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Abstract

Shifts in host-plant use by phytophagous insects have played a central role

in their diversification. Evolving host-use strategies will reflect a trade-off

between selection pressures. The ecological niche of herbivorous insects is

partitioned along several dimensions, and if populations remain in contact,

recombination will break down associations between relevant loci. As such,

genetic architecture can profoundly affect the coordinated divergence of

traits and subsequently the ability to exploit novel habitats. The closely

related species Heliconius cydno and H. melpomene differ in mimetic colour

pattern, habitat and host-plant use. We investigate the selection pressures

and genetic basis underlying host-use differences in these two species. Host-

plant surveys reveal that H. melpomene specializes on a single species of Passi-

flora. This is also true for the majority of other Heliconius species in second-

ary growth forest at our study site, as expected under a model of

interspecific competition. In contrast, H. cydno, which uses closed-forest hab-

itats where both Heliconius and Passiflora are less common, appears not to be

restricted by competition and uses a broad selection of the available Passifl-

ora. However, other selection pressures are likely involved, and field experi-

ments reveal that early larval survival of both butterfly species is highest on

Passiflora menispermifolia, but most markedly so for H. melpomene, the special-

ist on that host. Finally, we demonstrate an association between host-plant

acceptance and colour pattern amongst interspecific hybrids, suggesting that

major loci underlying these important ecological traits are physically linked

in the genome. Together, our results reveal ecological and genetic associa-

tions between shifts in habitat, host use and mimetic colour pattern that

have likely facilitated both speciation and coexistence.

Introduction

The evolution of ecological specialization generates bio-

logical diversity and can result in speciation. Phytopha-

gous insects are often restricted in their use of host

plants (Janzen, 1988; Thompson, 1994), and it has

been argued that this is a major evolutionary force pro-

moting their diversification (Ehrlich & Raven, 1964;

Nosil, 2002). Many factors may promote specialist diets,

including the need to deal with plant chemistry

(Ehrlich & Raven, 1964), competition for resources

(Karban, 1986), enemy-free space (Atsatt, 1981; Jeffries

& Lawton, 1984) and sexual selection (Quental et al.,

2007). Similarly, the transition towards a generalist

strategy may be favoured by habitat unpredictability

(Strong et al., 1984), nutritional requirements (Bernays

et al., 1997) or greater resource availability (Thompson,

1982). As populations diverge, host use will reflect a

trade-off between selective pressures imposed by the

local environment.

The ecological niche of herbivorous insects is

partitioned along several dimensions in addition to
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host-plant use. Consequently, the ability to exploit

divergent habitats may rely on further adaptations,

including those imposed by thermoregulation (San Mar-

tin y Gomez & Van Dyck, 2012), the local community

of predators or parasites (Feder, 1995), the signalling

environment (Rodriguez et al., 2004), and camouflage

(Nosil & Crespi, 2006) or mimicry requirements (Mallet

& Barton, 1989; Merrill & Jiggins, 2009). As such, the

exploitation of novel environments typically depends

on the coordinated evolution of a suite of traits.

Genetic architecture can either impede or promote

this process. If diverging populations remain in con-

tact, the transition between specialist and generalist

diets (in either direction) may be constrained because

recombination will break down the associations

between loci for host-plant use and other habitat-

specific adaptations. This antagonism between selec-

tion and recombination may be overcome by tight

physical linkage or pleiotropy (Felsenstein, 1981;

Kirkpatrick & Barton, 2006). In addition, genetic asso-

ciations can act to transfer the effects of selection on

one trait onto others, resulting in the coordinated

evolution of traits that together allow populations to

exploit new environments.

In Heliconius butterflies, the ability to exploit passion

vines (Passifloraceae), which are defended by an array

of toxic cyanogenic glycosides, seems to have presented

great ecological opportunity (Ehrlich & Raven, 1964;

Turner, 1981). These butterflies are well known for

their bright warning patterns, which are both under

frequency-dependent selection (Mallet & Barton, 1989;

Merrill et al., 2012) and used during mate recognition

(Jiggins et al., 2001b). Convergence in warning pattern

due to selection for M€ullerian mimicry is common

between distantly related Heliconius species; however,

there is also great diversity in colour patterns, and

within a community, different mimicry rings are loosely

segregated by forest type (Smiley, 1978b; Mallet &

Gilbert, 1995; Estrada & Jiggins, 2002).

The closely related species Heliconius cydno and H. mel-

pomene are sympatric across much of Central and north-

ern South America. Where they co-occur, they differ

both in habitat use and in mimetic colour pattern: in

Panama, for example, H. cydno chioneus is normally

found in closed-forest habitats and mimics the black

and white pattern of H. sapho, whereas H. melpomene ro-

sina occurs in secondary forest and mimics the black,

red and yellow pattern of H. erato (Estrada & Jiggins,

2002). This shift in mimetic colour pattern is largely

controlled by four autosomal Mendelian loci of major

effect, two of which consist of several tightly linked ele-

ments (Naisbit et al., 2003). Although hybrids are very

rare in nature, and interspecific female hybrids are ster-

ile, low rates of gene flow have been demonstrated

(Naisbit et al., 2002; Bull et al., 2006; Kronforst et al.,

2006a). Heliconius cydno has a generalist larval diet,

although restricted to Passiflora, as does H. melpomene in

areas where H. cydno is absent. However, in areas of

sympatry, the two species differ in their host use:

H. melpomene is a specialist, typically using only a single

species of Passiflora, whereas H. cydno accepts additional

species for oviposition. Thus, in addition to disruptive

selection acting on warning pattern and strong assorta-

tive mating, the two species are isolated by habitat and

host-use differences and female hybrid sterility.

The host-use shift in H. melpomene and H. cydno may

be an adaptive response to changes in habitat use, but

very little is known about its genetic basis or the selec-

tive pressures that cause divergence. Here, we begin to

address this gap using field and insectary experiments

in Panama. We first show that in areas of secondary

growth, Passiflora species are clearly partitioned amongst

the resident Heliconius community, as would be

expected under a model of interspecific competition:

most Heliconius species, including H. melpomene, primar-

ily use just one, or a few, Passiflora species. In contrast,

H. cydno, which uses closed-forest habitats where both

Heliconius and Passiflora are less common, uses a broad

selection of the available Passiflora species. We use field

experiments to show that early larval survival of both

H. melpomene and H. cydno is higher on the native host

of H. melpomene. Additional ecological factors must

explain the broader host-use strategy of H. cydno.

Finally, results from genetic crosses indicate that the

transition in host use is influenced, at least in part, by

an autosomal locus of major effect in physical linkage

with mimetic colour pattern. Together, our results

reveal ecological and genetic associations between shifts

in habitat, host use and mimetic colour pattern that

facilitate speciation and coexistence in these butterflies.

Materials and methods

Field survey of host use

Host-plant surveys were conducted between August

1998 and March 2000 on Pipeline Road, Soberan�ıa
National Park, Panama (987.40 N, 79842.20 W, eleva-

tion 60 m). Eggs and larvae collected in the field were

reared to the adult stage for species identification,

because many Heliconius, and in particular H. cydno and

H. melpomene, are difficult to distinguish during their

immature stages. Most individuals were reared on Passi-

flora biflora, but where the host plant, oviposition site or

larval morphology suggested a host specialist, the larva

was reared using the host on which it was found.

Larval survival experiments

We conducted a field experiment in 1999 to determine

the suitability of different Passiflora species as hosts and

to explore the selective pressures acting on immature

stages of H. cydno and H. melpomene. Larval survival was

tested on wild-growing P. menispermifolia (the host of
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H. melpomene) or one of the other four Passiflora species

additionally used by H. cydno on Pipeline road

(Table 1). We collected eggs from H. cydno and H. mel-

pomene females maintained in captivity and allowed

them to hatch in plastic cups before transferring them

to wild plants. For each individual plant included in the

study, a first instar larva of either H. cydno or H. mel-

pomene was placed on the vine, revisited after 48 h to

determine mortality and replaced with a larva of the

second species, which itself was revisited after 48 h.

Larvae were not caged on the plants. As a result, they

were free to move around the plant and onto neigh-

bouring foliage, and this may account for some of the

recorded ‘mortality’. However, first instar H. cydno and

H. melpomene readily accept alternative Passiflora hosts

and generally remain on the growing shoots and young

leaves of the plant (personal observations), and so this

is unlikely to have had a large effect.

We used generalized linear mixed models (GLMMs,

implemented using the R package lme4), with binomial

response and logit link function, to test for the effect of

host plant on larval survival over 48 h. We had two

fixed effects each with two levels: host type (P. menispe-

rmifolia or additional H. cydno host) and caterpillar spe-

cies (H. cydno or H. melpomene). The fully saturated

model was simplified in a stepwise manner using likeli-

hood ratio tests, but always retaining individual passion

vine as a random factor to avoid pseudoreplication.

Importantly, if the interaction term between host type

and caterpillar species was significant, it would suggest

that any differences in survival were likely the result of

physiological adaptations of the species to their respec-

tive hosts. In addition, given the differing expectations

for the two butterfly species (for H. melpomene, we com-

pare survival on native and non-native hosts, whereas

for H. cydno, all hosts are native), we conducted post hoc

binomial exact tests to compare survival on the two

host types for each species of caterpillar individually.

Host-preference experiment

To investigate the genetic basis of oviposition prefer-

ence, we tested H. cydno and H. melpomene, their F1

hybrids (H. cydno mother 9 H. melpomene father) and

offspring of backcrosses to both species. We established

stocks of H. cydno and H. melpomene from Gamboa and

the nearby Soberan�ıa National Park, Panama, and

maintained these in insectaries in Gamboa between

September 2007 and August 2009. Mated females were

tested individually in choice cages (approximately

1 9 2 9 2 m) to determine their oviposition preference

between Passiflora menispermifolia, on which H. melpom-

ene specializes in the wild, and P. vitifolia, an additional

host used commonly by H. cydno (see Table 1). Females

were presented P. menispermifolia and P. vitifolia with

fresh shoots for oviposition on alternate days and never

experienced the same individual plant twice. Female

H. cydno and H. melpomene lay a few eggs individually

each day throughout their lives, and in our insectary

trials, eggs were collected daily. We recorded the num-

bers of eggs found on P. menispermifolia and P. vitifolia

for an even number of days after and including that on

which the female started to lay. As F1 females are ster-

ile (Naisbit et al., 2002), backcross hybrids were pro-

duced by mating F1 males to H. cydno and H. melpomene

females (BC and BM individuals, respectively).

Testing for associations between host use and
colour pattern phenotype

Differences in wing colour pattern between H. cydno

and H. melpomene are controlled by four autosomal

Table 1 Host-plant use by wild Heliconiini. Data represent counts of eggs and larvae collected from different species of Passifora in Gamboa

and the nearby Soberańıa National Park, Panama. Passiflora species: MEN P. menispermifolia; AMB P. ambigua; NIT P. nitida; VIT P. vitifolia;

AUR P. auriculata; COR P. coriacea; BIF P. biflora; TRY P. tryphostemmatoides; FOE P. foetida. Superscript denotes subgenus: GGranadilla;
DDistephana; PPlectostemma; TTryphostemmatoides; DyDysosmia. Eggs and larvae were usually found individually, except for the records from

Dione juno (one egg cluster) and from H. sara and H. doris (two egg clusters each).

MENG AMBG NITG VITD AURP CORP BIFP TRYT FOEDy

Heliconius cydno 14 1 9 15 19 – – – –

H. melpomene 146 – – 1 1 – – – –

H. ismenius – 11 – – – – – – –

H. hecale 4 – 2 126 1 – – – –

H. erato – – – – 3 13 12 – –

H. hecalesia – – – – – – 2 1 –

H. sara – – – – 46 – – – –

H. doris – 205 – – – – – – –

Eueides 1 – 1 11 – – – – –

Dryas julia – – – 1 33 8 6 – –

Philaethria dido 1 – – 19 – – – – –

Dione juno – – – 70 – – – – –

Agraulis vanillae – – – – – – – – 1
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Mendelian loci of major effect, two of which consist of

several tightly linked elements (Naisbit et al., 2003).

This permits a crude quantitative trait locus (QTL)

analysis using segregation of phenotypic traits as

genetic markers (Merrill et al., 2011). We scored BC

females for colour pattern at the B, Ac and Yb loci fol-

lowing Naisbit et al. (2003). At these loci, H. melpomene

has the genotype BB, AcAc and ybyb and H. cydno is bb,

acac and YbYb (see Fig. S1). Amongst BC hybrids, indi-

viduals heterozygous at the B locus (Bb) have a red

forewing band (as observed in H. melpomene), whereas

homozygous individuals (bb) lack this. The Ac locus

also segregates in this cross, resulting in the presence

(acac) or absence (Acac) of the white hourglass shape

observed in the forewing cell of H. cydno. At the par-

tially dominant Yb locus, which controls the expres-

sion of the yellow hindwing bar seen in Panamanian

races of H. melpomene (ybyb), heterozygous individuals

(Ybyb) show a shadow of the bar formed by melanic

scales with altered reflectance and can be distinguished

from homozygous individuals (YbYb). Further colour

pattern loci also segregate in BC individuals, but these

were not included in our analysis as wear on the

wings meant they could not be scored with confi-

dence, and in any case, most are tightly linked to

either B or Yb.

To test for genetic associations between colour pat-

tern loci and host use, we used generalized linear mod-

els (GLMs) with beta-binomial response distribution

and logit link function, implemented using the R

package aod (Lesnoff & Lancelot, 2010). We modelled

the response vector of the number of eggs laid on

P. menispermifolia vs. the number of eggs laid on

P. vitifolia. Using a beta-binomial distribution allowed

us to account for overdispersion in our data, introduced

by the relatively high proportion of females that laid

only on P. menispermifolia. To test for additive effects,

models were fitted with the three colour pattern loci

(B, Ac and Yb) as fixed effects each with two levels

(homozygous or heterozygous). Significance was then

determined by likelihood ratio tests (LRTs) examining

the change in deviance following the removal of each

variable. GLMs with beta-binomial error distribution

were also used to compare the host-plant acceptance of

BC females with that of the F1 and with H. cydno

females.

Results

Host use by H. cydno and H. melpomene

Our field surveys yielded a total of 784 heliconiine eggs

and larvae collected from nine species of Passiflora

(Table 1). The only other herbivores found on Passiflora

vines were flea beetles (Coleoptera: Chrysomelidae:

Alticinae), which were rarely encountered, larvae of

Josia (Lepidoptera: Notodontidae: Dioptinae) and larvae

of Nymphidium mantus, Theope lycaenina and Juditha

molpe (Lepidoptera: Riodinidae). In particular, the results

show that H. melpomene rosina is a specialist on Passiflora

menispermifolia, whereas H. cydno chioneus females use a

broad range of Passiflora species. In fact, H. cydno was the

only heliconiine that could be considered oligophagous,

with records from five Passiflora species evenly distrib-

uted amongst the Granadilla, Distephana and Plectostemma

subgenera. In contrast, the other species recorded were

all specialists, found predominantly on a single species or

subgenus (for instance, H. erato was found only on mem-

bers of the Plectostemma subgenus). Our insectary host-

choice experiments (summarized in Table 2) were in

agreement with the field data: H. cydno females laid eggs

on both Passiflora vitifolia and P. menispermifolia in

approximately equal numbers, whereas H. melpomene

females laid only on P. menispermifolia.

Larval survival

In total, we placed 240 H. melpomene and H. cydno lar-

vae on wild Passiflora. Overall mortality was high, with

only 20% of larvae surviving for 48 h. Nevertheless,

our field experiments reveal that first instar larvae have

lower mortality on P. menispermifolia than on other spe-

cies of passion vine additionally used by H. cydno

(2ΔlnL = 4.01, d.f. = 1, P = 0.045; Fig. 1). Both the

interaction between host type and caterpillar species

(2ΔlnL = 3.49, d.f. = 1, P = 0.062) and caterpillar

Table 2 Oviposition by captive Heliconius melpomene, H. cydno and their hybrids. ‘Generalist’ refers to females that laid eggs on both

Passiflora menispermifolia and P. vitifolia; ‘Specialist’ refers to females that laid eggs only on P. menispermifolia; ‘Sterile’ females laid no eggs

(see Merrill et al., 2011).

Number of females Total eggs laid on
Mean proportion of eggs

laid on P. vitifolia (� SE)‘Generalist’ ‘Specialist’ ‘Sterile’ P. vitifolia P. menispermifolia

H. melpomene 0 22 0 0 404 0

H. cydno 13 0 0 169 135 0.53 (� 0.07)

F1 (H. cydno 9 H. melpomene) 4 9 7 31 214 0.08 (� 0.04)

Backcross to H. melpomene (BM) 0 16 2 0 399 0

Backcross to H. cydno (BC) 15 6 25 107 391 0.21 (� 0.04)
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species (2ΔlnL = 0.18, d.f. = 1, P = 0.67) were margin-

ally nonsignificant, suggesting a lack of host-specific

adaptation between the two butterfly species. However,

analysis of the two species of caterpillar separately

revealed that larvae of H. melpomene were more likely

to survive on P. menispermifolia than on the other Passi-

flora species (10 of 23 larvae (44%) survived on P. men-

ispermifolia, compared with 14 of 97 (14%) on other

Passiflora species; exact binomial test: P < 0.001). For

H. cydno, the difference between the two host types was

not statistically significant (seven of 23 larvae (30%)

survived on P. menispermifolia, compared with 19 of 97

(20%) on other Passiflora species; exact binomial test:

P = 0.191).

Genetics of host use and linkage with colour
pattern loci

Of the 13 F1 females that laid eggs in our insectary

experiment (from a total of 20), nine used only P. meni-

spermifolia and overall they showed very low acceptance

of P. vitifolia (Table 2). Consistent with a largely domi-

nant autosomal basis for host-plant acceptance, there

was no segregation amongst BM females, all of which

laid eggs only on P. menispermifolia (with the exception

of two individuals that laid no eggs). Of the 46 BC

females tested, 25 laid no eggs (Table 2). Amongst

those that did lay eggs, 50–100% were laid on P. meni-

spermifolia. Overall, the acceptance of P. vitifolia was

intermediate to that by F1 and H. cydno females: BC

females showed significantly greater acceptance of

P. vitifolia than F1 females (2ΔlnL = 4.48, d.f. = 1,

P < 0.034), but significantly less than that by H. cydno

(2ΔlnL = 16.3, d.f. = 1, P < 0.005). There was segrega-

tion amongst the BC females in their acceptance of

P. vitifolia associated with the Ac locus. Individuals het-

erozygous at the Ac locus that did lay eggs were less

likely to oviposit on P. vitifolia (Fig. 2), and removal of

Ac was the only term to cause a significant reduction

in deviance in our GLM (2ΔlnL = 5.82, d.f. = 1,

P < 0.016). Data for individual females are shown in

Table S1.

Discussion

In Central America, H. cydno and H. melpomene use

different habitats (Smiley, 1978b; Estrada & Jiggins,

2002), suggesting that they will rarely be in direct com-

petition for larval hosts. Our host-plant survey, and

previous work on Heliconius distribution at our field site

and elsewhere (Benson, 1978; Smiley, 1978b; Estrada

& Jiggins, 2002), suggests specialization by H. melpom-

ene females is more likely to reflect competition in the

second growth community, particularly with H. erato,

H. ismenius and H. hecale, rather than character

H. melpomene H. cydno
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Fig. 1 Survival of first instar larvae on different host plants in the

wild. Grey and white bars represent the proportion of larvae

surviving 48 h (� 95% confidence intervals) when placed on

Passiflora menispermifolia (a host of both butterfly species, n = 23)

and on other Passiflora species additionally used by Heliconius cydno

(n = 97), respectively.
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Fig. 2 Host use is associated with the Ac forewing colour pattern

locus. The white bars represents female offspring from the

backcross to H. cydno (BC) that are homozygous at the Ac locus

for the H. cydno allele and the grey bars represent heterozygous

females at the Ac locus, having inherited an allele from both

H. cydno and H. melpomene. Bars represent the proportion of egg-

laying females of each genotype that laid no eggs on P. vitifolia

(‘none’) had ‘medium’ acceptance of P. vitifolia (0–25% of eggs) or

had ‘high’ acceptance of P. vitifolia (25–50% eggs).
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displacement with H. cydno. In secondary habitats, Passi-

flora are common but so too are other Heliconius species.

Direct competition for larval resources, apparent

competition, cannibalism of eggs and larvae by other

Heliconius species, and pupal mortality due to misplaced

attention from males of pupal-mating species may all

play a part in selecting for resource partitioning

(Gilbert, 1984, 1991). There is also a second level of

partitioning, amongst the Heliconius species, which feed

on new growth, and the related genera such as Eueides

and Dryas, which tend to feed on older leaves (Benson,

1978). In contrast, in the closed canopy forest used by

H. cydno, both Heliconius and fresh Passiflora shoots are

rare. In general, Heliconius taxa that use more forested

habitats, where suitable Passiflora shoots are sparse,

tend be either oligophagous (e.g. H. cydno or H. numata)

or specialize on large canopy vines (e.g. H. doris), strate-

gies that may be permitted by the lower diversity of

competitors in these habitats. Notably, populations of

H. melpomene outside the range of H. cydno, such as

French Guiana, use the forest interior to a greater

extent and are more generalist in their larval food

plants (Benson et al., 1975).

Our larval survival experiments imply that P. menispe-

rmifolia is a better host, particularly for H. melpomene.

Under laboratory conditions, larval growth rate is simi-

lar across these host plants for both butterfly species

(Smiley, 1978a), so additional ecological factors, rather

than host chemistry, must play a role. One possible

explanation is the presence of ants, which are attracted

to the extra-floral nectaries of Passiflora and strongly

influence early larval survival in Heliconius (Smiley,

1985, 1986). Differential ant attendance at P. quadran-

gularis and P. vitifolia has been suggested as a selective

pressure responsible for a preference for the former by

H. ismenius in Costa Rica (Smiley, 1986). Although fur-

ther experimental manipulations are required, reduced

attendance by ants on P. menispermifolia could thus

explain the difference in larval survival (Naisbit, 2002).

Although the statistical interaction between Heliconius

species and host type was marginally nonsignificant in

the analysis of the full data set, post hoc tests for each

species separately suggest host-specific adaptation of

H. melpomene on P. menispermifolia. A far larger and

longer-term experiment would be needed to confirm

this, but our data, which already included 240 larvae,

are nonetheless intriguing and suggest behavioural or

ecological adaptation affecting short-term survival. Fur-

ther work investigating the fitness tradeoffs associated

with different host-use strategies in Heliconius is needed

to understand the evolution of shifts in this important

ecological trait. Of course, other factors unrelated to

larval performance may also influence the host-use

strategy adopted. For example, if mating is associated

with the host plant (as has been shown in other Helico-

nius species; Estrada & Gilbert, 2010), or if larval diet

influences pheromonal signals used in mate choice

(Quental et al., 2007), host fidelity might conceivably

evolve through a Fisherian runaway process.

Autosomal control of differences in host acceptance
between H. melpomene and H. cydno

Amongst the Lepidoptera, a disproportionate number of

traits distinguishing closely related species are sex-

linked (Sperling, 1994; Prowell, 1998). In contrast, our

results imply that differences in host use in H. melpom-

ene and H. cydno are controlled by autosomal genes. If

loci on the Z-chromosome were important, we would

have expected host preference to segregate in both

backcrosses (Fig. S2), yet all BM females laid only on

P. menispermifolia. In addition, specialization on P. meni-

spermifolia was the predominant behaviour in F1

hybrids: of 245 eggs laid by F1 females, only 31 were

laid on P. vitifolia, suggesting that preference for P. men-

ispermifolia is largely a dominant phenotype. However,

given the occasional oviposition on P. vitifolia, the pos-

sibility remains that preference is a quantitative thresh-

old trait, with a strong preference for P. menispermifolia

in the F1, but increasingly cydno-like behaviour with

repeated backcrossing to H. cydno.

Outside Heliconius, most accounts of the genetic basis

of host-plant shifts in Lepidoptera imply a role for genes

on the sex chromosomes (Janz, 1998, 2003; Thompson,

1988; Prowell, 1998; Nygren et al., 2006; but see Sheck

& Gould, 1995; Hora et al., 2005). There are several the-

oretical reasons why sex linkage is expected (reviewed

in Qvarnstr€on & Bailey, 2009). For example, recessive

alleles on the Z-chromosome are exposed to selection in

female butterflies (the heterogametic sex in the Lepidop-

tera) and are therefore expected to evolve more quickly

(Charlesworth et al., 1987). In addition, it has been

asserted that the reduced rate of recombination of the

sex chromosomes will facilitate the build up of ‘coa-

dapted gene complexes’ and that this might account for

the disproportionate number of sex-linked traits in Lepi-

doptera (e.g. Janz, 2003). Physical linkage will indeed

slow the breakdown of associations between taxon-

specific traits when gene flow persists (Servedio, 2009);

however, recombination is limited to the homogametic

sex in Lepidoptera, so in this case, there is no reason to

expect reduced recombination rates on the Z-chromosome

relative to the autosomes.

Perhaps the lack of sex linkage observed in our study

is not unexpected, given that, with the exception of

intrinsic hybrid sterility (in the form manifested as the

laying of eggs that fail to hatch; Jiggins et al., 2001a;

Naisbit et al., 2002), no traits distinguishing Heliconius

taxa have been shown to be affected by loci on the sex

chromosomes. None of the wing patterning loci

identified to date are sex-linked (Sheppard et al., 1985;

Linares, 1996; Jiggins & McMillan, 1997; Naisbit

et al., 2003); similarly, shifts in mate preference behav-

iours seem to be largely controlled by autosomal loci
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(Kronforst et al., 2006b; Chamberlain et al., 2009;

Merrill et al., 2011). However, linkage between autoso-

mal colour pattern loci and other traits affecting repro-

ductive and ecological isolation has been observed

(Kronforst et al., 2006a; Chamberlain et al., 2009;

Merrill et al., 2011).

Linkage between host use and other traits affecting
reproductive isolation

Here, we have shown that BC females that were homo-

zygous for the cydno allele at the Ac locus were more

likely to lay eggs on both species of Passiflora (i.e. the

‘cydno-like’ behaviour) compared with their sisters that

were heterozygous at this locus (Fig. 2). This implies

the existence of a locus, in linkage with Ac, of consider-

able effect on host-plant use. Previous work has shown

that in the backcross to H. melpomene (BM), sterile

females typically lay eggs that do not hatch and sterility

is associated with the Z-chromosome (Naisbit et al.,

2002). By contrast, in the backcross to H. cydno, sterility

is usually behavioural, manifested as a failure to lay

eggs, and there is no evidence of a large Z-chromosome

effect. In analyses of the same backcrosses to H. cydno,

we have elsewhere demonstrated that this sterility is

associated with the Ac locus (Merrill et al., 2011). Thus,

taken together, our results present an example where

major loci for three traits affecting reproductive and

ecological isolation, involved in host choice, sterility

and colour pattern, are located on a single linkage

group. Considering that H. melpomene and H. cydno have

21 chromosome pairs, this is very unlikely to be the

result of chance alone [crudely, P = 21 9 (1/21)3 =
0.002]. Other examples of genetic clustering of traits

under divergent selection are known. For example, in

the pea aphid, QTL controlling host-plant-specific

fecundity and host-plant choice comap in four genomic

regions (Hawthorne & Via, 2001). Similarly, amongst

Mexican tetra fish, multiple adaptations to a cave-

dwelling lifestyle cluster in the same genomic regions

(Protas et al., 2008).

One intriguing possibility is that the failure to lay

eggs could result from the breakdown of oviposition

behaviour, partly controlled by the locus identified

here. In general, it is understood that loci under diver-

gent selection are ultimately responsible for hybrid ste-

rility (Coyne & Orr, 2004). Oviposition involves

multiple cues and behaviours, including visual inspec-

tion and ‘drumming’ with the forelegs (Benson et al.,

1975; Benson, 1978), and it is not inconceivable that

the dissociation of coevolved alleles that account for

oligophagous or specialist behaviours might cause

behavioural sterility. However, although this might

explain the colocalization of genes affecting host prefer-

ence and behavioural sterility, it is of course hard to

envision how pleiotropy could explain the additional

association with colour pattern.

Implications for speciation and coexistence

In general, Heliconius diversity is positively correlated

with the number of local Passiflora species (Thomas,

1990). Shifts in host use appear to be important in

facilitating the final stages of speciation and permitting

coexistence. For example, the lack of divergence in host

use may prevent H. erato and its sister species H. himera

from entering into sympatry, despite differences in

mtDNA, colour pattern and mating preference (Jiggins

et al., 1997; McMillan et al., 1997). Similarly, despite

strong assortative mating, the hybrid species H. heurippa

replaces rather than coexists with its putative parental

species, H. cydno/timareta, with which it is, in all but

colour pattern, ecologically equivalent (Mav�arez et al.,

2006; Nadeau et al., 2012). Another parapatric taxon

pair within the cydno complex, H. cydno galanthus and

H. pachinus, also do not differ in host use. Thus, with-

out further ecological divergence, it seems that evolu-

tion is unlikely to proceed past the establishment of

parapatric taxa, even though strong premating, and to

a lesser extent postmating, isolating barriers may arise.

In contrast, H. timareta and H. melpomene, an unusual

case of comimetic sister species with rayed patterns in

Colombia and postman patterns in Peru, show striking

differences in host use and are sympatric (Giraldo et al.,

2008; M�erot et al., 2013). The nonmimetic H. cydno and

H. melpomene in Central America provide a second

example.

Physical linkage will assist a process by which disrup-

tive selection on colour pattern facilitates divergence at

other ecologically relevant loci. Not only is colour pat-

tern under strong disruptive selection for mimicry

(Mallet & Barton, 1989; Merrill et al., 2012), but it is

also used as a species-specific mating cue and hybrid

females are discriminated against (Jiggins et al., 2001b;

Naisbit et al., 2001). Differences in host-plant use may

also contribute to premating isolation. Male Heliconius

learn the location of Passiflora host plants and patrol

them, often mating with teneral females soon after they

emerge from pupae on or near their host plant (Estrada

& Gilbert, 2010). It would be interesting to know

whether males of specialist species only patrol the ‘cor-

rect’ Passiflora. That major loci underlying changes in

colour pattern and host use appear to be physically

linked in the genome suggests that the evolutionary

histories of these two adaptations are intimately related.

A greater understanding of the genetics of ecologically

relevant loci influencing multiple niche axes, and how

they interact in evolutionary time, will further our

knowledge of the speciation process.
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the loci studied here: (i) red forewing band B locus, (ii)
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