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Insect chemical ecology. Summary and concluding remarks

M. B. Isman

Department of Plant Science, University of British Columbia, Vancouver (British Columbia V6T 242, Canada)

The papers presented in this Multi-author Review
provide an eclectic, rather than a comprehensive,
overview of research progress within the diverse and dy-
namic field of insect chemical ecology. Each paper, with-
in its subject area as defined by the author, serves as a
bridge between the current state of knowledge and the
next conceptual step which will be made possible by data
gathered from ongoing investigations as this Review is
published. In spite of the tremendous differences in sub-
ject matter between the papers, certain linkages arise
from a careful examination of the collection.

Chapman and Bernays point out that direct observations
of insects on plants tend to be uncommon, but are impor-
tant if we are to understand the processes by which in-
sects accept host plants. They rightly emphasize the leaf
surface as the interface between the insect’s battery of
chemoreceptors (both olfactory and gustatory) and the
plant, and suggest that the decision to accept or reject
frequently occurs even before an insect takes the first
bite. Renwick reaches a similar conclusion with respect
to the importance of leaf surface chemistry in oviposition

by insects. Both papers raise the point that acceptance/
rejection is the result of a concatenation of behaviors,
which can rarely be ascribed to a single, unique plant
chemical. In the case of oviposition, volatile substances,
in some cases acting in concert with visual stimuli, attract
the insect from a distance. It is only once the insect has
alighted on the plant that the surface chemicals (‘ar-
restants’) can come into play in determining the insect’s
ultimate decision of whether to accept or not.

The Diabroticite beetles provide a strong case in point.
Metcalf and Lampman explore the evolutionary ties be-
tween this taxa and their host plants, the Cucurbitaceae.
It is the unique triterpenoids, the cucurbitacins, which
characterize this family of plants in the chemical sense,
and these allelochemicals are powerful arrestants and
feeding cues for the beetles. However, it is a blend of
somewhat nonspecific floral volatiles which serve to at-
tract the beetles to the plants. This beetle-allelochemical
interaction includes two further points of interest:
(1) because the cucurbitacins are such potent and specific
arrestants for these insects, this knowledge has been of
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practical use in developing a mass trapping method for
controlling pestiferous species of the beetles !; (2) the bee-
tle has evolved the ability to sequester the bitter-tasting
cucurbitacins from the host and utilize them in its own
defense against predators .

Chapman and Bernays further point out the potential
importance of habituation and associative learning with
respect to insect feeding behavior. These phenomena,
most often neglected in studies of insect-plant chemical
interactions, have important consequences for the techni-
cal design of bioassays. Bioassays intended to evaluate
insect feeding behavior require well-defined endpoints of
short duration. Considerable evidence is accumulating to
show that the internal state of the insect can have both
indirect and direct effects on chemoreception, in terms of
the central integration of gustatory stimuli ®, and in terms
of the sensitivity of the peripheral receptors themselves *.
The paper by Berenbaum and Isman focusses on the
morphological and physiological constraints to growth
and the ability to deal with putatively toxic allelochemi-
cals. They compare two unrelated insect taxa, the Or-
thoptera (grasshoppers and crickets) and the Lepi-
doptera (butterflies and moths) with respect to their
feeding habits, relative larval growth, and detoxicative
potential. Both taxa include many members which have
extremely broad host-plant ranges, vet, from the data
available, they appear to have evolved different strategies
for coping with dietary toxins. This is an example where
comparisons can be tenuous ~ the dearth of directly com-
parable data (e.g. the study by Bernays> which was the
catalyst for this review paper) can make it difficult to
discern the exception from the rule.

Baker’s comprehensive review of lepidopteran sex
pheromones strikes the desired balance between chemis-
try, ecology, and the neurophysiology underlying the be-
havioral interface. After carefully documenting how
“changing the sequence of action of relatively few en-
zymes accounts for most of the pheromones in Lepi-
doptera”, he espouses a new model for antennal phero-
mone olfaction, wherein a high concentration (20 mM)
of a low-affinity binding (carrier) protein in the sensillum
liquor permits rapid migration of the pheromone mole-
cule to the binding site on the dendritic membrane. A
second player in this system is a high-affinity degradative
enzyme which can clear excess pheromone within the
sensillum in a matter of milliseconds, consistant with the
time course of electrical events observed in electrophysi-
ological studies of insect antennae.

Baker’s paper makes several additional points which are
germane to other papers in the present Review. He points
out that ‘attraction’ — displacement through space — is
really the end result of a series of behaviors. The control
of upwind flight in the presence of a pheromone plume is
one example of a series of behaviors contributing to what
superficially appears as a single behavior (attraction).
The hierarchy of behaviors associated with host accep-
tance and the maintenance of feeding is another example.

Experientia 45 (1989), Birkhauser Verlag, CH-4010 Basel/Switzerland 301

As is the case for insect gustation, sensory adaptation
(synonymous with habituation) in the olfactory recep-
tion of pheromones has been observed.

It is becoming readily apparent that natural blends of
chemicals are important in insect chemical ecology.
Again drawing data from the study of lepidopteran sex
pheromones, Baker contrasts two models for the percep-
tion of blends. In the original model, it was proposed that
each component of a pheromone blend elicits a specific
stage in the overall behavior; the predominant compo-
nent of the blend would elicit long-range attraction while
the minor component(s) would elicit sequential behav-
iors. However, Baker points out that recent data favor a
Gestalt-type model based on across-fiber neural integra-
tion. Synergism of components in insect attraction, both
for pheromones and for oviposition attractants from
plants® may be the rule with few exceptions. Finally,
male moths frequently require both visual and olfactory
stimuli to maintain upwind flight toward a pheromone
source; combinations of sensory modalities are also im-
portant in host-finding by insects.

The emerging field of ‘pheromone biochemistry’ is
introduced in the paper by Prestwich et al., the senior
author being one of the leading investigators in this
area. They describe detailed investigations of pheromone
metabolism (an integral part of the model for olfaction
outlined in Baker’s review) in the antennae of three
moth species; in the case of the diamondback moth they
report that esterase enzymes capable of metabolizing
this insect’s pheromone occur throughout the body, un-
like the male-, antennal-specific enzyme found in the
polyphemus silk moth.

Prestwich et al. discuss the development of reactive ana-
logues of insect pheromones — the acyl fluorides. These
“specific enzyme-targeted pheromone mimics”, which
act by irreversibly modifying the binding or receptor
proteins or by interfering with the pheromone degrading
enzymes, provide an important example of biorational
design of selective pest control agents.

In addition to reviewing and assimilating a vast literature
on the chemical ecology of bark beetles (Scolytidae),
Byers outlines a series of hierarchial levels for research in
chemical ecology. In the case of bark beetles, the step-by-
step progression (in chronological order, but exemplify-
ing many investigations in insect chemical ecology) starts
with the observation of insect behavior (attraction to
host trees) followed by identification and quantitation of
the relevant semiochemicals (in this case both from the
host and from the insect) to determination of the mecha-
nisms for synthesis, release and perception of the semio-
chemicals. Continued study of a single system can ulti-
mately lead to a synthesis of knowledge to obtain a
working theory of how the semiochemicals mediate the
host-insect and insect-insect interactions.

The author provides detailed models for the regulation of
attack density for several scolytid species, and also dis-
cusses interspecific interactions through which beetles
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avoid competition or, alternately, locate trees weakened
by attack from another species. Despite the scope of his
review, Byers indicates that there is much yet to investi-
gate in this system, such as the “under the bark™ interac-
tions between beetles which are poorly understood at
present.

Turning to insect chemical defense, Malcolm and Brower
demonstrate how analysis of natural products in popula-
tions of insects, the cardenolides sequestered by monarch.
butterfly larvae from their host milkweeds and stored in
the adult butterflies, can give insight into patterns of
host plant utilization on a continental scale. They have
found that northerly migrating monarchs exploit three
key milkweed species in the southern U.S., producing
offspring which are well defended chemically and thus
able to continue dispersing northward where the summer
host species is abundant over a broad geographical
range. Even though the summer host does not contain
high levels of cardenolides, sequestration of these plant-
derived defenses is optomized by the insect on this host,
ensuring that sufficient numbers of butterflies escape pre-
dation to reach the overwintering sites in central Mexico.
Thus, a thorough examination of plant and butterfly
chemistry has provided further insight into the evolution
of migration in this insect.

Exocrine defensive chemistry in the leaf beetles
(Chrysomelidae) is the focus for the paper by Pasteels et
al. Particularly noteworthy in this group, and in contrast
to the monarch-milkweed alliance, is the fact that several
leaf beetle species contain cardenolides in their defensive
glands, even though these compounds are not found in
the beetles’ host plants. The authors review their studies
which demonstrate that the beetles synthesize cardeno-
lides de novo from cholesterol, using the same biosyn-
thetic pathway seen in plants. Most beetle species contain
simpler defensive chemicals which have amino acids as
precursors. However, some species also appear to se-
quester their defensive chemicals, e.g. pyrrolizidine alka-
loids, from plants, aithough the authors suggest that se-
questration may be a recent adaptation in evolutionary
time.

The ten papers in the present Review represent a wide
range of experimental approaches and an even more di-
verse array of insect taxa under investigation. Nonethe-
less, there are some common themes which serve to unite
these investigations under the umbrella of insect chemical
ecology.

The plasticity of insect behaviors in response to natural
chemicals is an important phenomenon which underlies
the ecology mediated by those chemicals. We know, for
example, that sensillae have the ability to habituate or
adapt to a constant stimulus in seconds or minutes. Ad-
ditionally, there is evidence that environmental factors
may indirectly influence the responses of insects: sensillar
performance may be modified by endocrine or neural
inputs reflecting the internal state of the insect. Thus
there may frequently be physiological underpinnings for
behaviors which are not simply the result of the stimulus-
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receptor interface in the peripheral sensory apparatus of
the insect. These possibilities need to be recognized by
those who design bioassays aimed at quantifying insect
response to chemicals.

With increasing frequency, we are finding that insects
respond to subtle blends of chemicals, often in cases
where the behavior was previously ascribed to a single
chemical or the predominating component in a mixture.
Synergy in the response of insects to semiochemicals is
probably widespread ’, although antagonism can certain-
ly occur®. If, as McLuhan? states, the medium is the
message, then for insects, the message may often be mul-
timedia.

A further caveat to those entering the discipline of chem-
ical ecology is to recognize that natural chemicals can
have multiple interspecific roles, and therefore the la-
belling of a chemical as a pheromone, allomone or
kairomone is context-specific (i.e. specific to the interact-
ing species). A plant chemical can simultaneously be an
attractant and a repellent, depending on the insect. In the
extreme, substances which are clearly toxic to many or-
ganisms (e.g. the non-protein amino acid, L-canavanine)
may serve as a nutrient to a highly adapted species'°.
I hope that following an examination of the papers in the
present Review, the reader will be left with the impression
that although significant progress has been made to date
in the field of insect chemical ecology, even the best
explored systems have considerable room for advance-
ment. Although research in this field (as in many) ap-
pears to raise more questions than it answers, it remains,
for investigators from several disciplines, an exciting and
satisfying avenue for future study.
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