
crease its digestibility for cattle. In this 
area the combined efforts of chemists, 
biochemists, animal scientists, agron- 
omists, agricultural and chemical engi- 
neers, and economists will be needed to 
develop more ways to utilize renewable 
resources for energy and food. 
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Plant Chemistry and the Evolution of Host Specificity: 

New Evidence from Heliconius and Passiflora 

Abstract. Larval growth rates of Heliconius butterflies do not closely parallel host 
plant choice, an indication that factors other than host plant chemistry are important 
in evolving host specificity. High growth rate in one species is correlated with reduc- 
tion in number of palatable host species. This suggests a mechanism by which eco- 
logically restricted species become progressively biochemically specialized. 

Monophagy, defined at the local popu- 
lation level as the feeding of a consumer 
on just one species of host (1), has 
evolved repeatedly in herbivorous in- 
sects. It is particularly common among 
leaf-eating insects, and is thought to be 
principally a response to the great diver- 
sity of toxic secondary plant compounds 
found in the leaves of higher plants (2-4). 
While monophagy and plant compounds 
are undoubtedly related, our results in- 
dicate that monophagy may evolve ini- 
tially as a result of "ecological" factors 
such as predation or plant abundance, 
rather than by differences in host palat- 
ability (5). The results also suggest that, 
once this type of monophagy is estab- 
lished, selection for increased digestive 
efficiency may cause the insect to slowly 

lose the ability to feed on its former host 
plants. When this happens the insect be- 
comes sensitive to chemical barriers, 
which are believed to be so important in 
insect-host plant relationships (6). The 
proposed sequence of ecological mo- 
nophagy followed by varying degrees of 
obligate monophagy may help to explain 
why a given insect group can vary widely 
in host specificity. It also provides a pos- 
sible new mechanism for insect-host 
plant coevolution, the process proposed 
by Ehrlich and Raven, that results in par- 
allel phylogenies between higher taxa of 
insects and their host plants (3). 

In spite of the recognized importance 
of this phenomenon, the evolution of 
host specificity in insect-host plant inter- 
actions has received only minimal atten- 

tion. One of the few general texts (7) 
dealing with the evolution of host plant 
choice concentrates on the effects of 
host plant chemistry and only very brief- 
ly mentions two other contributing fac- 
tors: searching ability and competitive 
interactions. Yet, the importance of host 
plant chemistry remains to be criticaliv 
evaluated, and other possible selective 
factors need to be assessed as well. At 
least three studies on butterfly sp Cics 
have indicated that chemically palatable 
but unused host species are available in 
the butterflies' habitat (8), which poits 
out the inadequacy of host plant chemis- 
try as being the sole determinant of host 
plant choice. Also, even when accept- 
able alternative hosts are not present, a 
satisfactory model is lacking as to how 
monophagy could evolve from less spe- 
cialized ancestors (3, 9). 

I investigated this problem by studying 
oviposition behavior and larval growth 
ability in three sympatric species of 14eli- 
conius butterflies. The aim of the study 
was to determine which host plants were 
being used by the butterflies in nature 
and then to compare this with the ability 
of the larvae of these butterflies to grow 
on the various host plants. If larval 
growth ability were exactly parallel to 
host plant choice in the field, this would 
indicate that host plant specificity in 
these butterflies is being enforced by 
host plant chemistry. If, in contrast, host 
plant choice were much more restricted 
than larval growth ability, this would in- 
dicate that other factors were promoting 
host specificity in these butterflies. I also 
attempted to test the hypothesis that but- 
terflies with host-specific larval growth 
ability (10) would have enhanced growth 
rate on their chosen host plant. This hy- 
pothesis is predicted if insects become 
host-specific in order to enhance diges- 
tive and growth efficiency on one host 
plant species (11, 12). 

Host plant choice was determined in 
the field by collecting eggs on the various 
species of Passiflora at the field site (13). 
Passiflora and related genera are the sole 
host plants for larvae of the genus Heli- 
conius (4). The eggs and larvae collected 
were reared to determine their identity. 
The numbers in parentheses in Fig. 1 
represent these data. Sample sizes are 
unavoidably small due to difficulties in 
locating eggs and larvae and also to diffi- 
culties in rearing for species identifica- 
tion. Therefore, these data were supple- 
mented by a host plant choice experi- 
ment. Females of the three Hieliconius 
species were tested. These were de- 
scended at least five generationrs from 
wild-caught Heliconius at the field site, 
except for the data from H. erato which 
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were obtained by testing descendants of 
a Mexican population of the same race 
(14). The host plant species used were 
the five most common Passifloraceous 
species at the field site (15). In these ex- 
periments, butterflies were placed in an 
insectary devoid of host plants and then 
host plants were introduced one at a time 
to observe oviposition behavior. This ap- 
proximates field conditions, where host 
plants tend to be widely separated. In at 
least three cases per host plant, each but- 
terfly species had been prevented from 
ovipositing for 2 days. Therefore, these 
data represent host plant choice when 
the butterfly is highly motivated to 
oviposit on any acceptable host plant. 
The results are given in Fig. 1. 

The data in Fig. 1 demonstrate that 
two of the Heliconius species are princi- 
pally monophagous. However, a third 
species, H. cydno, is oligophagous (1), 
ovipositing on all five host plant species 
tested. These differences in host plant 
preference are genetically inherited be- 
haviors, as demonstrated by the fact that 
over five or more generations descend- 
ants of wild-caught females show the 
same behavior pattern as that exhibited 
in the field. 

Larval growth rates were obtained for 
these butterfly species by rearing them 

from egg to pupa on vigorously growing 
plants cultivated in greenhouses (16). 
Larval growth was measured on live 
plants that were moved to a constant en- 
vironment chamber (17, 18). Growth rate 
was measured by weighing eggs and the 
resulting pupae and the time from hatch- 
ing to pupation was recorded. Results 
are given in Fig. 2 in terms of a measure 
of growth rate that takes into account the 
relative values of the weight and time 
measurements. This measure eliminates 
most effects of interspecific size dif- 
ferences (19). 

Larval growth rates indicate that one 
species, H. erato, is digestively special- 
ized on its host plant. The other two spe- 
cies of Heliconius, including the mo- 
nophagous H. melpomene, are not diges- 
tively specialized, but grow about 
equally well on all five species of Passi- 
flora. The digestive efficiency hypothe- 
sis would predict that H. erato, the di- 
gestively specialized species, would 
have enhanced growth rate on its host 
plant when compared to the unspecial- 
ized Heliconius. When the mean growth 
rates are compared (Fig. 2), H. erato is 
seen to have a slightly faster growth rate 
than the other two species, and this dif- 
ference is statistically significant (20). 
Thus the hypothesis is supported by the 

data. However, the difference is surpris- 
ingly slight, and would not have been ob- 
served at all under less controlled condi- 
tions. This may in part be the reason that 
the digestive efficiency hypothesis has 
received such mixed experimental sup- 
port (21). 

The Heliconius data also point out an- 
other difficulty in testing the digestive ef- 
ficiency hypothesis. Figure 1 oviposition 
data indicate that H. melpomene is host- 
specific; and if, on this basis, it was con- 
sidered to be digestively specialized, the 
prediction of the digestive efficiency hy- 
pothesis would have been that H. melpo- 
mene should have an enhanced growth 
rate on its host plant. The hypothesis 
would not have been supported for that 
species. Thus, it is insufficient to rely on 
host plant choice as an indicator of diges- 
tive specialization. 

The data for H. melpomene unequivo- 
cally demonstrate that an insect can 
evolve to be monophagous without any 
noticeable increase in digestive special- 
ization. Taxonomically, H. melpomene 
is closely related to H. cydno and several 
other Heliconius species forming the 
"Granadilla-feeding" species group. 
None of these are as host-specific as H. 
melpomene, at least among the Costa Ri- 
can species, and all of these "Granadilla- 

Oviposition (%) H. erato host H. melpomene host 
o 100 

b a c 

BI1 5 (3) 

AU 5 (0) 
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_ , O~~~~~~~~~~~~4 
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0 
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AU 17 (6) Fig. 1 (left). Percent oviposition in three species of Heliconius. Percent oviposition represents the number of tests in which oviposition was attempted as determined by abdomen extension 
H. cydno VI 10 (9) and contact with the host plant, divided by (a) the number of separate 20-minute tests in which 

the insect was observed to drum the Passiflora foliage, x 100. Foretarsal drumming behavior is 
QE 38 (13) an indicator of willingness to oviposit. (b) Five Passiflora species, P. biflora (BI), P. auriculata 

(AU), P. vitifolia (VI), P. oerstedii (OE), P. ambigua (AM), respectively. (c) Number of eggs (in 
Am 1 (4) parentheses) collected at the field site on the respective Passi flora species. Heliconius erato and 

H. melpomene are principally monophagous (1), while H. cydno is oligophagous. Fig. 2 
(right). Mean growth rates of three species of Heliconius: e, H. erato; m, H. melpomene; c, H. cydno; when raised on the most common Passi- 
flora species in their native habitat. Passiflora subgenera are P, Plectostemma; D, Distephana; G, Granadilla; the ordering reflects their phy- 
logenetic relationships (14). See (19) for definition of R. Dotted lines represent standard errors of means. Heliconius erato is digestively special- 
ized on its host plant, while H. melpomene and H. cydno are not. 
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feeders" have larval growth abilities 
similar to H. melpomene's (15). Thus, 
the Costa Rican H. melpomene appears 
to have evolved from a group of Heli- 
conius species that are characteristically 
oligophagous. It seems likely that this 
evolution has occurred recently (22), and 
that perhaps there has not been time for 
the evolution of digestive specialization. 
In contrast, H. erato has several closely 
related species, all of which are appar- 
ently host-specific on the same group of 
Passiflora host plants (4, 14). Thus, H. 
erato has probably been evolving host 
specificity for a relatively long time (23). 
This implies the lack of a strong selective 
pressure to evolve digestive special- 
ization (24). 

An alternative hypothesis would be 
that the host plant of H. melpomene just 
happens to contain all the possible Passi- 
flora defensive chemicals, and that, by 
feeding on P. oerstedii, the insect is pre- 
adapted to feed on all the other species. 
This seems unlikely, yet, without phy- 
tochemical data, the hypothesis cannot 
be dismissed (25). 

Why should a species such as H. mel- 
pomene evolve monophagy in the midst 
of four palatable alternative host plant 
species? One hypothesis can be rejected, 
that H. melpomene has somehow 
evolved a preference for the most com- 
mon host species in its habitat. At the 
field site H. melpomene's host plant is 
the least common of the five species of 
Passiflora, and in the butterfly's favored 
microhabitat, second growth vegetation, 
the plant ranks fifth in abundance (15, 
26). Other hypotheses are more promis- 
ing. At least two other studies on butter- 
fly species have revealed that some host 
plants are avoided, not because they are 
unpalatable, but because eggs laid on 
these plants suffer heavy predation from 
ants (5). Similarly, data from the Heli- 
conius field site indicate that host plant- 
specific predation pressure from ants and 
parasitoids may be responsible for host 
specificity in H. melpomene (15). Other 
possible selective forces favoring mo- 
nophagy could be competition from oth- 
er Heliconius (15, 27) or some subtle as- 
pects of the female butterfly's searching 
strategy (7). 

These results suggest the following 
scheme for the evolution of host plant 
specificity in these insects. First, among 
a set of approximately equally palatable 
host plants, one may yield the highest fit- 
ness (per unit of female reproductive ef- 
fort) to the butterfly, because of dif- 
ferences in the "ecological" factors dis- 
cussed above. The insect will be selected 
to oviposit on that host plant as often as 
possible. Under certain ecological condi- 

tions, the butterfly may be selected to 
oviposit only on that host plant, as is ex- 
emplified by H, melpomene. This would 
be a case of ecological monophagy (5). 
Second, if the above ecological condi- 
tions persist long enough, selection will 
act on the insect to increase growth effi- 
ciency on the host plant. By the digestive 
efficiency hypothesis, this will happen at 
the expense of the ability to feed on the 
formerly used host plant species. Thus, 
obligate monophagy will evolve. Heli- 
conius erato appears to be a species 
which has partially evolved obligate 
monophagy. Four other species of Heli- 
conius in Costa Rica apparently have 
evolved completely obligate monophagy 
(15). It may be significant that three of 
the four species are related to H. erato 
(4). 

This scheme is generally consistent 
with the theory (3) of butterfly-host plant 
coevolution. As a relatively new host 
plant species or taxon evolves, it under- 
goes changes in chemistry and ecological 
setting. The longer and more pro- 
nounced the evolutionary radiation of 
the host taxon, the more distinct it may 
become both ecologically and chem- 
ically; thus, there would be increased op- 
portunities for "ecological" and even- 
tual "obligate" specialization, respec- 
tively. The result of this process after 
several subsequent host plant radiations 
could be the parallel phylogenies of in- 
sect and host plants observed by Ehrlich 
and Raven (3). Indeed, "gene for gene" 
coevolution (28) need not occur; the only 
evolutionary effect of the herbivores on 
the plants that is necessary is a general 
tendency toward chemical and ecologi- 
cal differentiation among the plant taxa. 
The requirements for this type of coevo- 
lution to occur may be much more easily 
satisfied than the "gene for gene" model 
of coevolution. 

JOHN SMILEY 

Department of Zoology, 
University of Texas, Austin 78712 
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