


polymorphisms that can be easily characterized. Recent pop-
ulation genetic analyses of multiple Heliconius species based on
AFLPs revealed pronounced genetic structure in both H. erato
and H. melpomene over small spatial scales (13), suggesting that
AFLPs should be effective at distinguishing closely related and
geographically proximate races in each species.
Here, we use large AFLP and mtDNA datasets to infer rela-

tionships among the major comimetic races in H. erato and
H. melpomene and determine whether they radiated in parallel
across time and space. Specifically, we compare the resolution of
both marker types and address the following questions: (i)
Where did H. erato and H. melpomene each originate, and what
explains their current biogeography? (ii) What was the ancestral
wing pattern in each species? (iii) Do individual races constitute
monophyletic groups? (iv) Are major wing pattern forms (such as
the rayed or postman patterns) monophyletic in each species?
Additionally, we infer the relationship between each species and
its putative “sister” species, H. cydno for H. melpomene and
H. himera for H. erato, and we also estimate the minimum age of
each species group based on pairwise mtDNA sequence diver-
gence. Our results illuminate the disparate histories behind these
remarkable comimetic radiations and provide essential insights
for future work focused on the molecular evolution of mimicry
genes themselves.

Results
A list of samples and accompanying information is presented in
Table S1. The AFLP and mtDNA phylogenies and Structure-
based clustering results for H. erato and H. melpomene are pre-
sented in Figs. 1 and 2, respectively. For H. erato, 4,667 and 4,582
polymorphic AFLP loci were scored with and without the out-

groups, respectively. For H. melpomene, 3,186 polymorphic
AFLP loci were scored with outgroups included. In Structure
analyses, both the H. erato and H. melpomene datasets had
maximum log-likelihood values at seven clusters. For H. erato,
each of the seven clusters formed a distinct group. For H. mel-
pomene, one cluster (cluster 7 in Fig. 2C) did not form a distinct
group. Clade construction indices (CCIs; a unique method pre-
sented here to quantify the degree of monophyly of a group, see
Materials and Methods) show that AFLP data performed better
than mtDNA data in clustering the samples by geographic
location and/or race in both species (Table S2 and Fig. S1). In
H. erato, 11 of the groupings were monophyletic in the AFLP
tree whereas only two were in the mtDNA tree; in H. melpo-
mene, 10 groupings were monophyletic in the AFLP tree whereas
only four were in the mtDNA tree.

H. erato. The AFLP phylogeny of H. erato revealed substantial
clustering by geography and, to a lesser extent, by race (Fig. 1A).
The datasets obtained by scoring with and without outgroups
produced topologies that differed in some of the relationships
(Fig. S2 and Fig. 1A, respectively). In both trees, relationships
among some of the clades were poorly supported by bootstrap
analyses. Scoring without outgroups yielded a topology in which
more groups were monophyletic (Fig. 1A). Based on this top-
ology, there were 11 monophyletic groups: Costa Rica, French
Guiana, Trinidad, Peru, “the isthmus” (i.e., Panama and Costa
Rica), H. himera, hydara from Colombia, phyllis, chestertonii,
etylus, and cyrbia, the latter four being the only monophyletic
races of H. erato.
Structure results (Fig. 1C Left), which were largely consistent

with the AFLP tree, revealed that H. himera, H. e. chestertonii,

Fig. 1. Phylogeography of H. erato.
(A) Phylogeny of H. erato based on
AFLP data (bootstrap values for key
nodes are shown). “x” denotes a
node not found in the bootstrap
consensus. Dotted lines indicate
relationships found in the bootstrap
consensus and not in the original
topology. mtDNA lineages (as noted
in B), races, and wing patterns are
indicated. The ingroup phylogeny
shown is derived from AFLP data
scored without outgroups. For the
clade denoted by a red star, AFLP
data were scored and analyzed sep-
arately. Gray boxes indicate all
regions west of the Andes. Numbers
in colored boxes are cross-referenced
to C. (B) Maximum likelihood phy-
logeny of H. erato based on mtDNA
sequences (bootstrap values above
branches). Races are indicated as in
A. Gray boxes indicate all regions
west of the Andes. (C) Population
structure inferred from AFLP data
using Structure. The right panel
shows separate analyses of groups 1,
4, and 5. Images of the races are
shown, in which comimics are
matched in left-to-right order with
images in Fig. 2, with the exception
of chestertonii (no H. melpomene
comimic) and lativitta (H. melpo-
mene comimic not included in this
study).
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and H. e. cyrbia were strongly differentiated from other H. erato
populations. This is also evident in the long branches leading to
these taxa in the AFLP phylogram (Fig. 1A). Separate analyses
of Structure clusters (Fig. 1C Right) revealed that large clusters
could be further divided into subclusters that corresponded
partially with a priori populations (i.e., races/geographic groups).
The mtDNA phylogeny (Fig. 1B) showed much less clustering by
race or geography in comparison with the AFLP phylogeny. The
AFLP and mtDNA trees did, however, have two clades in
common: H. e. etylus and E1, corresponding to the western clade
of Brower (14).

H. melpomene. The AFLP phylogeny of H. melpomene (Fig. 2A)
also revealed strong clustering by geography, followed by race.
Relationships among the clades in the H. melpomene tree were
better supported compared with H. erato. Nine clades were evi-
dent in the AFLP phylogeny: H. melpomene from Costa Rica,
H. cydno, H. melpomene from the isthmus, Peru, French Guiana,
Trinidad, East Ecuador, cythera, and nanna. The latter two were

the only monophyletic races of H. melpomene. Colombian
specimens were the only group that did not emerge mono-
phyletic, forming a paraphyletic grade.
As in H. erato, the Structure results (Fig. 2C Left) were largely

consistent with the AFLP tree. Unlike H. erato, none of the
H. melpomene groups showed strong genetic isolation, except per-
hapsH.m. nanna. Individual analyses of Structure clusters (Fig. 2C
Right) revealed that large clusters resolved into subclusters that
corresponded well to a priori populations. The mtDNA phylogeny
(Fig. 2B) showed far less clustering by race or geography compared
with the AFLP phylogeny. Clades in common between the AFLP
and mtDNA trees were nanna fromBrazil, Trinidadian specimens,
and H. cydno. A notable phenomenon in the mtDNA phylogeny is
the wide phylogenetic scattering of samples from Colombia, which
are clustered in theAFLP phylogeny. The other AFLP clades show
substantial clustering within the mtDNA tree, except the French
Guiana AFLP clade, which appeared as two mtDNA clades (M2b
and M2cii).

Fig. 2. Phylogeography of H. melpomene. (A) Phylogeny of H. melpomene based on AFLP data (bootstrap values for key nodes are shown). “x” denotes a
node not found in the bootstrap consensus; the curly bracket indicates the alternative node found in the bootstrap consensus. mtDNA lineages (as noted in B),
races and wing patterns are indicated. Gray boxes indicate all regions west of the Andes. Numbers in colored boxes are cross-referenced to C. (B) Maximum
likelihood phylogeny of H. melpomene based on mtDNA sequences (bootstrap values above branches). Races are indicated as in A. Gray boxes indicate all
regions west of the Andes. (C) Population structure inferred from AFLP data using Structure. The right panel shows individual analyses of groups 1, 3, and 4.
Images of the races are shown, in which comimics are matched in left-to-right order with images in Fig. 1, with the exception of plesseni and vulcanus
(corresponding H. erato comimics were not included in this study).
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Discussion
Our results reveal, with greater resolution than previously
described, the very different evolutionary histories experienced
by H. erato and H. melpomene, species that display near-perfect
convergence across a diversity of warning patterns today. His-
torically, the concordant color pattern variation between H. erato
and H. melpomene was thought to be the result of parallel shifts
that occurred in Pleistocene refugia (9, 10). In contrast, recent
inferences of historical demography based on DNA sequence
data suggest that populations of H. erato began expanding before
those of H. melpomene (12). Our AFLP results, which reveal
striking clustering by geography and racial phenotype, show that,
whereas H. erato and H. melpomene co-occur, mimic one
another, and shift color patterns in parallel today, they arrived at
this diverse mimetic relationship starting from very different
times, places, and phenotypes.
Although our AFLP data clearly provide improved pop-

ulation-level resolution relative to DNA sequence data, it is
important to point out that there are potential limitations asso-
ciated with using AFLPs for phylogenetic reconstruction (23,
24). Two primary issues are the degree of homoplasy in the data
and whether distance measures are suitable for tree-building
analyses (25). AFLPs are scored based on the presence or
absence of DNA fragments of particular sizes. Homoplasy
presents a greater problem when shared absences, as opposed to
shared presences, are used in the calculation of distances
because of the greater number of ways by which taxa/individuals
can share absences. One way to reduce the influence of homo-
plasy is to use distance measures that rely only on shared pre-
sences, such as the Nei-Li distance measure employed in our
neighbor-joining analyses. More significantly, studies have shown
that phylogenetic information can indeed be gleaned from AFLP
data (26), and a growing body of literature (e.g., refs. 27–29)
attests to the ability of AFLP-derived phylogenies to corroborate
other sources of data. Finally, it is encouraging that (i) the AFLP
phylogenies of H. erato and H. melpomene show such strong
geographic coherence, which would not be expected if the data
were dominated by homoplasy; and (ii) our results from Struc-
ture analyses are largely consistent with those from the phylo-
genetic analyses of our AFLP data.

Western Origins for H. erato and Eastern Origins for H. melpomene.
The AFLP and mtDNA data presented here substantially modify
our view of where the H. erato and H. melpomene radiations each
originated. Brower (14) inferred from an mtDNA phylogeny
based on parsimony that the basal clades within H. erato
(H. himera and chestertonii) originated on the western side of the
Andes, thus suggesting that H. erato began to diversify in this
region and subsequently spread eastward into the Amazon basin.
Our AFLP phylogeny indicates that H. chestertonii and H. himera
are not basal lineages. Taken at face value, the tree shows that
H. e. lativitta and H. e. etylus, both from Ecuador, occupy basal
positions in the phylogeny, suggesting that H. erato may have
originated in the western part of the continent but on the east-
ern, Amazonian slope of the Andes. Brower (15) also inferred
that H. melpomene originated in the Guiana shield. Our mtDNA
phylogeny (Fig. 2B), based on maximum likelihood analyses,
places the French Guiana specimens as later-branching lineages
and does not support a Guianan origin for H. melpomene.
Additional phylogenetic analyses of our mtDNA sequences, with
Brower’s (15) sequences from Guiana included, placed them as
members of lineage M2b (Fig. 2B), which is not a basal lineage.
Nevertheless, the AFLP phylogeny shows a clear east-to-west
axis, with the basal-most lineage occurring furthest east (in
coastal Brazil) and progressively younger lineages branching off
in a westward sequence (Fig. 3), suggesting an origin somewhere
in the east. In addition, H. erato races in the west tend to be

completely or nearly monophyletic whereas the same is true for
H. melpomene races in the east, a pattern that is consistent with
the geographic origins inferred here (SI Discussion).

Rapid Expansion and Diversification with Gene Flow in H. erato,
Sequential and Directional Radiation in H. melpomene with Less Gene
Flow Following Diversification. A notable difference between the
AFLP phylograms of the two species is that clades within
H. melpomene have longer subtending branches and/or better
support compared with clades in H. erato. The nodes defining the
terminal clades in the H. erato AFLP phylogram appear almost
collapsed into the spine of the phylogeny, suggesting that these
clades diverged from one another within a narrow window of
time. These observations are consistent with rapid diversification
and geographic expansion, coupled with continued gene flow
following diversification. Consistent with this scenario is the
absence of a distinct continental-scale geographic trend in the
H. erato phylogeny and the observation of widely dispersed sister
lineages (e.g., Peru with the eastern tip of Brazil). The exceptions
are H. himera, H. e. chestertonii, and H. e. cyrbia, clades that are
well defined by long branches. In contrast, the distinct east-to-
west geographic trend in the H. melpomene AFLP phylogeny and
the observation that sister lineages in H. melpomene tend to be
from neighboring regions (French Guiana with Trinidad, Peru
with Ecuador) points to a directional and stepwise geographic
expansion. Also in contrast to H. erato, the individual tips within
each clade in H. melpomene coalesce at points that are more
distal from the backbone of the phylogeny, suggesting a slower
tempo of diversification. The longer subtending branches and
greater bootstrap support for H. melpomene clades may indicate
historical bottlenecks and/or lower levels of gene flow following
diversification. These inferences are supported by Flanagan et al.
(12), who also showed that H. melpomene exhibits more phylo-
geographic structure than H. erato.

Divergent Ancestral Wing Patterns in H. erato and H. melpomene. In
H. melpomene, the rayed pattern is restricted to a single clade in
the AFLP phylogeny (white diamonds in Fig. 2A) whereas the
postman and red patch patterns are more widely spread, sug-
gesting that the rayed pattern is less likely to represent the
ancestral wing pattern in H. melpomene. Brower (15) noted that
the red patch pattern was basal in every mtDNA clade in which it
occurs, but that is not the case in the AFLP tree (gray diamonds in
Fig. 2A). However, the red patch pattern is basal in the AFLP
clade that constitutes Structure cluster 1 (Colombia plus west
of the Andes). The red patch pattern may be ancestral for
the “French Guiana + Trinidad” AFLP clade. If the topology
presented in Fig. 2A is correct, it is possible that the red patch
is ancestral in the entire clade that is sister to “Brazil,” (i.e.,
everything minusH. m. nanna). Given thatH. m. nanna sports the
postman pattern and its sister may be ancestrally red patched,
their most recent common ancestor could have been either.
At face value, the AFLP phylogeny suggests that the rayed

pattern is ancestral in H. erato, as the two earliest branches (one
individual of H. e. lativitta and a clade of H. e. etylus plus H. e.
lativitta) have that pattern (Fig. 1A). However, these branching
orders are not well supported, and Structure results indicate that
all of the lativitta individuals share similar ancestry (Fig. 1C),
which has much in common with a clade comprising French
Guiana, Brazil, and Peru samples. If it is indeed true that the
most recent common ancestor of H. erato originated in Ama-
zonian Ecuador (as discussed earlier), it is likely that those
ancestors sported the rayed wing pattern.

Multiple Origins of Similar Color Patterns inH. erato andH.melpomene.
Whereas other races appear clustered in the AFLP phylogeny,
H. e. hydara is scattered roughly into three groups (Fig. 1A).
Structure results also show three distinct groups of H. e. hydara.
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These findings indicate that the hydara form (“red patch” phe-
notype) likely evolved multiple times, as originally suggested by
Brower (14). Its comimic, H. m. melpomene, is also widely scat-
tered, falling into four groups in the AFLP phylogeny (Fig. 2A).
Structure results show H. m. melpomene appearing in three
groups (1, 4, and 5 in Fig. 2C). These findings support the idea
that the H. m. melpomene pattern also may have evolved multiple
times (15), and our results suggest it evolved at least thrice.
Whereas the red patch phenotypes in H. erato and H. melpo-

mene are each geographically contiguous across the continent
and display little pattern diversity, populations with the postman
phenotype are geographically disjunct and those with the rayed
phenotype display minor pattern differences. Therefore, pop-
ulations of each form have been given a variety of subspecific
names in each species. However, like the red patch phenotype,
the AFLP tree topologies show that similarly patterned pop-
ulations are not monophyletic in H. erato and H. melpomene,
suggesting multiple origins and/or losses of both the postman and
rayed phenotypes within each species.
Although our genome-wide AFLP data are consistent with

multiple origins in each species, it is important to point out that
hybridization among races could cause the evolutionary history
of the wing pattern to become disconnected from the genome-
wide background inferred from our AFLP data (SI Discussion).
Eventually, comparing the interracial relationships identified
here versus those inferred from mimicry genes themselves will
provide the critical test of whether color pattern phenotypes
have single or multiple origins in each species.

New Insights from the Matriline. The mtDNA phylogenies of
H. erato and H. melpomene reported here present a somewhat
modified view from previous mtDNA analyses (14, 15), including
the presence of additional clades, and different branching orders
(SI Discussion). The differences stem from our larger ingroup
sample size (88 vs. 52 for theH. erato complex and 83 vs. 42 for the
H. melpomene complex) and our use of likelihood, as opposed to
parsimony-based analyses. We also used a longer fragment of
mtDNA with significantly greater coverage of COI (766 bp COI
and 711 bp COII, vs. 126 bp COI and 598 bp COII).
Mean pairwise divergences among the three main H. erato

clades, based on COI alone (766 bp), are as follows: H. himera -
E1, 4.4%; H. himera - E2, 4.0%; E1 - E2: 4.3%; mean of approx-
imately 4.2%. In H. melpomene, the mean pairwise divergence
between M1 and M2 is 3.1%, or approximately 73% that in
H. erato. Applying a rate of 1.5% uncorrected pairwise diver-
gence per My (30) yields an estimated minimum age of 2.8 My
for H. erato and 2.1 My for H. melpomene, placing the estimated
minimum ages of both species groups in the later Pliocene.
These estimates are older than previous ones (14, 15) because we
used a different divergence rate, and because we relied only on

COI. We focus only on COI because it has been found to exhibit
the most clock-like rate among commonly used mtDNA markers
(31). For H. melpomene, the estimate is much older compared to
that inferred by Beltran et al. (32), who suggested a Pleistocene
origin (1.5 My) based on the mtDNA divergence between H.
melpomene and H. cydno. However, they concede that one might
be paraphyletic to the other, and indeed, this study shows H.
cydno mtDNA lineages to be nested within H. melpomene, as
corroborated by the AFLP data.

H. cydno Is Not Sister to H. melpomene, and H. himera Is Not Sister to
H. erato. The relationship between H. melpomene and H. cydno
has been the subject of much speculation (12, 32, 33), and early
mtDNA studies indicated a sister species relationship (15). The
AFLP phylogeny clearly places H. cydno as monophyletic and
deeply nested within H. melpomene, indicating that these two
entities are not sister taxa, as suspected by Beltrán et al. (33).
Similarly, H. himera is clearly monophyletic and nested within
H. erato, and thus the two cannot be considered sister species.
The long branches that support H. cydno, H. himera, and H. e.
chestertonii are consistent with peripatric events as suggested by
Flanagan et al. (12).

Conclusions
The evolutionary processes resulting in widespread geographic
variation between the comimetic species pair H. erato and
H. melpomene have been the topic of substantial speculation (7–
12, 14–16). Our analyses of these comimetic radiations incor-
porated both AFLP data and a large segment of mtDNA for the
same set of specimens, enabling direct comparisons between the
two data types. The results reveal striking clustering by geog-
raphy and racial phenotype based on AFLP data, far more than
is apparent in DNA sequence data. The fine-scale resolution
provided by the AFLP data permits detailed reconstruction of
the histories of the two comimics. Their vastly divergent tra-
jectories reject the hypothesis of coradiation and our present age
estimates additionally reject Pleistocene radiations in both spe-
cies. Our evidence for independent radiations, combined with
different estimated ages for the two species, suggest that the
concordant variation between H. erato and H. melpomene has
been the result of one-sided advergence, with H. erato radiating
first and establishing the color pattern template for the future
radiation of H. melpomene. The intriguing question then
becomes: how did H. erato diversify in the first place? A brief
discussion of the possible roles of natural and sexual selection as
well as genetic drift is given in the SI Discussion. Additional
research is required to understand the balance among these
evolutionary forces in driving the early diversification of H. erato.

Fig. 3. Sampling locations for specimens used in this
study. AFLP phylogenies of H. erato and H. melpomene
are superimposed. Races within each species are abbre-
viated to the first two letters of the race names. Note that
“cy” stands for cythera in H. melpomene and for cyrbia for
H. erato.
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Materials and Methods
Sampling. Specimens were wild-caught between 1994 and 2007, avoiding
locations known to be hybrid zones. Between two and 10 specimens per race
per geographic location were included. For the investigation of H. erato, 85
specimens of H. erato, three specimens of H. himera, and two specimens of
each of the outgroups H. hecalesia and H. clysonymus were used (Table S1).
For the investigation of H. melpomene, 78 specimens of H. melpomene, five
specimens of H. cydno, and the outgroups H. atthis, H. hecale, and H.
ismenius were used (Table S1).

Molecular Data. DNA were extracted using a Qiagen DNeasy Kit. A 1,602-bp
fragment of mtDNA spanning COI (766 bp), tRNALEU, and COII (711 bp) was
amplified by PCR and sequenced using published (32) primers and methods.
Outgroup sequences were downloaded from GenBank. Sequences were
edited and aligned in Sequencher 4.9 (Gene Codes). AFLPs were generated
using the Applied Biosystems Plant Mapping Kit and scored using Applied
Biosystems Genemapper software. Additional details regarding AFLP pri-
mers, controls, and scoring parameters are available in SI Materials
and Methods.
Phylogenetic and Population Genetic Analyses. For the AFLP markers, phyloge-
netic analyses were conducted using neighbor joining with Nei-Li distances
(34) in PAUP*4.0b10 (35). Maximum likelihood phylogenetic analyses were
performed on the mtDNA sequences using PHYML, under the GTR+I+G
model, which was selected by the Akaike Information Criterion (36) as
implemented in ModelTest 3.7 (37). Support for all phylogenetic analyses

was assessed with 2,000 bootstrap pseudoreplicates. The model-based clus-
tering method implemented in Structure, version 2.2 (38, 39), was used to
search for population structure in both H. erato and H. melpomene. Addi-
tional details regarding Structure analyses are available in SI Materials
and Methods.
CCI.Nometric currently exists to quantify the degree to which themonophyly
of a given group is disrupted on a given topology. Therefore, we developed
the Clade Construction Index (CCI) to compare the degree of monophyly of
each race/geographic population between the mtDNA and AFLP trees. The
CCI is the number of lineages thatmust be removed in order for a given group
to become monophyletic; thus, a CCI of 0 defines a monophyletic group. The
CCI is a simple measure of the topological violation of monophyly and does
not consider the relative branch lengths or node support of the lineages that
have to be removed in order for that group to achieve monophyly (although
these could be incorporated).
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