection and genotype by phenotypse
aziation between dhvergent color pattern races (sse Supple-
miental Material section 54 for further detadls). We calonlabed slid-
ing window genomic divergenee between pairs of M. emibe color
pattemn raves at exch hybrd zone independenthy and acnoes all
hiyhmid momes comibvin ed, with sem ples classified as either postiman
ar rayed ph . We used a madel for diploid deta with paop-
ulations = random cEﬂ:I:{i}{'Wm 19946) and no simplifying as
s s regardin g sampde s tes or numbrer of populations (Weir
and Cocketham 1984). Por anal yring all hybrkd zomes aoombd med,
we incorparated the geographic stucture of the populstions by
mnlgaﬂneﬂnﬂhmﬂlyrmﬂmd‘,}{h‘ﬂr 19946}, Por all
inans, we caloulated divergences ata pasition only if at lest
759 of the individuak were genotyped for exch phenotype. We
evalated 15kbslding windows at Skbsteps aomes the genomic

imtervals amd requred 3 window to hove diverg ence caloul ated for
at least 2094 of the pasitions in the window We calmlated a base-
line levd of divergence fir exh comparison 2 the level of di-
wvergenoe abserved across intenals unlinkesd to color patten (M
eratr: thres unlinksd BACs; FL malpowrene: 38 unlinksd scaffolds).

We estimated genatype by phenotype association at eadh
H. erato hydr d e i nadepensdent] y and scross al lfowr HL emato hyboid
zomes ol We samined each biallelic SNP using a two-tadled
Fisher's exact test hased on adlele counts. Positions were exchuded
i 75% of i ndhviduals were genotyped for exch phenotype.

To look for sigmatures of selation, we cakulated sliding
window values for the proportion of segregating sites and hetero-
rygumity for the B srato Peruvian hybrid zone. 'We alonlbted st
mates of these prameters for 2 genomic position only if at lext
75% of individuals were genotyped and then looked at 15kb
windows witha S5&b step size, for windows with at lest 2096 of
positions with parameter estinmotes. To explore linksge dissqui-
librium (LI}, we eamined all biallelic SNPs with at least 75% of
individuak gen atyped. We caloubited comelations ) between all
pairwise SNPs using PLINE (Purcell et al. 2007), which for
un phased data is based on genotype alkeke counts.

We zmmeoed divergence and amociation i the B o peorene
hybrid zones & described abanee. Additionally, for esch H. aato
fixerl SMP we attempied to identify an orthologows SNP in B sl
e amd detemmined if the SHP was xsociated with phenotype in
bath species.

Linkage disequilibrivm and haploype clustering

We explored haplotype structure inn the Peruvian hybnd zome by
estimating hapltypes aonms 2 100 window of the D interval
{S00=£00 k) com taindng the 65-kb peak of divergence and flank-
img reg ions using fastPHASE vl 2 (Schedt and Stephens 2006) (see
Supplemen tal Material section 56 for further detadls). Wee filtersd
hiallelic SMPs aooss this 100kb region 10 remove sites that had
genatypes from -7 5% of the individuals of each rxe, remlting in
3227 SNPs. Hapl oty pes wene chistened during pihase estimation to
twer dusters (K = 2} and the proportion of rayel and pastman in-
dividualks assigned to esch clus ter at esch SHP was determined. Wie
usel Faplascope San Lucas et 2l 200 2) to viswal ize regions where
the two races had fixed haplotype blod: differenoes and where
individuals from bothraces shared thesame haplotypes. Using the
haplotype estimations from G FHASE, for each NP, Haplosoope
vismlizes the portion of individualk from a race (ight v dark)
s sigmed to exch chester fred ve. gray) scross the Wk region San
Lucas et al 201 2.

Phybogenetc analyses
We cons tructed phylogenetic tres scoroas sHding windows in the D
imterval, sampling 15 kbof sequence every 5 kb (se= Supplemental
Material section 85 for furtherdetadls). For sach windaow, we tested
the kg likdihood of the data with two alemative trees: The gen-
graphic tree asumes samples cster by geographic hybod zone
amnd the color based tree groups races with a simmiler color pattern
(rayed or postman] (Fig. 5) Likelihood values were cal culated for
each mtenal and tree topology using scripts in PALUP* 4bl0
(Swofford 2002), using a GTR + & maodel infermed for theinterval
as a whae wing Modeltest v3.7 (Posads and Crandall 1998).
Meig hborgoining trees aonoss these slidin g windows constructed
in PAUP* were used to infer regions of monophydy by cdor
phenotype.

To summariee variation in phylogenetic topology acmoss the
imterval, we constrained dividon of the interva into the flremaost
distinct topalogies iing the MDL method, raising the lkelihood
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soime penatty untl five chisters of SMP blocks were rexched {Ane
A1) Tree topologies for eadh of these five regions of the interva
weeTe arstrched we g Mriaye v L2 [Bomguist and Huelksenbeck
AR ). Amalyses imashver] three muns for 3 mi Thon generations each,
sxmpling every S0 generations and removing 33% bum-in and
muns that did mot anverge s asewsed in MrBaye and Tracer
vl.5 [Fambaut and Drummond 2007, Model weare assigned
using Mridodeltest v23 (Mylander 2004) and included the GTR
el fior the secomed amd thind regions of the interval and GTR +
G for the remaining regions. In xddition to thess phylogendes,
phyilogenetic and networ k-hased trees were constructed for both
the 65-kb peak region of population di fieren tiati on and unlinked
gt C negions.

Tar test whether sharal color patterns between the mimies
oould resub froma commonoriging we also peribmmed phylogenstic
amalys e oot ming H. st amd H. mefpormene sequences along this
interval. We fooussd on regions of high comservation betwesn
H. e amd H medpomene §80%. anmservation in a S004bp window)
from our mista alignmment within the 5 15-580 kb region of peak
divergence. Wee tmed Chustal W2 (Larkin et al . 2007) and mamo] edits
i align sequences fom Al 45 H sral indvidualk: Supplementa
Table 56) amd 14 H. mslperenes individoak Supplemental Tabl= 57).
After fikering, 1134 SMPs were concatenate] and used for a Bayesian
ol s wesin g the same purameters shaove amed 2 GTR maoxdel.

Data access

Ammotateal gene modds ae avadlable on the Helionis Genome
Project website (httyr ' butterfhegenome orgf) through the Genome
Browser (Data Soune: Hera D _Jand12) and as a downlosdable
gff file. Reference sequences are avaibble on Genbank (httpe!/
www.nohinlm nih govigenbank) under accesion numbers
ECAG9892-RCA69895 and AMC20SR05- MC20BR0MG. Migned e
quencing rexds are availsble at the NCBI Ssquenee Bead Axchive
ERA} (htty /fwww.nchl nbm, ndh. gowv A2 unsler accession numbeers
SRAG 9512 (resequencing) and SRADSDZZ0 (RN Asag). SNP data,
scripds, amd tree files for phylogenetic anal yses are svadlable ot Dryad
fdlatabryad omg) norsder doiz 100506 1) drymd rofi 5.
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S1. Annotation of the H. erato Red Color-Pattern (D) Interval

51.1 Annotation Methods

We annotated genes across the red "0 color pattern interval of H. ergto. To provide supporting
evidence for gene models, we sequenced and aligned short-read transcriptome data from
several races and stages of H. eragto to the available partial genomic reference sequence.
Additional supporting evidence was provided by aligning available EST and protein databases.
We manually curated the predicted genes and compared them to predicted genes in the H.
melpomene genome v1.1 (Heliconius Genome Consortium 2012).

Reference sequence

We examined 2.2 Mb of the approximately 400 Mb H. erato genome. A 1 Mb genomic region
involved in red wing color pattern (the D interval) was sequenced from an H. e. petiverang BAC
library (Counterman et al. 2010). In addition, we sequenced approximately 1.2 Mb from BAC
clones unlinked to red color pattern. We compiled all sequences into a single H. erato
“reference” genome [Table 51). We masked repetitive elements in this reference using
RepeatMasker v3-2-9 (Smit et al. 2010) and a Heliconius repetitive elements database
(Heliconius Genome Consortium 2012).

Table S1: H. eroto reference sequence contigs

MNCBI accession size (bp) | description
KC465852 144455 | unlinked to red color pattern
KC465853 743824 | wnlinked to red color pattern
KC4659894 943009 | red color-pattern (D) interval
KC469855 100527 | wnlinked to red color pattermn
AC2OBE05 70206 | unlinked to red color pattern
ACZOEBDE 134000 | unlinked to red color pattern

Transcriptome assembly

We generated a partial reference transcriptome for H. ergto wing tissue using reference based
assembly of lllumina RNA-seq short-read data from hind wing cDMNA from 18 individuals,
representing two divergent color pattern races (H. e. favorinus and H. e. emma) that meet in the
Peruvian hybrid zone. Each race was sampled in three biological replicates across three
developmental stages (5th instar, day 1 pupae, day 3 pupae). These stages are most relevant to
phenotypic differentiation, as they precede the physical manifestation of the color phenotype,
which occurs around 5 days after pupation, and indude the stage of initial differential
expression in optix, which occurs at day 3 (Reed et al. 2011).

For each individual, we obtained cDMNA from whole hindwing tissues and prepared
libraries for sequencing using a slightly-modified llumina protocol (lumina 2008, outlined in
Supplementary Protocols). Briefly, this involved RNA extraction and isolation of mRNA using
poly-A tail binding. Transcripts were chemically fragmented and converted to cDMNA using
random primers. Adapters were ligated and the resulting fragments were size selected from
100-250 bp using gel extraction, and amplified using a 15-cycle PCR.

Each sample was run in a single lllumina lane and paired end sequenced at either 36, 66,
or 75 bp lengths on an lllumina GAllx at either the UNC-CH Genome Analysis Facility or NCSLU
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Genome Sequence Laboratories. The number of reads ranged from 19.2 to 55.9 million per
sample. 5ample quality was assessed using FastQC v0_8.0 (Andrews 2011) and a few low quality
samples were rerun. To standardize read length and remove adapter contamination due to
read-through of short fragments, all reads were trimmed to 36 bp using FASTX-Toolkit's
fast_trimmer v0.0.13 {Gordon 2010). We obtained empirical estimates of the distribution of
sequenced fragment lengths for each sample by aligning the reads to the unmasked H. erato
reference sequence using BWA v0.5.9-r16 (Li and Durbin 2009) with default parameters.

We generated transcripts with a reference-based assembly method using the
Bowtie,/ TopHat/Cufflinks pipeline. Each sample was aligned, using the empirically estimated
fragment lengths, to the masked reference sequence using the closure search option in TopHat
v1.2.0 (Trapnell et al. 2009) and utilizing Bowtie v0.12_7 0 [{Langmead et al. 2009). We used
stringent mapping parameters to minimize false alignments (see Table 52). Mo more than a
single mismatch was allowed per 36 bp read, each aligned read could only map to a single
lecation, and each splice junction had to be supported by at least one read with at least 12 bases
on each side with no mismatches. Intron and exon size parameters were determined by
examining the distribution of sizes in Bombyx mori (Duan et al. 2010) and Drosophila
melanogaster (MoQuilton et al. 2012). We used a first round of TopHat alignments to create a
library of potential splice junctions across all samples. This splice junction library was used when
each sample was realigned using TopHat with all other parameters unchanged. To generate
transcripts, alignments for all samples were first merged using SamTools v0.1.9.0 (Li et al. 2009)
and then analyzed with Cufflinks v1.0.1 (Trapnell et al. 2010), using default parameters, except
for decreasing the minimum and maximum exon lengths.

Table S2: TopHat and Cufflink parameters

TopHat parameter value description

max-multihits 1 number of alignments to allow per read

segment-mismatches 1 number of mismatches allowed per segment

min-imtron-length 20 minimum imtron length

max-intron-length 4000 maximum intron length

min-anchor 12 minimum number of aligned bases on eadh side to report a
splice junction

allow-indels true allows indels

no-coverage-searnch rue disables coverage search

dosure-search true enables closure search

min-closure-exon 3 minimum exon length for closure search

min-closure-intron 20 minimum imtron length for closure search

min-segment-intron 20 minimum imtron length for split segment

max-segment-imron 20000 maximum intron length for split segment

Cufflink parameter value description

min-imtron-length 20 minimum intron length

max-intron-length 20000 maximum intron length

Automated gene annotation
We produced automated gene annotations for the H. erato partial genomic reference sequence
using the MAKER pipeline v2.09 (Holt and Yandell 2011) with modified parameters (Table 53).

3
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This analysis begins with masking repetitive elements in the reference sequence using
RepeatMasker v3-2-9 (Smit et al. 2010) with the Heliconius repetitive elements database
(Heliconius Genome Consortium 2012). MAEER next aligned peptide sequences from the
Uniref@0 [Suzek et al. 2007) and Bombyx mori (Duan et al. 2010) protein databases using NCEBI
BLASTX w2 2 24 (Altschul et al. 1957) and polished these alignments with Exonerate v2.2.0
(Slater and Birney 2005) to ensure that multiple hits within a single protein are ordered properly
and utilize consensus splice sites. MAKER then aligned H. erato ESTs from a previous de novo
assembly built from Sanger and 454 sequences from wing tissues of several H. erato races and H.
himera (Papanicolaou et al. 2009). These E5Ts were aligned using NCBI BLASTN v2.2 24 (Altschul
et al. 1997) and further polished with Exonerate v2 2.0 (Slater and Birney 2005). We included
the set of aligned RMA-seq transcripts as additional EST evidence in the MAKER pipeline. MAKER
next generated ab initio gene predictions for both the masked and unmasked reference using
Augustus v2.5.5 (Stanke et al. 2006) trained for H. melpomene (Heliconius Genome Consortium
2012) and SNAP v2010-07-28 (Korf 2004) trained for Bombyx mori. Finally, MAKER determined
which ab initio gene models had enough supporting evidence from aligned peptide sequences,
ESTs, and RNA-seq to be promoted to predicted genes. We required promoted models to
produce a protein with at least 30 amino acids and have an annotation edit distance (AED) no
greater than 0.5, which is a measure of the difference between the model and the supporting
evidence (Holt and Yandell 2011). In the event of overlapping models, only the model with the
lowest AED was promoted.

Table 53: MAKER behavior options

MAKER parameter value description
pred_flank 500 extent of surrounding evidence to pass to gene predictors
AED threshold 0.5 maximum annotation edit distance
min_protein 30 minimum number of amino acids in a predicted protein
alt_splice 1 [yes] take additional steps to find alternative splicing?
always complete 0 [no] force start and stop codons for every gene?
keep preds 0 [ne] include unsupported gene predictions to final pene set?
split_hit 20000 expected max intron size for alignments

| single_exon 1 [yes] include single exon EST evidence?
single_length 250 minimum length of single exon E5Ts

Manual curation and functional annotation of predicted genes

We manually curated all predicted genes in the D interval using Apollo and following the
BeeBase protocols, section IV (Munoz-Torres et al. 2011). Curation involved manually examining
each predicted gene to see how well it matched the supporting evidence, adding or removing
exons based on supporting evidence and shifted exon boundaries to match RNA-seq models.
We blasted the resulting peptide sequences against NCBI's non-redundant (nr) protein database
(http:f ferwrw_ncbionimnih.govy). Using ClustalW?2 (Larkin et al. 2007), we examined alignments
between top Helicanius hits and non-Heliconius hits, focusing on insect proteins from NCBI's
Reference Sequence (RefSeq) collection [Pruitt et al. 2007), which is reviewed and curated. We
examined alignments for major gaps or differences and attempted to modify the predicted gene
to better match the top blast hits.
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We assigned gene descriptions based on the top BLAST hit of the curated proteins to the
SwissProt protein database (Boeckmann et al. 2003) with an e-value of at least 0.001 and
Blast2Go functional annotation (Conesa et al. 2005) of the curated coding sequences blasted
against NCBI's non-redundant {nr) protein database [hitp://www_nchinim_nih_gov/). We
assigned putative functions to genes based on gene ontology terms from the Blast2Go analysis
and known functions of domains identified with InterProScan domain recognition analysis
(Humter et al. 2012).

Transcription factor binding site prediction

In silico transcription factor binding site prediction was performed with the Transcription
Element Search System (TESS) (Schug and Overton 1997) using the default settings, searching
against known Drosophila binding sites from the TRANSFAC and JASPAR databases. Custom
scripts were used to divide the genomic region downstream of optix into non-overlapping 2 kb
fasta sequences for upload to TESS. Additional custom post-processing scripts were used to
reassemble TESS output files for the full locus and to parse out transcription factor binding site
predictions with p-values less than 0.05. The remaining predictions were uploaded to a private
UCSC penome browser track for visual inspection.

51.2 Annotation Results & Discussion

Using the MAKER pipeline, we annotated 30 protein coding genes in the D interval based on ab
initio models with supporting evidence from homology to known proteins and regions of active
transcription identified from ESTs and RNA-5eq data (GenBank accession KC469854). The
annotated genes cover a wide variety of functions (Table 54). The distribution of genes across
the D interval showed a 250 kb “gene desert™, which contains only a single gene, optix (Figure 2),
which has been shown to be involved in the red phenotype [Reed et al. 2011).

We used the RMA-seq alignments to identify potential non-coding transcriptional activity
in the gene desert. There is transcriptional activity immediately 3" of optix. There are a few
additional regions throughout the gene desert where RNA-seq reads aligned, but visual
inspection revealed these to be artifacts due to repetitive sequences.

TESS transcription factor binding site prediction within the region of peak divergence
revealed ower 12,000 putative binding sites, 6,927 of which had a p-value less than 0.05.
Filtering of these results for potential transcription factors associated with optix was
unsuccessful due to a lack of known candidate binding sites. The modMine, through the
Drosophila modEncode Project (Celniker et al. 2009), identifies eyeless (ey] as the only gene
known to bind and regulate optix, and identifies a 1435 bp regulatory region that putatively
contains the ey binding region. A BLAST search did not show a region of significant sequence
similarity to this candidate regulatory region in our H. erato reference sequences. It is important
to note that there is no known evidence of optix expression in Drosophila wings and it is
unknown if similar genes bind and regulate optix in developing eyes and wings. The limited data
of gene interactions with optix hinders our ability to identify which of the thousands of putative
transcription factor binding sites across the 65 kb region may be invelved in regulating optix
expression during wing pattern developmenit.
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Table 54: Annotated coding genes, their putative functions, and H. melpomene orthologs

gene description putative function translation translation  H, melpomene
stant stop ortholog
HERADDQDOL hypothetical protein unknown 7853 14570 HMELDO3289
HERADODDD2  sideroflexin-2-like cation transmembrane 30936 15952 HMELDO3292
transporter activity
HERADOODO3 PWWP domain- transcription factor regulating a 34342 37275 HMELOO3293
containing developmental process
HERAODODODDE  haspin-like protein phosphorylation/serine 54012 653492 HMELOO3 294
threonine-protein kinase activity
HERADDDDOS hypothetical protein unknown 66376 69249 HMELDO3296
HERAODDQODDE max dimerization-like regulation of transcription 360347 84307 HMELOQLOM0
HERADODDD? DARL anticodon-binding  tRMNA ligase activity 365880 3614388 HMELOO100:
domain-containing
HERAOODDDDS Dnal domain-containing  heat shock protein binding 366972 367938 HMELOO1006
HERADODDDS  blood vessel epicardial cell motility and cell adhesion 443332 374154 HMELDO1009
substance-like
HERAODOOLD ashwin-like involved in embryonic 450061 451140 HMELOO1022
morphogenesis
HERAODDD11 phosphodiesterase 10a-  involved in signal transduction 454498 464434 HMELOO1021
like
HERAODDDODL2 sorting nexin 12-like phosphatidylinositol binding 470177 466055 HMELOQ1020
HERADDDOL13 step ii splicing factor Pre-mRMNA splicing factor 477368 471255 HMELOO1019
slu7-like
HERAODDDD1E  Kinesin-like microtubule motor activity 483674 430075 HMELOO1018
HERADODO1S G protein-coupled transmembrane signaling 483421 500033 HMELDO1017
receptor-like receptor activity
HERAODDDDLE epoxide hydrolase 4-like hydrolase and catalytic activity 511162 505135 HMELOO1014
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Table 54 [cont.)

gEne description putative function translation translation H. melpomene
start stop ortholog

HERADDQDL?  six sine homebox regulation of transcription 6E0E34 GE0031 HMELDO1028
transcription factor
(optix)

HERADDDOL1E integrator complex subunit of the integrator 723574 754207 HMELDO1044
subunit 7-like complex which mediates snENA

processing

HERADDQD1S leucine repeat-rich protein binding 754552 756603 HMELDO1043

HERADODD2D  leucine repeat-rich protein binding 757308 TE0265 HMELDO1042

HERADO0021 strabismus/van gogh- involved in development TI0255 764754 HMELDO1039
like

HERADDDD22 monocarboxylate transport across membranes J71087 TI473 HMELOO1038
transporter-like

HERADODD23 SCY1ike protein 2-ike  protein phosphorylation/serine 783021 TIred7 HMELDQ1037

threonine-protein kinase activity

HERADODD24 TM2 domain-containing  unknown JE3509 784035 HMELOO1036
protein CG11103-like

HERADDQD2S 405 ribosomal protein structural constituent of 786103 785302 HMELDO1035
513ike ribosome

HERAODDDD26 nadh:ubigquinone MADH dehydrogenase TEB716 787140 HMELOO1034
dehydrogenase-like (ubiguinone) activity

HERADDDO27 trafficking protein involved in vesicular transport 794553 792627 HMELDO1033
particle complex subunit  from endoplasmic reticulum to
5-like Golgi

HERAODDDD28 ras-related protein rab-  involved in smiall GTPase 301187 798560 HMELOO1031
39b-like mediated signal transduction

HERADOOD29 THAP domain- nucleic acid binding 803013 810336 HMELDO1029
containing

HERAODODDOD3ID hypothetical protein UnKnown 268108 868452 HMELDO2053
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S2. Synteny and Conservation between Co-Mimics

52.1 synteny and Conservation Methods
We examined gene synteny across the D interval between H. erato and H. melpomens genomic
reference sequences. We compared the thirty curated peptide sequences from the H. ergto D
interval to the H. melpomene v1.0 gene set peptide sequences (Heliconius Genome Consortium
2012) using Inparanoid v4.0 (Ostlund et al. 2010) to identify one-to-one orthologs. Only
miatches with bootstrap support of >95% and a score of >50 were retained for analysis. We
examined gene rearrangements using OrthoCluster release 2 (Vergara and Chen 2009) in rs
mode. We estimated the expected number of rearrangements per Mb between H. ergto and H.
melpomene using a divergence time of 13.5-26.1 million years (Pohl et al. 2009) and a
rearrangement rate of 0.04-0.29, which are the minimum and maximum estimates from
comparisons of H. melpomene, Danaus plexipus (monarch) and Bombyx mori (silkworm) genome
assemblies (Heliconius Genome Consortium 2012).

To determine if a genomic inversion might be present in the regions of high divergence
(see below), we examined a 200 kb region with the greatest divergence between races in the H.
erate D interval and the H. meipemene B/D interval. We used BreakDancer v1.2.6 (Chen et al.
2009), with default parameters, to identify regions of the reference sequence that showed
paired end alignments (see below) with incorrect orientations and unexpected distances
between pairs.

To examine the level of sequence conservation between H. erato and H. melpomene
across the D interval, we used mVista LAGAN (Brudno et al. 2003) to globally align the H. erato D
interval sequence and the H. melpomene scaffolds containing the orthologous genes identified
by the Inparancid analysis. We examined sequence conservation in 500 bp windows across the
interval, identifying regions of greater than 90% similarity.

52.2 Synteny and Conservation Results
Each gene in the H. erato D interval had an H. melpomene ortholog (Table 54). These orthologs
identify two H. melpomene scaffolds (HEG71887 and HEG70BES) orthologous to the H. erato D
interval. The HEG70865 scaffold was previously identified as the H. melpomene B/D interval,
which is responsible for the red color phenotypes, and all genes on this scaffold had been
manually curated (Heliconius Genome Consortium 2012). HEG71887 was not previously
identified as being adjacent to the B/D interval and gene HMELD03292 required manual
curation. We manually curated the gene based on H. melpomene evidence [Heliconius Genome
Consortium 2012). For the 30 H. erato D interval genes, gene order and orentation were
completely conserved relative to H. melpomene (Figure 51) and all protein coding H. melpomene
genes in the homologous regions were present in the H. ergfo annotations. Additionally, the
BreakDancer analysis of read pair orientation did not highlight any inversions that could be
driving elevated divergence between divergent races. Despite an expected 0.5-5.0
rearrangements/Mb between H. eroto and H. melpomene, we did not detect any gene
rearrangements across nearly 1 Mb of sequence across the D interval.

We aligned the H. erato D interval to the two orthologous H. melpomene scaffolds and
examined sequence conservation across the alignment. There were 182 highly conserved
regions (>50% sequence similarity in a 500 bp window), covering a total of &3 kb of sequence.
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Most of the highly conserved regions (82%:) fell in coding exons, covering 38 kb of sequence. Of
the conserved regions not located in exons, the gene desert near optix contained a higher
proportion—38% of the gene desert was highly conserved, while only 3% of the rest of the non-
exon sequence for the entire interval was highly conserved. Several of these highly conserved
regions in the gene desert contain SNPs that show perfect associations with color pattern
phenotype.

S$3. Sampling and Genotyping Across Replicate Hybrid Zones

53.1 sampling and Genotyping Methods

To determine where different red phenotypes diverge genetically, and therefore, where the
genetic control of the red phenotype is most likely located, we examined genomic sequence
data for multiple individuals from eight different races of H. ergto and four races of H.
melpomene, representing two major red phenotypes. These samples were from multiple hybrid
zones, where whole genome sequencing of individuals from regions of admixture between
divergent color pattern races allows fine dissection of genomic regions driving phenotypic
divergence. In hybrid zones between divergent red color pattern races of Heliconius, the free
exchange of genes will homogenize the genomes, while strong selection on the red color pattern
phenotype will create peaks of genetic divergence around the genomic targets of selection.

Sampling

We collected 45 individual H. erato butterflies from hybrid zones in Peru, French Guiana,
Ecuador, and Panama (Figure 1). Adult individuals were preserved for DNA extraction or
transported live to insectaries in Gamboa, Panama to establish phenotypically pure stocks. For
each of the four hybrid zones, we collected phenotypically pure samples from admixed
populations where the ranges of two color pattern races overlap. In these regions of admixture,
gene flow homogenizes the genomes of the two races, while strong selection on color pattern
phenotype drives divergence at genomic regions responsible for color pattern phenotypes. For
dissecting red color pattern variation, the hybrid zones in Peru, French Guiana, and Ecuador are
considered replicate hybrid zones since each involves hybridization between rayed and postman
races. The Panamanian hybrid zone serves as a control in that both races are postman
phenotypes, showing variation only in the yellow phenotypic elements, which are under
independent genetic control from the red elements (Mallet 1986). For each of the eight color
pattern races, we collected three to eight phenotypically pure individuals.

Additionally, we collected six H. melpomene individuals near a hybrid zone in eastern
Colombia, three samples representing each of the two major red phenotypes—the postman (H.
m. melpomene) and the rayed (H. m. malleti). We assessed history across a second H.
melpomene hybrid zone in Peru—including postman (H. m. amaryliis) and rayed (H. m. agloope)
phenotypes—using published genome resequencing data (Nadeau et al. 2012).

Sequencing and genotyping

For each sample, we extracted genomic DNA from a partial thorax or whole pupae. We
prepared whole genome lllumina libraries (outlined in Supplementary Protocols). Briefly this
involved shearing the DMA with a Covaris machine, followed by bead purification, and then
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standard lllumina library preparation. We assessed library quality using a fluorimeter and gPCR.
Whole genomes of each individual were sequenced on either an lllumina GAllx or HiSeq at
Baylor College of Medicine, producing 100 bp paired end reads. We examined sequence quality
for each pair of each sample separately using FastQC v0.E.0 (Andrews 2011) and hard trimmed
all reads im a set using FASTX-Toolkit's faste_trimmer v0.0.13 (Gordon 2010) where the a5t
percentile base guality score dropped below 20.

We aligned the sequencing reads to our unmasked H. erate reference genome using
BWA v0.5.9-r16 (L and Durbin 2009) with relaxed mapping parameters (Table 55). We assessed
the quality and coverage of alignments using Flag5tat and DepthOfCoverage from GATK v1.2-4
(McKenna et al. 2010, DePristo et al. 2011). We used Picard v1.53 (Broad Institute 2009) and
GATK to refine the alisnments by marking duplicate reads using Picard's MarkDuplicates and
realigning around potential indels using GATK's RealignerTargetCreator and IndelRealigner.

We called multi-sample genotypes across samples for each race using GATK's
UnifiedGenotyper with default parameters, except heterozygosity set to 0.025, and filtered
genotype calls for quality using GATK's VariantFiltration, applying both site and individual
sample filters (Table 55) to remove low confidence genotypes. If a site did not pass the site
filtering criteria, we assigned all individuals of that race a genotype of N/M. I an individual's
genotype did not pass the individual sample filtering criteria, we assigned that individual a
genotype of N/N. Hypercoverage regions are indicative of repetitive elements, so based on the
distribution of coverage per site for each individual, we empirically choose a hypercoverage
threshold of 100x per sample.

We used the same pipeline and parameters for the H. meipomene Colombia data,
aligning to the H. melpomene genome v1.1 (Heliconius Genome Consortium 2012). Additionally,
we obtained unfiltered genotype calls for four individuals of each race from the H. melpomene
hybrid zones in Peru (Nadeau et al. 2012). We filtered the genotypes using the same criteria
above, with the exception of a hypercoverage cutoff of 150 due to the higher overall coverage of
these samples.

Genotyping samples by aligning short sequence reads to a reference genome has
inherent errors associated with it that result in incorrect genotypes. We introduced an
additional source of error when we aligned whole genome reads to just a small portion of the
genome. We estimated this additional error rate by aligning a single H. timareta sample to two
H. meipomene reference sequences—the whole genome (v1.1) and a 2 Mb partial genome
comprised of the color pattern regions. An H. timaretg sample was used in the analysis because
the amount of genetic diversity in H. melpomene is reduced relative to H. eroto (Flanagan et al.
2004), while the amount of genetic diversity between H. timareta and H. melpomene is similar
1o that within H. ergto (see Figure 3 in Beltran et al. 2007). We aligned reads to the reference
sequences using BWA and called genotypes with the GATK pipeline (Heliconius Genome:
Consortium 2012). We assumed that likely erroneocus genotypes were ones that disagreed
between the two methods or that were called for the reduced reference, but not the whole
genome reference. We estimated the error rate as the number of likely erroneous genotypes
divided by the total number of genotypes called from the partial genome alignment.
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Table 55: Genotype calling parameters

BWA parameter walue description

I 35 seed length

k 2 maximum edit in seed

n a maximum edits per 100 bp

o maximum number of gap opens

e 3 maximum number of gap extensions
GATK parameter walue description

heterozygosity 0.025 estimated heterozygosity

GATK filter value to filter out description

stand_call_conf

<30

standard minimum confidence threshold for the position,
which equates to a probability of a misidentified segregating
SMHP of less than 0.001

oP >100 * number of hypercoverage per race
samples
eenctype GO <30 penotype quality for the sample, which equates to a
probability of greater than 0,001 that the genotype called is
incomect
| genotype DP <10 low coverage per sample
| genotype DF =100 hypercoverage per sample
aD <510 guality by depth
F5 =200 strand bias
HRun =5 homopolymer run

%3.2 Sampling and Genotyping Results

The alignments of our H. erato lllumina reads to the partial genomic reference produced, on

average, 75% properly paired reads—both pairs mapped in the correct orientation to each other

and within the expected distance distribution. For each individual, on average, we called
genotypes at 50% of the positions in our intervals overall and 56% of positions across the D
interval (Table 56). Alignment of H. melpomene reads to the full H. melpomene reference
genome produced, on average, 93% properly paired reads and 74% of genotypes called across

the B/D interval per sample (Table 57).

Genotyping samples by aligning short sequence reads to a reference genome has

inherent errors from a number of sources, incuding the sequencing error, alignment errors, and

genotyping calling errors. These sources of error have been discussed elsewhere (Pool et al.
2010) and are affected by multiple factors, including depth of coverage. To determine the
impact on error rate of mapping whole genome sequence data to only a partial genomic
reference, we compared genotype calls of alignments of a single H. timareta individual to two

different reference genomes—i) the entire H. melpomene reference genome (approximately 269

Mb) and i) a 2 Mb portion of the H. melpomene reference genome (Table 57). This analysis
suggests an additional 2.5% genotyping error rate is introduced when aligning whole genome

reads to a partial genomic reference.
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Table 56: Samples and sequencing data for H. erato

positions genoty'pel:ll S5NPs* per genotyped

properly
number of [mapped| mapped (36) position [3])
hybrid race paired end | reads |pairs (% of] median all all
zone |{phenotype]] sample geolocation reads (36} | mapped) |coverage| reference |0 intervall reference | D interval

Peru faworinus G5012 |06°27'41"5 T7RT20°31™W| 62055113 | 85 755 20 457 L22 46 45
[postman) | NCS0471 (06°28'27"5 76°00°37"W| 52625225 | 8.1 752 17 437 S04 44 42
MNCS0473 |06°28'27™5 Te*00F37™W| 45703856 | 83 753 17 424 487 44 43
NCS0476 |06°28'275 T7e"00F37™W| 59865367 | 75 750 21 485 551 4.8 47
MNCS0478 |06°28'275 T7e"00F37™W| 70514138 | 83 743 24 L06 573 5.0 449
MNCS0479 |06"28'275 T7e"00°37™W| 57007304 | 7.7 733 20 481 La4 4.7 47
MNCS2554 (067274175 76°20F31™W| 51351455 75 751 18 466 L26 46 4.4
MC52555 (06727415 76°20°31"W| 66232416 | 7.8 747 23 497 L6494 4.8 4.7
emma GS020 |(06°10'55"5 76714'50™W| 623853463 84 57 18 444 S03 44 4.4
[rayed) MNC51671 (06°10'55"5 76714'50™W| 67708573 75 741 24 L05 563 5.0 L0
MNC51672 |06°10'55"5 76714°50™W| 60855534 | 7.8 7348 21 450 L18 49 48
MNCS51673 |06°10'55"5 76714°50"W| 655914675 7.6 744 23 L0.0 558 5.0 L0
MC51674 |06°10'55"5 76"14°50™W| 60470606 | 7.9 742 22 493 Lo 5.0 44
MCS1675 [06°10'55"5 76714°50™W] 43527873 ] 8.3 755 15 359.1 431 43 4.2
French hydara MCS1179 (04°32'13"N S2°18°13"W| 47188142 | 83 752 17 449 L22 4.2 4.0
Guiana | [postman) | NCS1979 [4°34'18"N 52°13°24"W| 53857631 | 8.4 754 19 480 5.7 44 42
MNCS2080 [04°36'28"N 52°16°21"W| 526596552 | 83 754 20 482 L6l 44 40
MNC52211 [04°32'507N S2°10°13"W| 61535440 | 8.2 748 22 L1z 590 4.6 42
MC52217 (04°32'30"'N S2°05°09"W| 62615030 | &3 750 25 2.4 e0.1 4.7 43
NC52581 (04°47'48"N 52°19°28"W| 87485610 8.0 760 29 532 610 48 45
MNC52609 |04°47'38"N S2°159°28"™W| 72210232 B85 772 25 14 59.0 4.6 43

*SMPs are variation relative to the reference genome
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Table 56 [cont.)

positions genﬂty'pel:ll SNPs* per genotyped

properly
number of |mapped| mapped (36) position (%)
hybrid race paired end | reads |pairs (% of| median all all
zone |{phenotype]] sample geolocation reads (3) | mapped) | coverage| reference |0 interval] reference | O interval
French erato MNCS2005 [4°38'19"N 52°18°06"W| 646125926 | 86 751 21 488 LT 46 45
Guiana [rayed) MNC52012 [04°38"19"N 52°1806"W| 73271811 ] &7 64 22 494 559 45 4.4
{cont.) MNCS2020 [04°35'06"N 52°1444™W| 97083432 | 80 758 32 538 &0.2 459 48
MNCS2023 [04°38'159"N S2°1806"™W| 76374048 | 83 765 23 Lo4g L7.0 46 45
MNCS2025 (4°35'06"N 52°1444"W| 64208302 | 86 760 20 481 L32 45 4.4
MCS2556 (04°37"19"N 52°22°34"W|107961588]) 8.0 720 35 556 622 5.5 5.4
Ecuador] notabilis BCO410 | 01723575 78°10°52"™W| 78516163 | 7.7 57 27 4.0 608 46 4.4
[postman) | NOTO1 (01°23'S7"'5 78°10°52"W| 56434323 | 83 7348 18 478 L34 41 EX:
NOTOZ2 |01°23'57™5 78°10°52™W| 58501620 7.8 736 18 4849 558 43 40
NOTO3 |01°23'57™'5 78°10°52"™W)| 64368484 | 8.3 735 21 Lo4g L3l 43 40
NOTOS [01°23'57™5 78710°52™W) 558304065 ] 8.3 737 20 4599 56.9 43 41
lattivita BCO411 | 017055475 77°35°02"™W| 82234945 ] 75 760 27 5148 L34 459 48
[rayed) LATO1 |01°05'54"5 77°3502™wW)| 55007275 ) 7.8 754 18 443 L0.0 44 4.4
LATOZ |01°05'54"5 77°3502™W| 70156062 | 8.1 7548 22 482 L32 46 46
LATO3 |01°05'54"5 77°35°02"™W| B00LB455 | 85 765 26 co4 567 4.8 48
LATOS  [00°32'45"5 7744°26"W)] 84018273 8.3 5.5 25 513 515 4.8 4.7
Panama| petiverana ED3 05°07'346"N 79°42°55"W| 75348146 | 85 773 30 L6 601 EXH ER-
{postman] ED4  (DS°07'46"N T9°42°05"W] 77997401 | B4 772 25 545 L2 3L 17
EDS 05°07'46"N 79°42°55"W| 60522100 | 89 768 23 S08 K56 34 36
ED6 09°07'46"N 79°42°55"W| 72035088 | 8.7 770 28 41 L35 E L 17
STRID033 (0970505 N 78°41°23"W| 50606581 ] 9.9 674 21 525 568 45 EE:
hydara STRIDO3S (05°0%'059"N 78°4123"W| 53723260 | 88 765 21 533 591 W) EF:
(postman) | STRIOD40 (0S°05'09"N 78°41°23"W| 54985081 | 8.7 766 22 L5449 603 EW) 17
STRIDOE2 (0570505 N 78°41°23"W ] 55372081 ] 9.1 765 21 53.6 59.3 ER: EE:
13
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Table 57: Samples and sequencing for H. melpomene and H. timareta

B/D B/D SNPs*
number of|mapped| properly positions per
hybrid sample paired end | reads |mapped pairs | median | genotyped | genotyped
zone species (phenotype) (] geolocation reads (%) |[% of mapped)|coverage %) position (%)

Colombia H. meipomene HMCS25] 4*12°48"N 73°47'70"W | 42161257 | 795 939 22 T4.6 13
meipomene HMCS27] 5*3701"N 72°18'00"W | 66272922 | 794 949 34 B84 13
{postman) STRIDOG]5°37'01"N 72*18'00"W | 63418043 | 766 935 26 812 17
H. meipomene HMC521) 1*48°45"N 75°40'07"W | 58085557 | 75.0 921 25 FEN 26
malleti HMCS22] 1°36"35"N 75°40'01"W | 52027258 | 751 919 23 681 25
(rayed) HMC524] 1*45°02"N 75°37'55"W | 44144209 | 756 917 19 57.0 23
Peru H. meipomene 09-332 zee Nadeau et al. 2012 786 25
amaryilis 09-333 see Nadeau et al. 2012 790 25
(postman) 0e-79 see Nadeau et al. 2012 796 25
09-7% see Madeau et al. 2012 753 2.4
H. melpomene 09-246 see Nadeau et al. 2012 68.2 2.6
agloope 09-267 see Nadeau et al. 2012 768 28
(rayed) 09-268 see Nadeau et al. 2012 764 28
09-357 see Nadeau et al. 2012 731 26

H. timareta 05-313 | 6°27"11"5 7e°17'19"W | 59607967
(aligned full reference) 674 920 22 847 22
(aligned partial reference) 45 717 28 76.2 23

*SMPs are variation relative to the reference genome
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S54. Population Genetic Analyses between Divergent Races

54.1 Population Genetic Methods

We used a number of population genetic analyses to identify putative functional regions. We
examined signatures of selection, induding increased genomic divergence between divergent
color pattern races, and genotype by phenotype association to highlight regions showing
patterns consistent with strong selection acting on functional variation.

Signatures of selection

We examined genomic divergence between pairs of H. erato color pattern races at each of four
hybrid zone independently and across all three postman,rayed hybrid zones combined. To
analyze each hybrid zone independently, we calculated sliding window population
differentiation using a method that uses diploid data and models populations as random effects,
to account for both statistical and genetic sampling processes {ﬁ, Weir 1996). The model makes
no simplifying assumptions regarding sample sizes or number of populations (Weir and
Cockerham 1984). Calculations were done using a custom Perl script that implemented the
Bio::PopGen::PopStats module from BioPerl (www_bioperl.org). To examine genomic divergence
between the red phenotypes across the three postman/rayed H. ergte hybrid zones combined,
while accounting for the geographic structure of the populations, we estimated differentiation in
a three-level hierarchy method [ﬁg, Weir 1996). For level one, the populations, we examined
the three hybrid zones that showed variation in the red phenotype—Peru, French Guiana, and
Ecuador. For level two, the subpopulations, we examined the two color pattern races at each
hybrid zone—the postman and the rayed. For level three, the individuals, we examined five to
eight individuals per subpopulation. We calculated the sliding window subpopulation
differentiation 1@,: using a custom BioPerl module. For all comparisons, we calculated
divergence at a position only if at least 75% of the individuals were genotyped for each
phenotype. We evaluated 15 kb sliding windows at 5 kb steps across the genomic intervals and
required a window to have divergence caloulated for at least 20% of the positions in the
window. We calculated a baseline level of divergence for each comparison as the level of
divergence observed across intervals unlinked to color pattern (H. erato—three unlinked BACs,
H. melpomene—38 unlinked scaffolds).

We calculated sliding window values for the proportion of segregating sites and
heterozygosity to look for signatures of selection in H. erato. A segregating site was defined as
having more than cne allele in the population. The proportion of segregating sites was the total
number of segregating sites per window divided by the total number of sites examined in the
window. 'We obtained the proportion of heterozygotes by summing the number of
heterozygote individuals at each position in the window and dividing that by the sum of the
number of individuals genotyped at that position. We calculated baseline values from the three
contigs unlinked to color pattern. We calculated estimates of these parameters for a genomic
position only if at least 75% of individuals were genotyped and then examined 15 kb windows
with a 5 kb step size. We required a window to have parameters estimated for at least 20% of
the positions in the window.
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Genotype by phenotype analyses

We estimated genotype by phenotype association at each H. erato hybrid zone independently,
comparing the two color pattern phenotypes that occur in each hybrid zone. We also examined
association with red phenotype across all four H. erato hybrid zones combined, by assigning all
individuals to one of the two major red phenotypes—the postman or the rayed. We estimated
association at each biallelic SNP using a two tailed Fisher's exact test, based on allele counts.
Positions were excluded if less than 75% of individuals were genotyped for each phenotype.

Population genetic analyses in H. melpomene

We also assessed divergence and assodiation in the H. melpomene hybrid zones in Peru and
Colombia, which both consists of the two major red phenotypes—the postman and the rayed.
We calculated sliding window subpopulation differentiation and genotype by phenotype
association as described above. Additionally, we compared the positions of fixed SNPs between
H. erato and H. melpomene to determine if any shared fixed SNPs existed. For each fixed SMNP in
H. erato, we attempted to identify an orthologous SNP in H. meipomene by manually inspecting
the mVista LAGAN alignment betwesn the reference sequences for the two species. If we were
able to identify an ortheologous SNP, we then compared the genotype calls for H. erato and H.
melpomene individuals to determine if the SNP was associated with phenotype in both species.

54.2 Population Genetic Results
See main text for population genetic results.

S5. Linkage Disequilibrium (LD) and Haplotype Structure

55.1 LD and Haplotype Methods
We explored linkage disequilibrium (LD} and haplotype structure across the D interval, and
regions unlinked to color pattern, in the Peruvian hybrid zone. We focused on a single hybrid
zone because we wanted to remove the influence of geography and we chose Peru because it
had the largest sample size. The data included all biallelic SNPs with at least 75% of individuals
genotyped. We calculated correlations 1:2} between all pairwise SNPs using PLINK [Purcell et al.
2007), which for unphased data is based on genotype allele counts. To understand how LD
decays with the distance between SNPs, we averaged the correlations for all pairwise SNPs from
100 bp bins of distance.

We estimated haplotypes from the Peruvian hybrid zone across a 100 kb window of the
D interval (S00-600 kb) containing the 65 kb peak of divergence and flanking regions using
fastPHASE v1.2 (Scheet and Stephens 2006). We filtered bialleleic SMPs across this 100 kb region
to remove sites that had genotypes from less than 75% of the individuals of each race, resulting
in 3227 SNPs. Haplotypes were clustered during phase estimation into two clusters (K=2) and
the proportion of rayed and postman individuals assigned to each cluster at each SNP was
determined. We used Haploscope (San Lucas et al. 2012) to visualize regions where the two
races had fixed haplotype block differences and where individuals from both races shared the
same haplotypes. Using the haplotype estimations from fastPHASE, for each SNP Haploscope
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visualizes the portion of individuals from a race (light vs. dark) assigned to each cluster (red vs.
grey) across the 100 kb region (San Lucas et al. 2012).

55.2 LD and Haplotype Results
See main text for LD and haplotype results.

$6. Phylogenetic Analyses of Evolutionary History

56.1 Phylogenetic Methods

We constructed phylogenetic trees across sliding windows in the D interval, sampling 15 kb of
sequence every 5 kb. For each window, we tested the log likelihood of the data with two
alternative trees: the geographic tree assumes samples custer by geographic hybrid zone and
the color based tree groups races with a similar color pattern (rayed or postman) in a
monophyletic dade (Figure 5). In each case, races are assumed to be monophyletic so that
hypotheses of racial structure are equivalent. Neither geographic regions nor similarly colored
races were resolved relative to one another, to avoid the influence of other topological
hypotheses on the results. Likelihood values were calculated for each interval and tree topology
using scripts in PAUP* 4b10 (Swofford 2002), using a GTR + G model inferred for the interval as a
whole using Modeltest v3.7 (Posada and Crandall 1998). In addition to calculating likelihoods,
we constructed neighbor-joining trees across these sliding windows in PAUP* to infer where in
the interval lineages were monophyletic by color phenotype.

To summarize variation in phylogenetic topology across the interval we constrained
division of the interval into the five most distinct topologies using the MDL method (Ané 2011).
Default likelihood penalties for this method support a different topology for every block of 500
consecutive SNPs assessed. To divide the region more broadly, we raised the likelihood score
penalty until five clusters of SNP blocks were reached. Tree topologies for each of these five
regions of the interval were constructed using MrBayes v3.1.2 (Ronguist and Huelsenbeck 2003)
run on CIPRES Science Gateway (Miller et al. 2010). Analyses involved 3 runs for 3 million
generations each, sampling every 500 generations and removing 33% burn-in and runs that did
not converge (as assessed in MrBayes and Tracer v1.5 (Rambaut and Drummond 2007)). Models
were assigned using MriModeltest v2.3 (Nylander 2004) and included the GTR model for the 2™
and 3™ regions of the interval and GTR+G for the remaining regions.

In addition to these phylogenies, to infer a “best” tree of color pattern history, a
phylogenetic tree was constructed for the 515-580 kb region across the peak of population
differentiation. This tree was constructed under the same parameters in MrBayes (model =
GTR) using only SNPs with low missing data, including at least 75% coverage of individuals within
each red phenotype (1419 SNPs). A general phylogeny was also constructed across three
genomic regions unlinked to color pattern using variable sites with at least 75% coverage of
individuals under the same Bayesian methods (model = GTR + G, 3534 5NPs). For these “best”
color-linked and color-unlinked datasets, we also reconstructed unrooted neighbor-net splits
tree networks using SplitsTree v4.8 (Huson and Bryant 2006) and pairwise distances. Unlike
miost other phylogenetic analyses, which treat polymorphisms as ambiguities (W™ as “A or T7),
in this analysis we were able to treat characters additively as “averages” ["W" as "A and T").
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When treated as averages, sites where all individuals are heterozygotes are informative, thus
more sites were retained as variable for this analysis (3440). Treating sites as averages should
more accurately reflect the history of these characters which are by nature additive: two
heterozygotes are more similar to each other than they are to homozygotes of either allele and
in the additive model, heterozygotes are treated with 50% similarity to homozygotes, rather
than as identical. These phylogenetic networks have the additional advantage of graphically
representing areas and degrees of character conflict in phylogenetic construction, brought on
through hybridization and recombination, ancestral sorting, or homoplasy.

To test whether shared color patterns between the mimics could result from a common
origin, we also performed phylogenetic analyses combining H. erato and H. melpomene
sequences along this interval. We focused on regions of high conservation between H. ergto
and H. melpomene (>=80% conservation in a 200 bp window) from our mVista alipnment. Across
the 450 to 750 kb interval, we found 71 highly conserved regions that were relatively evenly
distributed across the region and ranged in size from 430 to 3857 bp. For each conserved
region, we used ClustalW2 (Larkin et al. 2007) to align sequences from all 45 H. ergto individuals
(Table 56) and 14 H. melpomene individuals (Table 57). We constructed neighbor-joining trees
from pairwise distances of taxa in each these fragments and examined the resulting trees for
species monophyly.

To infer a “best” D locus tree of H. melpomene and H. erato combined, we inferred the
history in the peak of association from 515-580 kb in H. erato after further filtering SNPs from
the regions of high conservation. This included first manually editing the alignments by
removing regions of highly ambiguous alignment and comrecting obvious misalignments. We
then removed invariant sites and sites with more than 25% missing data. The resulting 1134
SNPs were concatenated and used for a Bayesian analysis using all the same parameters as listed
above, including a GTR model inferred independently for this dataset in MriModeltest. We
characterized SNPs across the interval by their patterns of fixation with respect to species and
phenotype.

56.2 Phylogenetic Resulis

To infer the optimal history of color pattern diversification in H. erato we constructed a
Bayesian tree and a network-based tree of the 65 kb region that showed the strongest
divergence and color pattern association. These trees support a single origin of the rayed color
pattern, clustering rayed phenotypes separate from non-rayed phenotypes (Figure S6A). Trees
based on SNPs from color-pattern unlinked regions clustered largely by hybrid zone (Figure S6B).
Branch lengths across topologies show a signature of reduced gene flow, whereby color pattern
dlleles have reduced gene flow among races and less variation among individuals relative to
markers unlinked to color pattern loci.

Comparing the history of this region between the two co-mimics, H. ergto and H.
melpomene, is difficult, as aligning non-coding regions is problematic; however, we were able to
align regions of conservation between the two species. Of the 71 aligned fragments within the
300 KB window including the association peaks, 69 resulted in complete monophyly of H.
melpomene with respect to H. erato. The remaining two trees had a few individuals admixing
between the two ina manner unrelated to phenotype. Examination of the sequence files for
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these fragments revealed problems with the automated alignment due to extensive missing
data for these taxa.

We focused further analyses on the 65 KB region of highest association. After manual
alignment and removal of sites with greater than 25% missing data in this narrowed region, 1164
SNPs were retained. Among these SNPs, 360 were fixed by species, 591 varied only in H. erato,
140 varied only in H. melpomene, and 73 shared allelic variation between the two species. OF
the SMPs with alleles shared between the two spedies, none of the alleles that were fixed by
phenotype within H. melpomene (n=18) or H. erate (n=1) had a signal that was assodated with
color phenotype in the opposite species. A phylogenetic analysis of the 1164 SNPs resolves H.
erato and H. melpomene as separate lineages with high support, while resolving races by

phenotype within each spedes (Figure 55). Results from these data thus support an independent
origin of red patterns within each species.
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