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CHAPTER TEN

Rapid speciation, hybridization
and adaptive radiation in the
Heliconius melpomene group

james mallet

In 1998 it seemed clear that a pair of ‘sister species’ of tropical butterflies,

Heliconius melpomene and Heliconius cydno persisted in sympatry in spite of

occasional although regular hybridization. They speciated and today can coexist

as a result of ecological divergence. An importantmechanism in their speciation

was the switch in colour pattern between different Müllerian mimicry rings,

together with microhabitat and host-plant shifts, and assortative mating pro-

duced as a side effect of the colour pattern differences. An international con-

sortium of Heliconius geneticists has recently been investigating members of the

cydno superspecies, which are in a sense the ‘sisters’ of one of the original ‘sister

species’, cydno. Several of these locally endemic forms are now recognized as

separate species in the eastern slopes of the Andes. These forms are probably

most closely related to cydno, but in several cases bear virtually identical colour

patterns to the local race of melpomene, very likely resulting from gene transfer

from that species; they therefore can and sometimes do join the local mimicry

ring with melpomene and its more distantly related co-mimic Heliconius erato.

I detail how recent genetic studies, together with ecological and behavioural

observations, suggest that the shared colour patterns are indeed due to hybrid-

ization and transfer of mimicry adaptations between Heliconius species. These

findings may have general applicability: rapidly diversifying lineages of both

plants and animals may frequently share and exchange adaptive genetic

variation.

Introduction
Speciation is increasingly recognized to be associated with ecological diver-

gence, and may indeed occur in the presence of gene flow (see other contribu-

tions in this volume). But the extent to which species formation is driven by

ecology and the possible role of hybridization in adaptive radiation are still

debated (Schluter 2000; Coyne & Orr 2004; Mallet 2007). Here I analyse speciation

inHeliconius butterflies, which has provided a somewhat classical story of ecology-

driven speciation. There are some surprising recent discoveries which cast doubt

on the generality of some of our earlier ideas on diversification in this group.
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Ten years ago, we argued on somewhat slender evidence that speciation in

Heliconius was largely due to ecological divergence, particularly in mimicry as

well as in host and microhabitat choice, and that this was coupled with the

evolution of assortative mating (Mallet et al. 1998b). Since then, evidence for

ecological, especially mimicry-mediated, speciation has become firmer, but in

the course of this work additional modes of speciation have been revealed.

I begin by assessing Heliconius speciation work since the 1990s. I next review

evidence on hybridization and introgression between species. Finally, I discuss

the possibility that adaptive genes, particularly for mimicry, are transferred

among members of rapidly radiating lineages.

Speciation driven by mimicry
Müllerian mimicry among unpalatable Heliconius species and between

Heliconius and another unpalatable butterfly group, the Ithomiinae, has been

known since the work of Henry Walter Bates (Bates 1862). Fritz Müller (1879)

provided the first theoretical analysis of Müllerian mimicry, but Bates was the

first to explain mimicry in Darwinian terms. Bates was also the first to recog-

nize the existence of mimicry now designated ‘Müllerian’ between pairs of

unpalatable ‘co-mimic’ species, as well as ‘Batesian’ mimicry between palat-

able and unpalatable ‘model’ species. Bates’ most convincing evidence of

mimicry was provided by parallel geographic variation in colour patterns of

different lineages. He argued that colour-pattern mimicry acted as an impor-

tant means of local protection for rarer unpalatable Heliconius, and it is thus

clear he had an inkling that frequency-dependent selection was involved. He

argued that divergence in mimicry was a likely means whereby natural selec-

tion led to speciation (Bates 1862).

For most of the 20th century, evolutionists saw mimicry as an interesting

visual demonstration of natural selection, but no longer related it to speciation

(Fisher 1930; Futuyma 1998). Natural selection, such as that for mimicry, was

seen mainly as a source of ‘microevolution’ within populations and species,

whereas geographic isolation, and incidental hybrid inviability and sterility

were more heavily emphasized as important for speciation. Yet by the 1990s,

evidence was accumulating for divergent ecological selection as causes of spe-

ciation of a variety of organisms (Mallet 2001b).

By 1998, the majority of our work on contacts between the species pair

Heliconius himera and H. erato had already been published. Heliconius himera and

H. erato differ in colour pattern, tolerance of dry versus wet forest and mate

choice (McMillan et al. 1997; Mallet et al. 1998b). Hybridization rates in narrow

∼5km hybrid zones are low (6%) (Mallet et al. 1998a). The two species lack larval

food-plant and microhabitat differences (Jiggins et al. 1997b), and competition

thus probably explains the narrowness of the overlap. All hybrids, backcrosses

and further crosses, when formed, are viable and fertile (McMillan et al. 1997),
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but for poorly understood ecological reasons, probably in part due to non-

mimetic colour pattern combinations, do not go on to establish successful

hybrid swarms in the overlap zone. Furthermore, mtDNA and allozyme profiles

of the two species remain distinct (Jiggins et al. 1997a). The two forms are

considered species on the basis of this coexistence of separate genotypic clusters

within the zone of overlap, even though ∼10% of the population in the centre of

the zone are F1 and backcross hybrids. Divergently patterned geographic races

of erato also form narrow hybrid zones where they meet, but, in these contact

zones, hybrids are always abundant, while the pure forms do not differ at

mitochondrial or nuclear markers, and so are considered members of the

same species. In conclusion, the sister species himera and erato have diverged

in colour pattern and mate choice, but have no genomic incompatibilities

(Mallet et al. 1998b).

Work on the H. cydno and H. melpomene ‘sister species’ pair was embryonic in

1998, but 10 years later has become a major area of investigation. The two

species are sympatric throughout Central America and in the Western Andes.

They hybridize regularly, albeit at a very low rate of one in a thousand or less

(Mallet et al. 2007). This hybridization explains shared polymorphisms at (only

some) nuclear genes (Bull et al. 2006; Kronforst et al. 2006b).

Each of these species mimics different, divergent members of an unrelated

Heliconius lineage: cydno is black with white or yellow bands, and normally

mimics Heliconius sapho or Heliconius eleuchia; in West Ecuador and parts of

Colombia it can also be polymorphic and mimic both (Kapan 2001). H. melpo-

mene instead has forms with monomorphic ‘postman’ patterns (black with

broad red forewing band, sometimes with a yellow hindwing bar) that mimic

postman-patterned erato. Other races of melpomene also have various ‘dennis-

ray’ patterns (blackwith a forewing yellow band, a basal forewing orange patch

known as ‘dennis’, and hindwing rays) that mimic ‘dennis-ray’ erato races and

those of a number of other species in the Amazon basin. In only the Cauca

Valley of Colombia, which lacks H. melpomene altogether, does Heliconius cydno

weymeri have a morph ‘gustavi’ that mimics the local Heliconius erato chestertonii

(Linares 1997). Probably, it is not a coincidence that chestertonii is also the only

race of erato that lacks redmarkings: it has a postman-like yellow hindwing bar,

but has entirely blueish-black iridescent forewings. However, whether the

other cydno races are congenitally unable to match red-marked erato, or H. e.

chestertonii has converged to a pattern like that of cydno only in this one valley, is

not known.

The colour pattern differences between cydno andmelpomene are controlled by

many of the same loci involved in geographic mimicry differences within each

species (Linares 1996; Naisbit et al. 2003; Joron et al. 2006; Kronforst et al. 2006a).

Because cydno and melpomene are considerably closer genetically to one another

than sapho or eleuchia are to erato, cydno and melpomene diverged more recently,

RAP ID SPECIAT ION , HYBR ID IZAT ION AND ADAPT IVE RAD IAT ION 179



//FS2/CUP/3-PAGINATION/SPDY/2-PROOFS/3B2/9780521883184C10.3D 180 [177–194] 19.9.2008 3:03PM

probably as mimics of erato, sapho and eleuchia (the already divergent ‘models’),

rather than vice versa (Jiggins et al. 2001; Flanagan et al. 2004). In addition,

comparative evidence strongly implicates melpomene and cydno as mimics of

erato and allies, rather than vice versa (Eltringham 1917; Mallet 2001a).

Colour pattern divergence between the two species leads to a number of

interesting evolutionary consequences: (1) the rare hybrids that are produced

are non-mimetic, and are likely to suffer strongly reduced survival due to bird

attacks (Mallet et al. 1998b; Jiggins et al. 2001); (2) mate location is partly visual

and has apparently co-evolved with mimicry, leading to strong assortative

mating that can be demonstrated with paper models as well as with natural

wing patterns (Jiggins et al. 2001; Naisbit et al. 2001); (3) Panama melpomene are

sympatric with cydno and mate more assortatively than Guianan melpomene,

which do not overlap with cydno (Jiggins et al. 2001). This is consistent with

‘reinforcement’, i.e. adaptive evolution of more discriminating mate choice to

avoid production of low-fitness hybridswith another species in sympatry; (4) the

two mimetic pairs also differ in microhabitat – co-mimics cydno and sapho

inhabit forest understory, whereas co-mimics melpomene and erato are normally

found in more open areas (Estrada & Jiggins 2002). Nocturnal gregarious roosts

are also stratified by mimicry (Mallet & Gilbert 1995). It is probable that the

mimicry switch took place as a response to a habitat shift, but the reverse is

possible. In any case, the mimicry shift also provides an additional ecological

dimension which further enhances assortative mating due to habitat segrega-

tion; (5) hybrids between cydno and melpomene of both sexes are discriminated

against in mate choice experiments, a form of disruptive sexual selection

against hybrids (Naisbit et al. 2001). Thus, mimicry has important direct and

indirect effects which result in manifold, pleiotropic effects on reproductive

isolation (Mallet et al. 1998b; Jiggins et al. 2005).

Not all speciation-related differences between cydno and melpomene can be

attributed to mimicry: hybrid females are usually sterile, an example of

Haldane’s Rule, because in butterflies it is the females that are heterozygous

for sex-determining chromosomes (Naisbit et al. 2002, 2003). Like other

‘Dobzhansky–Muller incompatibilities’, Haldane’s Rule sterility is thought to

be caused by divergence at sex-linked loci with pleiotropic effects on gamete

production (Coyne & Orr 2004). Female hybrid sterility is a major form of ‘post-

mating isolation’ between these two species (∼70%), but it is only about as strong

as mimicry selection against hybrids (∼64%), and host-plant and microhabitat

differences are additional selective effects that have not been estimated.

However, all these are weaker barriers than the ‘pre-mating isolation’ due to

assortative mating (> 99.9%) (Naisbit et al. 2002; Mallet 2006). Thus we became

convinced of what might be termed the classical story: that ecological diver-

gence, especially mimicry and its co-evolved effects on mate choice and micro-

habitat use, was the major cause of Heliconius speciation.
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Boloria epithore
Acraea jodutta
Philaethria dido

Dryadula phaetusa
Dryas iulia
Agraulis vanillae
Dione moneta
Dione juno
Dione glycera
Eueides aliphera
Eueides tales
Eueides lybia ∗
Eueides heliconioides
Eueides lineata
Eueides isabella ∗

Eueides lampeto
Eueides vibilia ∗
Neruda aoede
Neruda metharme
Laparus doris
Heliconius hortense ∗
Heliconius clysonymus ∗
Heliconius telesiphe
Heliconius hecalesia ∗
Heliconius erato ∗
Heliconius himera ∗
Heliconius hermathena
Heliconius charithonia ∗
Heliconius peruvianus ∗
Heliconius ricini

Heliconius antiochus
Heliconius sara
Heliconius leucadia
Heliconius hewitsoni
Heliconius sapho
Heliconius congener
Heliconius eleuchia
Heliconius hecuba
Heliconius hierax
Heliconius xanthocles
Heliconius egeria
Heliconius wallacei
Heliconius burneyi
H.melpomene malleti ∗
H.melpomene melpomene ∗
H.melpomene rosina ∗
H.melpomene cythera ∗
Heliconius pachinus ∗
Heliconius timareta
Heliconius cydno ∗
Heliconius heurippa ∗
Heliconius ismenius
Heliconius numata ∗
Heliconius besckei ∗
Heliconius ethilla ∗
Heliconius nattereri
Heliconius elevatus ∗
Heliconius pardalinus
Heliconius hecale ∗
Heliconius atthis% Divergence (HKY + Γ)

30 20 10 0

Heliconius demeter

Eueides procula ∗
Eueides pavana ∗

Podotricha telesiphe

Figure 10.1 Phylogenetic relationships of the Heliconiini. The diagram shows an

mtDNA-based Yang rate-smoothed estimate of phylogenetic relationships among

species of the Heliconiini. Species that hybridize in nature (starred) tend to be most

closely related, and are in the most recent radiations of Heliconius and Eueides, rather

than from older species in the ‘basal genera’ (Beltrán et al. 2007; after Mallet et al. 2007).

(see color plate)
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Speciation not driven by mimicry
In Heliconius, closely related species often belong to different mimicry rings,

and co-mimics in the same ring usually belong to different lineages, as though

species in each lineage were adaptively radiating onto different mimicry rings

(Turner 1976; Mallet et al. 1998b). However, recent evidence suggests that this

classical story of mimicry-driven speciation holds for by no means all speci-

ation events among Müllerian mimics. Dasmahapatra et al. (in preparation)

have recently discovered via DNA sequencing a cryptic species most closely

related to Heliconius demeter, with which it shares a nearly identical rayed

mimicry pattern. Not only are these two scarce sister species difficult to

distinguish from one other using morphology, but are also hard to distinguish

from the related sympatric rayed H. erato throughout the Amazon basin. As

another example, in Ithomia, from a different subfamily, the Ithomiinae, sister

species are frequently Müllerian co-mimics (Jiggins et al. 2006), suggesting

that speciation in this group can only sometimes be attributed to mimetic

divergence, if at all.

Furthermore, although our group were using the term ‘sister species’ to refer

to the cydno andmelpomene species pair (Mallet et al. 1998b; Jiggins et al. 2001), the

actual situation is more complex: one of the ‘sister species’ itself has sisters. A

number of local endemic segregate taxa, such as Heliconius pachinus, Heliconius

heurippa, Heliconius tristero and Heliconius timareta, thought to be more closely

related to cydno than to melpomene, were interpreted 10 years ago as subspecies

or ‘semi-species’ of cydno (Mallet et al. 1998b). In all cases, these local endemics

overlap with melpomene, but occur outside the range of H. cydno (sensu stricto).

DNA sequence data have mostly confirmed closer relationships of these segre-

gate taxa to cydno (Brower 1996a,b; Salazar et al. 2005; Mavárez et al. 2006;

Kronforst et al. 2006b; Beltrán et al. 2007), although the picture is clouded by

possible paraphyly of melpomene (Fig. 10.1) as well as ongoing allele sharing and

autosomal introgression between cydno (including its segregates) and melpomene

(Bull et al. 2006; Kronforst et al. 2006b).

Whether these disjunct segregate taxa are regarded as full species or geo-

graphic races of cydno is to some extent a matter of taste. Early systematists,

lacking detailed distribution data or large series from zones of sympatry, tended

to confuse the red, yellow and black colour patterns of heurippa, timareta and

tristero with those found in hybrid zones between mimetic races, and inter-

preted the segregate taxa as forms of melpomene (Eltringham 1917; Emsley

1964). However, it is now becoming usual to treat heurippa, tristero and timareta

as separate species, due to their sympatry with melpomene; their pronounced

morphological divergence from the black and white or yellowmimetic patterns

typical of cydno; their often prominent red markings; and their assortative

mating in tests with both cydno and melpomene (Brown 1981; Brower 1996a;

Mavárez et al. 2006; Kronforst et al. 2006c). In the most recent checklist, the
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entirely yellow and black pachinus is treated as a subspecies of cydno, while red-

marked heurippa, tristero and timareta are regarded as full species (Lamas 2004).

Renewed interest in the melpomene–cydno group has been triggered by the

suggestion that hybridization is important in the evolution of mimetic and

non-mimetic colour patterns (Gilbert 2003; Salazar et al. 2005; Mavárez et al.

2006), as well as further discoveries of new segregate forms related to cydno and

melpomene in the Eastern Andes.

Hybridization, mimicry and speciation
My former PhD supervisor, Prof. Lawrence E. Gilbert Jr. proposed that Heliconius

may gain much of their mimicry adaptability because they have available via

hybridization, a ‘shared genetic toolbox’ allowing acquisition ofmimicry colour

patterns (Gilbert 2003). Often 1–3 genetic loci (‘supergenes’) can cause major

mimetic switches in colour pattern (Sheppard et al. 1985; Joron et al. 2006).

Adaptive introgression could explain the repeated re-evolution of the same

apomorphic mimicry traits, such as ‘nailhead rays’ or the ‘postman’ pattern

(see Fig. 10.2). This was the first time the proposal for the importance of

melpomene melp-
omene
group

‘silvan-
iform’
group

‘basal’
group

‘Nailhead’
 rays
‘Nailhead’
 rays

Erato- like
‘needle’
 rays

Erato- like
‘needle’
 rays

cydno 
timareta 
pachinus &c
elevatus 
hecale 
atthis 
pardalinus 
ethilla 
besckei 
ismenius 
numata 

burneyi 
wallacei 
egeria 
xanthocles 
hecuba 

Figure 10.2 Homoplasy of colour patterns in the melpomene group. ‘Nailhead’ rays, as in

mimetic Amazonian races of H. melpomene, appear to provide a novel method of producing

rays, and are characteristic only of the most recent radiation of the melpomene/cydno/

silvaniform group of Heliconius (upper four ‘boxed’ species). Plesiomorphic ‘needle’ rays are

the norm in unrelated, rayed co-mimics such as erato, Neruda and Laparus, and even in

related H. burneyi and H. xanthocles (lower two ‘boxed’ species). The species having ‘nailhead

rays’, are not, however, necessarily each other’s closest relatives. Furthermore, red

forewing band ‘postman’ patterns in besckei, the cydno/timareta group, and melpomene also

show a patchy distribution across the phylogeny (not shown). Unless the ancestral

melpomene/silvaniform species was polymorphic for both rays and postman patterns (which

is extremely unlikely), either postman or nailhead ray patterns must be homoplasious.

A likely source of suchhomoplasy is hybridization and introgression, as virtually all species

in the melpomene and silvaniform clades can hybridize and backcross in nature.
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hybridization and introgression had appeared in print, although another Gilbert

PhD student, Mauricio Linares, had advocated similar ideas in his PhD thesis

(Linares 1989). While I recognized that introgression could explain some

Heliconius colour pattern evolution, at that time I felt that the idea had limited

applicability. In my view, a more pressing problem was the evolution of novel

Heliconius mimicry patterns, which could not be generated readily using existing

adaptations. However, this skepticism about the evolution of true novelty via

introgression underestimated the degree to which recombination of existing

patterns can generate a much larger array of colour patterns than exists today.

For example, many of Gilbert’s lab-reared hybrids show how novel patterns can

be created via hybridization and recombination in the melpomene group to pro-

duce convincing mimics of existing unpalatable model species, even some never

mimicked byHeliconius in nature (Gilbert 2003). Hybridizationmight be an impor-

tant source of variation for rapid adaptation to novelmimetic opportunities, even

though the components needed to create the new mimicry pattern may be old.

Hybridization between species of Heliconius in nature is rare (< 0.1% of speci-

mens), but regular and ongoing, as well as widespread (Figs. 10.1 and 10.2). It

results in documented cases of introgression between species such as melpomene

and cydno (Mallet et al. 1998b, 2007; Bull et al. 2006; Dasmahapatra et al. 2007). It

might be imagined that only sister species hybridize, but F1 hybrids and in some

cases backcrosses are known to occur regularly between non-sister species

(e.g. melpomene and silvaniforms such as Heliconius ethilla and Heliconius numata,
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Figure 10.3 Hybridization between species of Heliconius. The graph shows the numbers of

wild-caught interspecific hybrids in Heliconius and Eueides from a survey of world museum

collections, plotted against genetic distance (mitochondrial DNA sequence data, based on

CoI and CoII). Each point represents a different pair of species; points ringed with a halo

represent pairs of species for which backcrosses, as well as F1 hybrids, are known in

nature. The regression line of best fit is also shown. Genetic distances for the same loci

tend to be less than ∼1.8% within species; this distance therefore marks the approximate

‘species boundary’. The numbers of hybrids, and of hybrids that backcross, as well as the

fraction of species pairs that hybridize all tend to be higher for species nearest the species

boundary (after Mallet et al. 2007).
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Figs. 10.1 and 10.3) (Dasmahapatra et al. 2007; Mallet et al. 2007). In captivity, the

‘silvaniforms’ H. ethilla, hecale, ismenius, atthis and numata can be mated with cydno,

pachinus and melpomene to produce viable male and female offspring. Females are

usually sterile (see above), again according to Haldane’s Rule, but backcrosses of

hybridmales canbeused to transmit colour pattern genes between species (Gilbert

2003; Mavárez et al. 2006; Mallet et al. 2007). Thus hybridization is a likely conduit

for flow of mimetic adaptations among species of Heliconius, provided that initial

disadvantages of hybrid sterility and non-mimetic patterns can be overcome.

H. heurippa and H. pachinus
H. heurippa is found in the foothills of the Andes near Villavicencio, Colombia, up

to about 1800m, where it overlaps but rarely hybridizes with Heliconius melpomene

melpomene (Fig. 10.4). H. heurippa itself is not obviously mimetic, though it is

somewhat reminiscent of the local black, yellow and orange forms of Melinaea

marsaeus,Melinaea isocomma, H. numata and Heliconius hecale. Its pattern is curiously

like those obtained by backcrossing postman-patterned m. melpomene × cydno

cordula F1 hybrids to Heliconius cydno cordula. The latter still occurs on the same

eastern flanks of the Andes a few tens of kilometres to the North, whilemelpomene

is sympatric with heurippa near Villavicencio. Mitochondrial and some nuclear

sequence data suggest a closer relationship to cydno than to melpomene. However,

microsatellite data suggest that heurippa forms a genotypic cluster separate from

cydno as well as from melpomene, even though many alleles are shared among all

three species.H. heurippamates assortatively in the laboratory, andmales of cydno

and melpomene shun heurippa (Mavárez et al. 2006) – see also similar work with

H. pachinus versus cydno and melpomene (Kronforst et al. 2007). This assortative

mating is shown via painted models to be due to differences in colour pattern.

Thus the hybrid colour pattern phenotype is itself partially reproductively iso-

lated. These strands of evidence suggest that heurippa evolved by hybridization – a

case of hybrid speciation (Mavárez et al. 2006). Furthermore, in one locality further

to the North (San Cristobal, Venezuela) the same parental races, H. m. melpomene

and H. cydno cordula, are in a somewhat intermediate phase, with abundant poly-

morphic colour pattern variants, presumably caused by recent introgression

(Mavárez et al. 2006). This gives an example of a populationwhere colour patterns

have yet to be purified by selection for mimicry (as is normally expected, see

p. 180). Such populations are the expected precursors that could start a shift to a

novel, monomorphic warning colour pattern, such as that in heurippa.

The suggestion that heurippa evolved via hybrid speciation has been contentious

(a discussion of these critiques can be found online at www.mailinglists.ucl.ac.uk/

pipermail/heliconius/2006-June.txt). Meanwhile, recent studies have suggested

that H. pachinus is not a hybrid species (Kronforst et al. 2007), in spite of earlier

suggestions (Gilbert 2003). If hybridization does not involve chromosome

doubling, as here, speciation followed by introgression may be almost
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Figure 10.4 Distribution of endemic species allied to Heliconius cydno and H. timareta along

the eastern slopes of the Andes (wings to the right), compared with all the local melpomene

races (wings to the left). Heliconius melpomene occurs essentially thoughout the whole area

shownbelowabout 1800maltitude (above 1800mshown stippled), and themainlyWestern

Andean distribution of cydno sensu stricto is shown hatched. Note, however, that some cydno

populations are found on the eastern slopes of the Andes in northern Colombia and

Venezuela just north of the distribution of heurippa. Geographic races ofmelpomene (lefthand

wings, all of which mimic H. erato) are, top to bottom: m. rosina, m. melpomene, m. malleti, m.

bellula and m. plesseni and m. amaryllis. Heliconius cydno and related species (righthand wings),

top to bottom: H. cydno chioneus (Panama), H. heurippa (Villavicencio, Colombia), unnamed

species (Florencia, Colombia),H. tristero (Mocoa, Colombia),H. timareta (Eastern Ecuador) and

unnamed species (Upper Mayo Valley, Peru). (see color plate)
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indistinguishable from ‘true’ hybrid speciation. The only clear distinction is

that hybridization should be shown to be a major cause of the changes leading

to the formation of the hybrid species (Mallet 2007). H. cydno and H. melpomene

hybridize with introgression wherever the two overlap (Bull et al. 2006;

Kronforst et al. 2006b; Mallet et al. 2007), and if a few colour pattern genes

leaked across they could readily lead to a new stable form, like H. (cydno)

heurippa. This is a situation where the genome will not necessarily end up an

approximate 50% mosaic of the two species (Kronforst et al. 2007; M. Turelli &

J. Coyne pers. comm.); instead, the proportion of one of the species might be

very low. Backcrosses between almost any other pair of randomly picked

geographic races of cydno andmelpomenewould fail to give the heurippa pattern.

So this particular hybrid pattern seems to be rather convincing evidence of

hybrid origin only from these particular two local forms of melpomene and

cydno. And the finding that the hybrid colour pattern itself causes reproductive

isolation with both parent species (Mavárez et al. 2006) seems a reasonable

argument for calling heurippa a ‘good’ hybrid species, even though it is not

known to overlap with cydno. Of course, there remains some doubt as to

whether the nuclear genes determining the heurippa colour pattern were

really inherited from both parents, but we will only know this with certainty

when the genetic regions responsible for colour pattern changes are finally

characterized and sequenced (Joron et al. 2006).

H. cydno and its relatives further south
In Ecuador,H. timaretahas been recognized as a separate species since 1867 (Lamas

2004). This non-mimetic form is peculiar for Heliconius in that it is apparently

polymorphic throughout its narrow range for melpomene-like ‘dennis’ and ‘nail-

head ray’, aswell as for yellow forewing bandpatterns. It occurs only at rather high

altitudes (for Heliconius) in the eastern slopes of the Andes (approx. 1000–1800m

above sea level) and co-exists with Heliconius erato notabilis and Heliconius melpomene

plesseni (Fig. 10.4). The latter have co-mimetic ‘twin-spot’ pink and white patterns

that bear no resemblance to ‘dennis-ray’ patterns, even though further down the

Pastaza valley, these two upland races form a hybrid zone with ‘dennis-ray’

Amazonian races Heliconius erato lativitta and Heliconius melpomene malleti, respec-

tively. Polymorphisms and lack of suitable co-mimics show that timareta is clearly

non-mimetic. Most Heliconius are widely distributed, but, like heurippa, timareta is

restricted to a small strip of submontane forest along the eastern slopes of the

Andes and appears to be most closely related to cydno, although likelihood and

other analyses of DNA sequence data do not entirely rule out melpomene as its

closest relative. One likely possibility is that timareta is another form that has

stabilized after hybridization betweenAmazonian rayedmelpomene and anuniden-

tified, maybe extinct form of cydno. Recently, a new subspecies, Heliconius timareta

timoratus, was described (Lamas 1998). The specimen came from above 1000m
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altitude in the Cordillera del Condor, on the formerly disputed border of Ecuador

and Peru. The new subspecies is known from a single specimen, but in this case it

is a near-perfect mimic of the local melpomene race H. m. malleti.

Another recently discovered taxon in this group isH. tristero. This form is found

atmiddle elevations, >800m altitude aboveMocoa, in the Southeastern Andes of

Putumayo, Colombia. The species descriptionwas based on only twomales, both

of which had cydno-likemtDNA, but were extremely similar in appearance to the

local Heliconius melpomene bellula (Brower 1996a). H. tristero was therefore appa-

rently an Eastern Andes form of cydno that mimicked melpomene and erato

(Fig. 10.4). Perhaps understandably, several of us were sceptical that tristero

was a separate species in its own right: could it not be an aberration of cydno

mtDNA introgression into melpomene? Most morphological characters sug-

gested by Brower to characterize H. tristero appeared labile, and so only the

mtDNA evidence was at all convincing. ‘It is straightforward to produce wing

pattern/mtDNA combinations closely resembling Brower’s new taxa,…Thus, in

the case of (cydno) tristero andmelpomene, we probably have a case ofmelpomene red

patterns shared by common descent from F1 fathers in an area of natural hybrid-

ization, rather than mimicry between cydno and melpomene (which is not known

to exist)’ (Gilbert 2003). H. tristero did not appear likely to be a stable form, firstly

because so few specimens had been collected, so that ongoing hybridization

could not be ruled out, and secondly because cydno andmelpomenewere unknown

previously to mimic one another. As we have seen, the classical story was that

cydno and melpomene had diverged as a result of a shift in mimicry ring.

Today, nuclear DNA data from Brower’s original specimens (Mavárez, in prep-

aration), aswell asmore recent collections fromPutumayo (Arias&Huertas 2001),

suggest that tristero does constitute a separate species from melpomene. As still

more new cydno-like lineages are discovered that are also mimics of other melpo-

mene races in the Eastern Andes, Brower’s early insight is increasingly supported.

The first such additional example discovered was in the upper Mayo valley

near the Rı́o Serranoyacu, San Martı́n, Peru (Fig. 10.4). Mathieu Joron, Gerardo

Lamas and I had long recognized what we thought of as a distinct ‘upland’

postman-patterned form of melpomene from above 1000m altitude of the upper

Rı́o Mayo valley. This form occurred adjacent to and sometimes overlapping

with a well-studied, but generally lower elevation form, the postman-patterned

Heliconius melpomene amaryllis (Mallet et al. 1990). Although the overriding impres-

sion is of great similarity of the two forms, the ‘upland’ form is characterized by

larger size, narrower and more whitish hindwing bar, more sinuous and nar-

rower forewing band, and strongly expressed basal red spots on the undersides

of fore- and hind-wings. All these colour pattern characteristics tend to enhance

the otherwise amaryllis-like ‘postman’ pattern’s weak mimetic alliance with

another abundant upland form, Heliconius telesiphe, which has a twin-barred

‘postman’ pattern and occurs in Ecuador, Peru and Bolivia (Vane-Wright et al.
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1975), and often replaces erato ecologically in steep submontane forests above

about 800m altitude (Benson 1978; Mallet 1993). In the 1980s, I ran allozyme

electrophoresis gels on ‘upland melpomene’, and found no major differences

from H. m. amaryllis. However, we now know that polymorphic nuclear genetic

markers are frequently shared between cydno, melpomene and other relatives, in

part because of introgression between all the species (Beltrán 1999; Bull et al.

2006; Kronforst et al. 2006b). Recently, Jesús Mavárez et al. (in preparation) have

shown that mtDNA and some nuclear sequences of these ‘upland melpomene’

match timareta more closely than those of local H. m. amaryllis, and that mor-

phology differences correlate perfectly with DNA sequence differences. Again

we have a form with cydno-like DNA profile and a colour pattern whose most

notable feature is near-identity with that of a local race of melpomene.

A second cryptic taxon is now being investigated in Colombia in Mauricio

Linares’ laboratory (in preparation). In upland regions near Florencia, Colombia,

a ‘dennis-ray’ Heliconius with cydno-like mtDNA again co-occurs with the local

melpomene form, the Amazonian ‘dennis-ray’ H. m. malleti (Fig. 10.4). The Linares

group have made remarkably complete genetic, morphological, ecological and

behavioural studies of these cryptic species. They have demonstrated that host-

plant usage and assortativemating correlate closely with nuclear andmitochon-

drial DNA markers, and with slight diagnostic colour pattern differences

between the two mimetic forms (Giraldo 2005). Here again is a cryptic species

that shares a mimetic colour pattern with the local form of melpomene.

Introgression and hybridization as a source of mimetic adaptations
Much biological work remains to be done on these new taxa. However, recent

discoveries of multiple cydno-like or timareta-like Heliconius taxa are no longer in

doubt (Fig. 10.4). These all overlap in extensive sympatry with local melpomene. In

some cases (heurippa, timareta), the forms are non-mimetic, although their colour

patterns strongly suggest evidence of past hybridizationwithmelpomene (and in the

case of heurippa, withH. cydno cordula aswell). In other cases, the patterns are nearly

identical to the local melpomene, and are best interpreted as co-mimetic with that

species andwith erato. It is striking that these include both Amazonian ‘dennis-ray’

(e.g. timareta) and also Andean ‘postman’ patterns (e.g. tristero) found in melpomene

(Fig. 10.4) as well as in the latter’s usual co-mimic erato. It would now not be

surprising to find multiple other cydno-like melpomene-mimicking cryptic taxa at

similar elevations inmany other East Andean valleys in Ecuador, Peru and Bolivia.

The detailed morphology of these cydno-like taxa (Fig. 10.4), together with

knowledge of the inheritance of colour pattern in cydno, melpomene and their

hybrids (Naisbit et al. 2003), suggests that the object of mimicry itself, melpomene,

is a likely source of the mimicry adaptation via introgression. Alternatively,

mimicry-determining genes might be extremely labile, allowing repeated,

homoplasious re-evolution of nearly identical mimetic patterns, including two
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re-inventions of nailhead rays, by H. timareta and the related taxon from Florencia.

However, such homoplasy fails to explainwhy even the non-mimetic forms heurippa

and timareta have colour patterns derivable from sympatric or closely adjacent

forms of melpomene. In the case of heurippa, the pattern is clearly derived only from

local cydno as well. These hypotheses will be testable as soon as genes for colour

pattern mimicry are fully characterized and sequenced (Joron et al. 2006; Kronforst

et al. 2006a). For themoment, parsimony and existing evidence suggest that timareta-

like and cydno-like Andean forms have hybrid origins with localmelpomene.

Generality of adaptive introgression
It could be argued that mimicry is a freak adaptation for which hybridization is

particularly likely to be adaptive. Relatively few loci need to be introgressed to

encode major switches in mimicry (Naisbit et al. 2003), and the colour patterns

needed are exactly those already found in other local Heliconius species. But I don’t

believe that mimicry is unusual in this respect. Adaptive radiations often occur

when a dispersal event or a novel general adaptation allows a species to colonize

an enhanced range of pre-existing specialized ecological opportunities. In many

cases, thesamerangeofnichesmayhavebeencolonizedalreadybythesamelineage

inanearlier radiation, so thathybridizationbetween theearlier lineage and thenew

species could enhance the possibility of re-acquiring many of the same species-

specific niche-adaptations to allow a new radiation. There are possible examples of

suchtraits inHeliconius thathavenothing todowithmimicry. For instance, the larvae

of most heliconiine species are oligophagous within sub-groups of the plant genus

Passiflora (Passifloraceae). However, distinct butterfly lineages from ‘basal genera’,

Eueides and Heliconius (Fig. 10.1) have repeatedly recolonized Passifloraceae of the

same large subgenera Granadilla, Plectostemma, Distephana and Astrophea (Benson et al.

1976). Suppose amember of a radiating lineage acquired a new key adaptation, say

adult pollen-feeding, or the extraordinary pupal mating habit (Beltrán et al. 2007).

Thenhybridizationand recombinationwithmembersof the earlier radiationwould

permit a new radiation having both the key novel adaptation as well as the earlier-

developed array of species-specific host-plant chemical adaptations.

Beak shape in Darwin’s finches is another characteristic which affects not only

trophic niche (the range of seeds that can be handled in competition with other

species), but also song characteristics that partially determine mating behaviour

(Grant & Grant 1998; Podos 2001). High variance in beak shape, in part due to

occasional hybridization, will enhance evolutionary flexibility (Grant 1993; Grant

& Grant 1998, 2008; Podos 2001) and at the same time allow repeated associated

evolution of reproductive isolation via its effect on song characteristics, as is the

case with Heliconiusmimicry. Similar cases are also evident in cichlid fish, where

ecologically relevant trophic or spawning habit traits, such as water depth, may

affect colouration perception during courtship, and so lead to changes in optimal

male sexual colouration and reproductive isolation (Seehausen 2004).
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Conclusion
Hybridization and introgression could thus play a much greater role in adaptive

radiation and speciation than traditionally assumed likely, in animals aswell as in

plants (Arnold 1997; Mallet 2005, 2007; Grant & Grant 2008). Species in many

rapidly radiating groups are incompletely reproductively isolated, even though

this hardly affects their ability to remain distinct when in sympatry with con-

geners. Leaky reproductive barriers are now generally acknowledged to be com-

mon, given extensive evidence from sequencing and genotyping studies (Coyne&

Orr 2004; Seehausen 2004; Mallet 2005; Grant & Grant 2008); meanwhile, genes

useful in adaptation should show enhanced success of transfer compared with

introgression of the anonymous molecular markers normally documented. It no

longer seems unlikely that rapidly diversifying lineages owe some of their evolu-

tionary flexibility and success to genetic variance shared via occasional hybrid-

ization, providing introgression with which they can build new and useful

combinations of adaptations. It is still unknown just how important hybridiza-

tion is in influencing adaptive radiation, but studies on tractable groups such as

Heliconius butterflies are likely to provide some of the answers.
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